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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

HETEROGENEOUS CATALYSIS has been synonymous with industrial 
catalysis and the chemical industry since the time of Berzelius, Sabatier, 
Ostwald, Haber, Bosch, Mittasch, Fischer, and Huttig, as well as many 
others. To this day, virtually all chemical and refining processes are based on 
the use of solid catalysts that effect selective transformations of hydrocarbon 
molecules to desired products in the vapor phase. Nonetheless, correlations 
between structural aspects of solid materials and their behavior as catalysts 
are relatively recent developments. Probably first to recognize the impor
tance of structure in catalysis were researchers in the field of catalytic 
cracking who investigated the catalytic activity of natural clays and minerals 
in the early 1930s. The culmination of that work was the discovery of zeolitic 
cracking catalysts in the early 1960s and the subsequent development of the 
concept of shape selective catalysis. 

With the advent of highly sophisticated instrumentation for precise 
structure determination, key catalytic roles are being recognized for many 
subtle features of solid state materials, such as point and extended defects, 
surface structure and surface composition, atomic coordination, phase 
boundaries, and intergrowths. Today, X-ray structure analysis is routine in 
heterogeneous catalysis research and has become as common and necessary 
as BET surface area analysis for characterizing solid catalysts. In addition, 
high resolution electron microscopy; photoelectron, IR, and Raman 
spectroscopies; solid state NMR; and even neutron diffraction are assuming 
increasingly important roles in both applied and fundamental catalysis 
research. Information about solids on the atomic and molecular level, which 
these techniques provide when combined with traditional catalytic studies 
(e.g., reaction kinetics, tracer studies, and molecular probes), gives a better 
fundamental understanding of complex catalytic phenomena. Correlations 
between the solid state and catalytic properties assessed through the 
application of sophisticated instrumentation and classical mechanistic 
approaches are the central theme of this book. 

The book comprises 20 chapters that focus on state-of-the-art under
standing of solid state mechanisms in heterogeneous catalysis and the 
relationship between catalytic behavior and solid state structure. The volume 
contains expanded and updated versions of papers presented on this subject 
at the ACS symposia in Washington, D C . (1983) and Las Vegas (1982), and 
of written contributions from invited participants who could not attend these 

ix 
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meetings. It emphasizes catalysis with oxides, sulfides, and zeolites. Although 
by no means an exhaustive treatise, we hope that it provides the reader with 
an understanding of the role the solid state plays in heterogeneous catalysis 
and gives an appreciation for the contributions solid state chemistry has 
made to the advancement of catalytic science and technology. 

We should like to thank all the contributors for their excellent 
cooperation and patience during the process of editing this book and to the 
ACS for making this publication possible. 

ROBERT K. GRASSELLI 
JAMES F. BRAZDIL 
The Standard Oil Company (Ohio) 
Cleveland, OH 44128 

December 7, 1984 
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1 
Catalysis by Transition Metal Oxides 

JERZY HABER 

Institute of Catalysis and Surface Chemistry, Polish Academy of Sciences, ul.Niezapominajek, 
30-239 Krakow, Poland 

Catalytic oxidation reactions are divided into two 
groups: electrophilic oxidation proceeding through 
activation of oxygen and nucleophilic oxidation in which 
activation of the hydrocarbon molecule is the first 
step, followed by consecutive hydrogen abstraction and 
nucleophilic oxygen insertion. Properties of individual 
cations and their coordination polyhedra determine their 
behaviour as active centers responsible for activation 
of hydrocarbon molecules. A facile route for 
nucleophilic insertion of oxygen into such molecules by 
group V, VI and VII transition metal oxides is provided 
by the crystallographic shear mechanism, catalytic 
properties are thus dependent upon the geometry of the 
surface. The catalyst surface is in dynamic interaction 
with the gas phase, and changes of the latter may thus 
result in surface transformations and appearance of 
surface phases, which influence the selectivity of 
catalytic reactions. 

The vast majority of catalysts used in modern chemical industry are 
oxides. Because of their ab i l i ty to take part in the exchange of 
electrons, as well as in the exchange of protons or oxide ions, 
oxides are used as catalysts in both redox and acid-base reactions. 
They constitute the active phase not only in oxide catalysts but 
also in the case of many metal catalysts, which in the conditions 
of catalytic reaction are covered by a surface layer of a reactive 
oxide. Properties of oxides are also important in the case of 
preparation of many metal and sulphide catalysts, which are 
obtained from an oxide precursor. Very often, highly dispersed 
metals are prepared by reduction of an appropriate oxide phase, and 
sulphide catalysts are formed from the oxide precursor in the 
course of the hydrodesulphurization by interaction with the 
reaction medium. F ina l ly , oxides play an important role in 
carriers for active metal or oxide phases, very often modifying 
strongly their catalytic properties. The present paper concerns 

0097-6156/85/0279-0003$06.00/0 
© 1985 American Chemical Society 
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4 SOLID STATE C H E M I S T R Y IN CATALYSIS 

on ly one aspect of the vas t f i e l d of chemis t ry of o x i d e s , namely 
the c a t a l y s i s by t r a n s i t i o n metal o x i d e s , which i s the b a s i s of the 
s e l e c t i v e o x i d a t i o n of hydrocarbons. 

C a t a l y t i c o x i d a t i o n i s one of the most important types of 
p rocesses , both from a t h e o r e t i c a l and a p r a c t i c a l po in t of v i e w . 
As e a r l y as 1918, the p roduc t ion of p h t h a l i c anhydride by o x i d a t i o n 
of naphthalene over ^2Q5 w a s i n t roduced . The mi le s tone i n the 
development of modern pe t rochemica l i n d u s t r y was the i n t r o d u c t i o n 
of the gas phase o x i d a t i o n of propylene to a c r o l e i n and 
ammoxidation to a c r y l o n i t r i l e over bismuth molybdate c a t a l y s t s , 
which provided i n the e a r l y s i x t i e s ' , an abundant supply of new, 
i n e x p e n s i v e , and use fu l chemical intermediates(J_). Today, 
c a t a l y t i c o x i d a t i o n i s the b a s i s of the p roduc t ion of almost a l l 
monomers used i n the manufacturing o f s y n t h e t i c f i b e r s , p l a s t i c s , 
and many o ther p roduc t s . Wi th the i n c r e a s i n g cost of energy and 
s h r i n k i n g supply of cheap hydrocarbons , much e f f o r t i s now being 
expended on the development of new o x i d a t i o n processes of h ighe r 
s e l e c t i v i t y and lower energy consumption. S u b s t i t u t i o n of the 
dehydrogenat ion by o x i d a t i v e processes , as i n the p roduc t ion of 
s tyrene from e thy lbenzene , may be quoted as an example. Another 
i n c r e a s i n g l y important f i e l d of c a t a l y t i c a p p l i c a t i o n i s the 
s e l e c t i v e o x i d a t i o n of p a r a f f i n s . 

D i s c u s s i o n 

E l e c t r o p h i l i c and n u c l e o p h i l i c o x i d a t i o n 

In every o x i d a t i o n r e a c t i o n two reac tan ts always take p a r t : oxygen 
and the molecule to be o x i d i z e d . The r e a c t i o n may thus s t a r t 
e i t h e r by the a c t i v a t i o n of the dioxygen or by the a c t i v a t i o n of 
the hydrocarbon mo lecu l e . 

At ambient o r moderate temperatures, an oxygen molecule may be 
a c t i v a t e d by bonding i n t o an o rganometa l l i c complex i n the l i q u i d 
phase. Depending on the type of the c e n t r a l metal atom and on the 
p r o p e r t i e s o f the l i g a n d s , superoxo- , peroxo- or oxo-complexes may 
be formed: 

-> M0OM > 2M0 > MOM 

ο I 
M / V Μ Μ = 0 M / \ M 

perox superoxo μ - p e r o x o oxo A*-oxo 

In the case of the superoxo-compiexes, an e l e c t r o p h i l i c a t t ack 
of a t e r m i n a l oxygen atom on the organ ic reac tan t occurs r e s u l t i n g 
i n the format ion of a ]U-peroxo-com p i ex , which decomposes i n t o the 
oxygenated product ( lower l e f t par t of F igu re 1 ) . In the case of 
perox complexes of group I V , V and VI t r a n s i t i o n m e t a l s , a s t o i c h i 
ometr ic o x i d a t i o n takes place i f a vacant c o o r d i n a t i o n s i t e e x i s t s 
adjacent to s i d e bonded oxygen and i s capable of be ing occupied by 
the o rgan ic r e a c t a n t . I t s o l e f i n bond i s then i n s e r t e d i n t o the 

+0o +M 
-> M00 

0 
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1. HABER Catalysis by Transition Metal Oxides 5 

Figu re 1. Mechanism of the c a t a l y t i c o x i d a t i o n of hydro
carbons. Reproduced with permission from Ref. 31. 
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6 SOLID STATE C H E M I S T R Y IN CATALYSIS 

metal-oxygen bond forming a pe roxometa l locyc le which i s then 
decomposed i n t o the oxygenated hydrocarbon molecule and oxo meta l 
complex C2)· In order to t ransform the l a t t e r back i n t o the 
reduced metal which could again form the peroxocomplexes w i t h a new 
oxygen m o l e c u l e , a coreducing agent i s r e q u i r e d , which may be a 
hydrogen donor o r a reac tan t i t s e l f . I t should be born i n mind 
that i n l i q u i d phase o x i d a t i o n r e a c t i o n s , the o r i g i n a l oxygen 
complex may be transformed i n t o o ther r e a c t i v e spec ies which p lay 
the r o l e of a c t i v e i n t e r m e d i a t e s . A superoxo-complex may be 
transformed i n t o an a l k y l peroxide or pe rac id complex, which i s the 
oxygen i n s e r t i n g in te rmedia te ( 3 - 5 ) . 2 _ 

At h igher temperatures the peroxide 0^ and superoxide 0^ 
spec ies may appear at the surface of an o x i d e . Under these 
c o n d i t i o n s , the peroxide i o n i s _ uns tab le and d i s s o c i a t e s forming 
the i o n r a d i c a l 0 . Both 0^ and 0 spec ies are s t r o n g l y 
e l e c t r o p h i l i c r eac tan t s which a t t a ck the o rgan ic molecule i n the 
r e g i o n of i t s h ighes t e l e c t r o n d e n s i t y . At va r i ance w i t h t h e i r 
behaviour i n the l i q u i d phase, the peroxy- and epoxy-compiexes 
formed as the r e s u l t o f an e l e c t r o p h i l i c a t t ack of 0 ^οτ 0 spec ies 
on the o l e f i n molecule are in te rmedia tes which l ead to the 
degrada t ion of the carbon s k e l e t o n under heterogeneous c a t a l y t i c 
r e a c t i o n c o n d i t i o n s (6^). Saturated aldehydes are formed i n the 
f i r s t stage (upper l e f t par t of F igu re 1 ) . These are u s u a l l y much 
more r e a c t i v e than unsaturated aldehydes and at h igher temperature 
undergo r a p i d l y t o t a l o x i d a t i o n . Indeed, exper imenta l data 
c o l l e c t e d i n recent years c l e a r l y show that e l e c t r o p h i l i c oxygen 
spec ies i n heterogeneous processes are r e s p o n s i b l e f o r t o t a l 
o x i d a t i o n ( 7 ) . 

When hydrocarbon molecules are a c t i v a t e d , a v a r i e t y of 
r e a c t i o n paths may be i n i t i a t e d , c o n s i s t i n g of a s e r i e s o f 
consecu t ive o x i d a t i v e s t eps , each of them r e q u i r i n g a d i f f e r e n t 
a c t i v e cen te r to be present at the c a t a l y s t su r face (8 -10 ) . I t 
should be emphasized at t h i s poin t that i t i s the c a t i o n s of the 
c a t a l y s t which act as o x i d i z i n g agents i n some of the consecu t ive 
steps of the r e a c t i o n sequence, forming the a c t i v a t e d hydrocarbon 
s p e c i e s . These undergo subsequent s teps a n u c l e o p h i l i c a t t a c k 
by l a t t i c e oxygen ions 0 , which are n u c l e o p h i l i c reagents w i t h no 
o x i d i z i n g p r o p e r t i e s . They are i n s e r t e d i n t o the a c t i v a t e d 
hydrocarbon molecule by n u c l e o p h i l i c a d d i t i o n forming an oxygenated 
product , which a f t e r d e s o r p t i o n leaves an oxygen vacancy at the 
sur face of the c a t a l y s t . Such vacanc ies are then f i l l e d w i t h 
oxygen from the gas phase, s imul t aneous ly r e o x i d i z i n g the reduced 
c a t i o n s . I t should be noted that i n c o r p o r a t i o n of oxygen from the 
gas phase i n t o the oxide sur face does not n e c e s s a r i l y take place at 
the same s i t e from where surface oxygen i s i n s e r t e d i n t o the 
hydrocarbon molecule a f t e r being t ranspor ted through the l a t t i c e . 

In the case of complex hydrocarbon mo lecu l e s , the n u c l e o p h i l i c 
a d d i t i o n of oxygen may take place at d i f f e r e n t s i t e s of the 
m o l e c u l e . I t w i l l take p lace at a s i t e which i s made most 
e l e c t r o p o s i t i v e by app rop r i a t e bonding of the molecule at the 
a c t i v e cen te r of the c a t a l y s t . When adso rp t ion of the hydrocarbon 
molecule r e s u l t s i n the fo rmat ion of a r a d i c a l , i n t e r a c t i o n between 
adsorbed molecules i s favoured and d i m e r i z a t i o n o r p o l y m e r i z a t i o n 
o c c u r s . When the adsorbed spec ies are n e g a t i v e l y charged, 
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1. H A B E R Catalysis by Transition Metal Oxides 1 

i s o m e r i z a t i o n may be favoured . This type of product obta ined 
depends on the type and p r o p o r t i o n of d i f f e r e n t a c t i v e centers at 
the c a t a l y s t surface as w e l l as on the r a t i o of the ra te of 
d e s o r p t i o n of the p a r t i c u l a r in te rmedia te product to the r a t e of 
i t s t r ans fo rma t ion i n t o the in te rmedia te complex next i n the s e r i e s 
(upper r i g h t par t o f scheme i n F igure 1 ) . These r a t e s may s t r o n g l y 
depend on the degree of sur face r e d u c t i o n a t t a i n e d i n the course of 
the r e a c t i o n , as i s the case w i t h the c a r b o x y l a t e complex, which i s 
an in te rmedia te i n the o x i d a t i o n of aldehydes to c a r b o x y l i c a c i d s . 
On o x i d i z e d s u r f a c e s , t h i s complex desorbs i n the form of an a c i d , 
whereas on a reduced surface i t undergoes d e c a r b o x y l a t i o n , 
r e s u l t i n g i n the d e p o s i t i o n of coke ( 1 1 ) . 

Reac t ions o f c a t a l y t i c o x i d a t i o n may be thus d i v i d e d i n t o two 
groups: e l e c t r o p h i l i c o x i d a t i o n , proceeding through the a c t i v a t i o n 
of oxygen, and n u c l e o p h i l i c o x i d a t i o n , i n which a c t i v a t i o n of the 
hydrocarbon molecule i s the f i r s t s t e p , fo l lowed by consecu t ive 
steps of n u c l e o p h i l i c oxygen i n s e r t i o n and hydrogen a b s t r a c t i o n . 
They may be c o n v e n i e n t l y sys temat ized accord ing to the number of 
elementary s t r u c t u r a l t ransformat ions in t roduced i n t o the r e a c t i n g 
molecule (Table I ) . 

An a c t i v e and s e l e c t i v e c a t a l y s t f o r o x i d a t i o n o f hydrocarbons 
to oxygenated products w i t h r e t e n t i o n of double bonds or 
a r o m a t i c i t y should thus have the f o l l o w i n g p r o p e r t i e s : 
- a c t i v a t i o n o f the hydrocarbon molecule by modi fy ing i t s bonds and 

genera t ing at appropr ia te s i t e s the e l e c t r o n d i s t r i b u t i o n 
f avour ing the n u c l e o p h i l i c a t t a c k o f oxygen; 

- e f f i c i e n t i n s e r t i o n of the n u c l e o p h i l i c l a t t i c e oxygen i n t o the 
a c t i v a t e d hydrocarbon molecu le ; 

- r a p i d i n t e r a c t i o n w i t h gas phase oxygen to r e p l e n i s h the l a t t i c e 
oxygen and t r anspor t i t through the l a t t i c e to a c t i v e s i t e s , 
where the i n s e r t i o n takes p l ace ; 

- should not generate e l e c t r o p h i l i c oxygen s p e c i e s . 
The fundamental ques t ion a r i s e s as to how these p r o p e r t i e s are 
r e l a t e d to the s o l i d s t a t e chemis t ry o f o x i d e s . 

A c t i v a t i o n of o rgan ic molecule 

C l a s s i c a l s t ud i e s of Adams (\2_, JL3) , u s ing deuterated propylene and 
C^-Cg o l e f i n s , and of S a c h t l e r and de Boer (14) , w i t h C - l a b e l l e d 
p ropy lenes , showed that a c t i v a t i o n of the o l e f i n molecule c o n s i s t s 
of the a b s t r a c t i o n of α - h y d r o g e n and the format ion o f a symmetric 
a l l y l i c i n t e r m e d i a t e . Conc lus ions concerning the r o l e of the 
c a t i o n i c and a n i o n i c s u b l a t t i c e s o f complex oxide c a t a l y s t s having 
an o x y s a l t c h a r a c t e r , such as molybdates , t ungs t a t e s , e t c . , i n the 
i n i t i a l α - h y d r o g e n a b s t r a c t i o n and the subsequent steps o f the 
o x i d a t i o n p rocess , were drawn by comparing the behaviour of B i o ^ 3 
and MoO^ f o r the r e a c t i o n of propylene and a l l y l i o d i d e ( 1 5 ) . When 
a l l y l i o d i d e was passed over Mo0~, p r a c t i c a l l y t o t a l convers ion was 
observed a l r eady at 310°C w i t h 98% s e l e c t i v i t y to a c r o l e i n . Under 
the same c o n d i t i o n s , MoO^ was comple te ly i n a c t i v e w i t h respec t to 
p ropy lene . On c o n t a c t i n g a l l y l i o d i d e w i t h B i 9 0 « , t o t a l convers ion 
at 310°C was a l s o observed. However, i n t h i s case 70% of the 
products formed were 1,5-hexadiene w i t h p r a c t i c a l l y no a c r o l e i n 
being de tec ted . 1,5-hexadiene was a l s o the main product 
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1. H A B E R Catalysis by Transition Metal Oxides 9 

i n the r e a c t i o n of propylene over B i 2 0 3 . These r e s u l t s c l e a r l y 
i n d i c a t e d that a c t i v a t i o n of the o l e f i n m o l e c u l e , which c o n s i s t s o f 
the a b s t r a c t i o n o f α - h y d r o g e n and the fo rmat ion o f an a l l y l i c 
s p e c i e , takes p lace on c a t i o n i c a c t i v e c e n t e r s , whereas the MoO^ o r 
molybdate a n i o n i c s u b l a t t i c e i s r e s p o n s i b l e f o r the i n s e r t i o n of 
oxygen i n t o the hydrocarbon molecu le . Indeed, quantum chemica l 
c a l c u l a t i o n s of the system, composed of c o b a l t i o n i n oc t ahed ra l 
c o o r d i n a t i o n of f i v e oxygen atoms and propylene molecule as the 
s i x t h l i g a n d , have shown (Ĵ o, 17) tha t on approaching the propylene 
molecule to the plane of the a c t i v e c e n t e r , the C-H bond i s 
c o n t i n u o u s l y d e s t a b i l i z e d w i t h an i n t e r a c t i o n appearing 
s imul t aneous ly between t h i s hydrogen and the oxygen of the a c t i v e 
cen te r and i n c r e a s i n g u n t i l the t o t a l energy a t t a i n e d a minimum and 
an in te rmed ia te complex i s formed. When the a l l y l spec ie i s 
removed, the energy r equ i r ed f o r t h i s process i s much sma l l e r than 
tha t needed to remove the whole propylene molecu le . The OH bond i s 
fu r the r s t rengthened, and i t s energy a t t a i n s the va lue 
c h a r a c t e r i s t i c o f a normal the OH group. Thus, i t may be concluded 
tha t on c o n t a c t i n g propylene w i t h the sur face of the t r a n s i t i t i o n 
meta l o x i d e , r e a c t i v e chemisorp t ion takes p l a c e , i n which the C-H 
bond i s broken and an abso rp t ion complex w i t h a l l y l spec ies as one 
o f the l i g a n d s i s formed. Cons iderab le charge t r a n s f e r takes p lace 
from the a l l y l spec ies onto the t r a n s i t i o n meta l o r b i t a l e , 
render ing the spec ies p o s i t i v e , the charge d i s t r i b u t i o n depending 
on the type of m e t a l , i t s va lence s t a t e and the l i g a n d f i e l d 
s t r eng th (18 ) . Exper iments , w i t h azopropene and a l l y l a l c o h o l , 
c a r r i e d out by G r a s s e l l i e t a l . (19-22) , demonstrated tha t a f t e r 
the f i r s t hydrogen a b s t r a c t i o n , i n s e r t i o n of oxygen takes p l a c e , 
and on ly then the second hydrogen i s abs t rac ted r e s u l t i n g i n the 
format ion of the a c r o l e i n p r ecu r so r . 

An important ques t ion may be r a i s e d at t h i s po in t as to what 
i s the s t r u c t u r e of the c a t i o n i c a c t i v e center a c t i v a t i n g the 
hydrocarbon molecu le . Can every c a t i o n s i t u a t e d at the sur face of 
the g i v e n ox ide perform the r o l e of the a c t i v e c e n t e r , o r must t h i s 
c a t i o n be l o c a l i z e d at some s p e c i a l s i t e o f the s u r f a c e , and how 
does i t s a c t i v i t y depends on t h i s l o c a t i o n ? In order to o b t a i n 
some r e l e v a n t i n fo rma t ion about t h i s q u e s t i o n , i s o l a t e d bismuth 
ions were supported at the surface of Mo0~ ( 2 3 ) . Taking i n t o 
account the v e r y h i g h e f f i c i e n c y of MoO^ f o r i n s e r t i n g oxygen i n t o 
a c t i v a t e d hydrocarbon mo lecu l e s , i t might be assumed that every 
propylene molecule a c t i v a t e d at the i s o l a t e d bismuth i o n would p i c k 
up oxygen and be converted to a c r o l e i n . The number of a c r o l e i n 
molecules would thus be a measure of the number of propylene 
molecules a c t i v a t e d by the known number o f bismuth i o n s . 
Measurements o f the propylene o x i d a t i o n a c t i v i t y as a f u n c t i o n of 
the sur face c o n c e n t r a t i o n o f bismuth i o n s , expressed as t h e i r 
number per sur face molybdenum atom, are shown i n F i g u r e 2 . When 
a l l y l i o d i d e was i n t r o d u c e d , the y i e l d o f a c r o l e i n was constant and 
independent of the bismuth coverage conf i rming the assumption tha t 
once a l l y l r a d i c a l s have been generated they r a p i d l y undergo a 
n u c l e o p h i l i c a t t ack by ox ide ions from the l a t t i c e of MoO^. On 
i n t r o d u c i n g a mix tu re on propylene and oxygen, the a c t i v i t y a t low 
bismuth sur face coverages increased p r o p o r t i o n a l l y to the sur face 
c o n c e n t r a t i o n of b i smuth , the turnover frequency per bismuth i o n 
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10 SOLID STATE C H E M I S T R Y IN CATALYSIS 

being thus cons t an t . At h igher bismuth coverages , the a c t i v i t y 
l e v e l e d o f f because bismuth ions became l o c a t e d too c lose to each 
other to operate s imu l t aneous ly i n the r e a c t i o n . I t i s noteworthy 
tha t the y i e l d o f a c r o l e i n observed at the p la t eau i s s i m i l a r to 
tha t observed i n the case of the Bi^CMoO^)^ phase. Th i s c l e a r l y 
demonstrates tha t the a b i l i t y to a c t i v a t e the hydrocarbon molecule 
i s r e l a t e d to the i n d i v i d u a l bismuth c a t i o n s and t h e i r neares t 
ne ighbor s . These a c t i v e cen te rs f u n c t i o n independent of whether 
they are d i s t r i b u t e d randomly as a monolayer at the sur face of MoO^ 
or form the sur face of the bismuth molybdate phase w i t h long range 
o rde r . I t should a l s o be noted that the amount of C0« formed 
remains constant i n d i c a t i n g that the s ide r e a c t i o n or t o t a l 
o x i d a t i o n proceeds at some other s i t e s , r e s u l t i n g from the 
p r o p e r t i e s of MoO^ i t s e l f . 

I n s e r t i o n of Oxygen 

As a l r e ady ment ioned, experiments i n which a l l y l compounds were 
reac ted w i t h complex o x i d e s , such as molybdatess or t u n g s t a t e s , 
showed that i t i s MoO^, WO^, o r the corresponding a n i o n i c 
s u b l a t t i c e s which perform the i n s e r t i o n of oxygen i n t o the 
hydrocarbon molecu le . The ques t ion may thus be r a i s e d as to which 
p r o p e r t i e s of these oxides are r e s p o n s i b l e f o r the v e r y h i g h 
a c t i v i t y and s e l e c t i v i t y i n the i n s e r t i o n o f oxygen. One o f the 
fea tures common to a l l group V , V I , and V I I t r a n s i t i o n metal oxide 
l a t t i c e s , known to be good c a t a l y s t s f o r s e l e c t i v e o x i d a t i o n of 
hydrocarbons, i s t h e i r a b i l i t y to form shear s t r u c t u r e s which 
r e l a t e s to the f a c i l e p lanar rearrangement of c o o r d i n a t i o n 
polyhedra and t h e i r p a r t i c u l a r 
s p a c i a l arrangement. In the oc t ahedra l c o o r d i n a t i o n of ox ide i o n s , 

2 3 
i n which d sp h y b r i d i z e d o r b i t a l s are used by the metal to form 
σ - b o n d s , the remaining d ,d and d o r b i t a l s o f group V , V I , and 

χ ζ y ζ 
V I I metals extend f a r enough to c o n s i d e r a b l y over lap w i t h π ρ 
o r b i t a l s o f oxygen, and the p o s i t i o n of t h e i r redox p o t e n t i a l 
r e l a t i v e to the an ion va lence band edge are favourable f o r the bond 
format ion ( 2 4 ) . As a r e s u l t , π - b o n d s w i t h oxygen ions are formed 
and the c a t i o n s become d i s p l a c e d from the centers of octahedra 
towards t e r m i n a l oxygen atoms. Large displacement p o l a r i z a b i l i t i e s 
g i v e r i s e to h i g h r e l a x a t i o n energy, which decreases the c a t i o n -
c a t i o n r e p u l s i o n s opposing the format ion of a s t r u c t u r e w i t h 
sho r t e r meta l -meta l d i s t a n c e ( 2 5 ) . Thus, removal of oxygen ions 
from the l a t t i c e of these ox ides r e s u l t s i n the format ion of 
ordered a r rays of oxygen v a c a n c i e s , fo l lowed by a v e r y f a c i l e 
rearrangement of the l a y e r s of i n i t i a l l y c o r n e r - l i n k e d metal oxygen 
octahedra i n t o an arrangement of edge - l inked oc tahedra , r e s u l t i n g 
i n the format ion of a shear plane ( F i g u r e 3 ) . A hypo thes i s was 
advanced (26) tha t the easy e v o l u t i o n o f one oxygen i o n on the 
t r ans fo rma t ion from c o r n e r - l i n k e d to edge - l i nked arrangement o f 
metal-oxygen octahedra may be one of the f a c t o r s c r e a t i n g the 
a b i l i t y of these s t r u c t u r e s to i n s e r t oxygen i n t o the o rgan ic 
molecule i n processes of s e l e c t i v e o x i d a t i o n o f hydrocarbons . 
S tud ies of a l l y l i o d i d e a c t i v i t y on d i f f e r e n t tungsten oxides seem 
to conf i rm t h i s hypo thes i s ( 27 ) . The experiments were c a r r i e d out 
w i t h two groups of tungsten o x i d e s : those i n which shear 
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1. HABER Catalysis by Transition Metal Oxides 11 

30 

* I ι Acrolein from allyl iodide. 
-Ό • • ° " ι—-
~ω ^-n 

20 π. 2 _ ( ^ _ 2 _ s l 

Acrolein from propylene 

10 

Ιο 
" Π C0 2 
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ko 

— « — « 1 1 ι _ Κ « 1 
0.5 1.0 1,5 2.0 20.0 Bi2(Mo04)3 

Figu re 2. Y i e l d of a c r o l e i n and CO i n o x i d a t i o n of propylene 
and a l l y l i o d i d e as f u n c t i o n of the coverage of MoO w i t h 
bismuth i o n s . (Reproduced w i t h pe rmis s ion from Ref. 23.J 3 
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12 SOLID STATE CHEMISTRY IN CATALYSIS 

s t r u c t u r e s are formed on r e d u c t i o n (WO^, ^20°59^ a n d those which do 
not show t h i s phenomenon (W. o0, g ,WCL ) , as may be seen from t h e i r 
s t r u c t u r e s i l l u s t r a t e d i n F i g u r e 4 . The s e l e c t i v i t y of the a l l y l 
i o d i d e r e a c t i o n to a c r o l e i n as a f u n c t i o n of the number of pulses 
in t roduced i n t o the r e a c t o r are seen i n F igu re 5 . For comparison, 
r e s u l t s ob ta ined w i t h MoO^ are a l so shown. In the case of W20^59 
w h i c h , s i m i l a r l y to MoO^, i s ab le to generate shear planes on 
i n t e r a c t i o n w i t h the reducing atmosphere, a c r o l e i n appears i n the 
products a f t e r the f i r s t few p u l s e s . On the o ther hand, i n the 
case of samples of W . 0 ^ and WO-, which are unable to form shear 
s t r u c t u r e s , p r a c t i c a l l y no a c r o l e i n was present i n the products o f 
the r e a c t i o n . 

Le t us now r e t u r n to t hg + su r f ace of a molybdate c a t a l y s t . Due 
to the displacement of Mo ions towards t e r m i n a l oxygens the 
b r i d g i n g oxygens become more b a s i c and thus more r e a c t i v e i n the 
n u c l e o p h i l i c a t t a ck on the a c t i v a t e d hydrocarbon mo lecu l e . On 
r a i s i n g the temperature, the rearrangement of the c o r n e r - l i n k e d 
metal-oxygen polyhedra i n t o edge l i n k e d a r rays proceeds more and 
more r e a d i l y , and provides a f a c i l e and e f f i c i e n t route f o r the 
a d d i t i o n on a n u c l e o p h i l i c l a t t i c e oxygen to the hydrocarbon 
molecule wi thout the gene ra t i on of po in t d e f e c t s , which cou ld be 
i n v o l v e d i n the format ion o f e l e c t r o p h i l i c oxygen s p e c i e s . 

Strong evidence suppor t ing t h i s model i s provided by the ESR 
s tud i e s of Mo0~ i n the course of i t s i n t e r a c t i o n w i t h d i f f e r e n t 
atmospheres ( 2 8 ) . As an example, F i g u r e 6 shows the ESR s p e c t r a of 
MoO^ a f t e r outgass ing the 430°C f o r 5 min . (curve A) and f o r 35 
m i n . (curve B ) . A n a l y s i s of thg va lues of the g - t ensor r evea l s the 
appearance of two d i f f e r e n t Mo + c e n t e r s : type A , formed at an 
e a r l y stage of r e d u c t i o n , and c h a r a c t e r i z e d by r h o m b i c a l l y 
d i s t o r t e d square pyramidal surrounding of n o n - a x i a l symmetry a long 
the -doub le bonded oxygen, and type B , o f d i s t o r t e d oc t ahed ra l 
c o o r d i n a t i o n , and appearing i n s t r o n g l y reduced samples. 
Comparison o f these r e s u l t s w i t h the s i t u a t i o n at the sur face of 
Mo0« c r y s t a l l i t e s ( F i g u r e 7) leads to the c o n c l u s i o n that the o n l y 
su r face oxygen i o n , which can be removed l e a v i n g reduced molydenum 
c a t i o n i n square pyramidal surrounding w i t h double-bonded oxygen i n 
the oppos i te apex, i s the surface oxygen b r i d g i n g two adjacent 
octahedra i n the double s t r i n g of edge - l inked Mo-0 oc tahedra . When 
c o n c e n t r a t i o n of vacanc ies i n c r e a s e s , c r y s t a l l o g r a p h i c shear takes 
p lace ( F i g u r e 7 b ) , and Mo c a t i o n s assume the oc t ahed ra l 
c o o r d i n a t i o n along the shear p lanes . I t i s noteworthy tha t on 
exposing MoO^ to a l l y l compounds o n l y the ESR spectrum of type Β 
centers appears . Th i s i n d i c a t e s tha t i n s e r t i o n of oxygen i n t o the 
o rgan ic molecule i s accompanied by a simultaneous rearrangement o f 
the c o o r d i n a t i o n octahedra at the sur face of Μο0~· 

Mo ions r e g i s t e r e d i n the ESR measurement c o n s t i t u t e o n l y ^ i 
s m a l l f r a c t i o n of the reduced s p e c i e s , the m a j o r i t y be ing Mo 
i o n s , which as non-Kramers ions are not expected to g i v e an ESR 
s i g n a l . As these ions are l o c a t e d i n the shear planes i n edge-
l i n k e d oc tahedra , Mo-Mo bonds are formed as revea led by the XPS 
s tud i e s (_26, 29 ) . UV pho toe l ec t ron spec t r a shown i n F i g u r e 8 
i n d i c a t e that these c l u s t e r s o f t e t r a v a l e n t molybdenum ions 
c o n s t i t u t e energy l e v e l s s i t u a t e d i n the fo rb idden energy gap of 
the ox ide (_30). M o 0 3 , which has been o x i d i z e d at 400°C, shows the 
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F i g u r e 4. S t ruc tu re s of d i f f e r e n t tungsten o x i d e s : 
I - WO , I I - W

2Q° 5 8> H I - W O
2 > I V " W18°49* R E P R O D U C E D ^ - T H 

permiss ion from Rer . 27. Copyr ight 198J , Academic P r e s s . 

F i g u r e 5. S e l e c t i v i t y to a c r o l e i n on i n t e r a c t i o n of a l l y l 
i o d i d e w i t h Mo0 3 and d i f f e r e n t tungsten oxides (17). 
Reproduced w i t h pe rmiss ion from Ref . 27. Copyr ight 1983, 
Academic P r e s s . 
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F i g u r e 7. Genera t ion o f oxygen vacanc ies and shear planes i n 
Mo0 o s t r u c t u r e . 
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1. HABER Catalysis by Transition Metal Oxides 15 

va lence band w i t h two maxima at 5.0 and 7.6 eV (curve I A ) . I t s 
edge i s observable at a b i n d i n g energy of about 2.8 eV. A f t e r 
ou tgass ing (curve IB) l o c a l energy l e v e l s appear at about 0.9 eV 
and 2.0 eV. S i m i l a r l e v e l s are a l so formed on outgass ing the 
Bi^MoO^, as i n d i c a t e d by curve I I B . These l e v e l s have a donor 
charac te r as the s u b s t i t u t i o n of h igher v a l e n t ions i n the l a t t i c e 
s i t e s of an ox ide by lower v a l e n t ions r e s u l t s i n the appearance of 
η - t y p e semiconductor . 

A genera l c o n c l u s i o n may thus be formulated that the a b i l i t y 
of group V , V I , and V I I t r a n s i t i o n metal oxides to form d i f f e r e n t 
types of bonding between c o o r d i n a t i o n polyhedra plays an important 
r o l e i n de te rmining t h e i r c a t a l y t i c p r o p e r t i e s by p r o v i d i n g a 
f a c i l e route f o r i n s e r t i o n of oxygen i n t o an o rgan ic mo lecu l e . The 
mechanism of such i n s e r t i o n i s shown i n F igu re 9 ( 3 1 ) . Here i n 
con t ras t to those oxides i n which the d e s o r p t i o n of an oxygenated 
product r e s u l t s i n the gene ra t ion of an oxygen vacancy a t 
c o n s i d e r a b l e expendi ture of energy, the d e s o r p t i o n i s accompanied 
by the simultaneous f a c i l e rearrangement o f oc tahedra . 

A f t e r the g i v e n elementary s tep of the c a t a l y t i c r e a c t i o n has 
taken place w i t h the p a r t i c i p a t i o n of the l a t t i c e oxygen and 
format ion of a nucleus of the shear p lane , the a c t i v e cen ter at the 
surface i s l e f t i n the reduced s t a t e . Before such an elementary 
s tep can be repea ted , the a c t i v e center must be r e o x i d i z e d . Th i s 
r e o x i d a t i o n can be r e a l i z e d e i t h e r by i n c o r p o r a t i o n o f oxygen from 
the gas phase or by d i f f u s i o n of oxygen ions from the b u l k . 
Depending on the r a t e of such r egene ra t ion of the a c t i v e c e n t e r , 
i t s "dead time" may be shor t o r l o n g . In the case of ox ides such 
as bismuth molybdate , the m o b i l i t y o f l a t t i c e oxygen i s h i g h (32 , 
3 3 ) , and regenera t ion by d i f f u s i o n from the b u l k operates v e r y 
e f f i c i e n t l y because r e o x i d a t i o n of the l a t t i c e may take p lace at 
cen te rs d i f f e r e n t from those p a r t i c i p a t i n g i n the r e a c t i o n . Under 
such c o n d i t i o n s , the "dead t ime" of a c t i v e cen te rs i s ve ry s h o r t , 
the t u rn -ove r frequency v e r y l a r g e , and the c a t a l y s t a c t i v i t y ve ry 
h i g h . Thus, i t may be concluded that parameters modi fy ing the 
m o b i l i t y o f oxide ions of a s o l i d l a t t i c e may s t r o n g l y i n f l u e n c e 
the c a t a l y t i c a c t i v i t y . 

The Role of Surface Geometry 

As a l r e ady mentioned i n t r a n s i t i o n metal oxides of group V , V I , and 
V I I , the appearance of a π - b o n d component o f the me ta l - an ion 
bonding r e s u l t s i n the displacement of the c a t i o n from the cen ter 
o f s i t e symmetry which s t a b i l i z e s the l aye red arrangement o f 
c o o r d i n a t i o n polyhedra and extended defec t s - shear and b l o c k 
s t r u c t u r e s . As the charge d e n s i t y and hence the ac id-base 
cha rac te r of ox ide ions i s s t r o n g l y i n f l u e n c e d by the metal-oxygen 
s e p a r a t i o n , the displacement causes the d i f f e r e n t i a t i o n of oxide 
i ons i n v a r i o u s c r y s t a l l o g r a p h i c p o s i t i o n s i n respec t to t h e i r 
ac id-base p r o p e r t i e s . S imul t aneous ly , redox p r o p e r t i e s are 
modi f i ed as manifested by the dependence of the work f u n c t i o n on 
the type of the c r y s t a l l o g r a p h i c p lane . I t may be concluded tha t 
i n the case of such ox ides the c a t a l y t i c p r o p e r t i e s w i l l depend on 
the geome t r i ca l s t r u c t u r e of the s u r f a c e . Indeed, exper imenta l 
data c o l l e c t e d i n the l a s t few years c l e a r l y i n d i c a t e tha t 
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SOLID STATE C H E M I S T R Y IN CATALYSIS 

and B i 2 M o 0 6 ( I I ) : 
A - o x i d i z e d at 470RC f o r 1 ~ΊΊΓ at 1 atm of oxygen; 
Β -outgassed fo r 10 hr at 470RC; C - contacted w i t h propylene 
at 440RC ( 2 0 ) . Reproduced w i t h permiss ion from Ref . 30. 
Copyr ight 1976, Academic P r e s s . 

, ; C = C _ H 

XDO + C 3 H 4 0 

F i g u r e 9 . Mechanism of the i n s e r t i o n of oxygen i n t o hydro
carbon molecule on oxide c a t a l y s t s w i t h po in t defec t s (a) and 
shear s t r u c t u r e s ( b ) . 
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1. HABER Catalysis by Transition Metal Oxides 17 

d i f f e r e n t c r y s t a l m o d i f i c a t i o n s of oxide systems or d i f f e r e n t 
c r y s t a l planes of g i v e n ox ide c r y s t a l l i t e s may d i f f e r c o n s i d e r b l y 
i n t h e i r c a t a l y t i c p r o p e r t i e s . Ta t ibouet and Germain ( 3 4 ) , us ing 
c r y s t a l l i t e s of MoO^, prepared by s u b l i m a t i o n and appropr ia te 
s e i v i n g showed tha t on the b a s a l (010) plane of Mo0~, methanol , i n 
presence o f oxygen, becomes dehydrogenated to formaldehyde, whereas 
on the (001) and (101) faces i t i s dehydrated to d i m e t h y l e t h e r . 
Th i s suggests tha t the (010) plane shows more pronounced redox 
p r o p e r t i e s , whereas the (001) and (101) planes behave as ac id-base 
s u r f a c e s . Th is i s i n l i n e w i t h the r e s u l t o f ex t ens ive s tud i e s of 
V 0 and V 2 0 , - - T i 0 2 c a t a l y s t s ( 35 ) . Namely, Gas io r and Grzybowska 
(36 ; observed a d r a s t i c decrease of a c i d i t y of V 2 0 ^ when i t was 
supported on anatase at sma l l coverages not exceeding a monolayer . 
At h ighe r l o a d i n g s , the a c i d i t y inc reased w i t h V 2 0 ^ con ten t , 
f i n a l l y a t t a i n i n g that o f the pure phase. C r y s t a l s t r u c t u r e 
a n a l y s i s of V«0,- and anatase r evea l s a good c r y s t a l l o g r a p h i c f i t 
between the (001) c leavage plane of anatase and the (001) b a s a l 
plane of V«0^ c o n t a i n i n g the V=0 groups s t i c k i n g out pe rpend icu la r 
to the su r f ace . Th i s s t r u c t u r e may be assumed to p r e v a i l i n the 
monolayer of V 2 0 ^ on anatase. However, such c a t a l y s t s show no 
a c i d i t y . There fore , i t may be concluded that on pure V 2 0 _ the 
ac id -base p r o p e r t i e s are l o c a t e d ma in ly a t the s i d e planes \110) 
and (100) . This has a d i r e c t bear ing on the c a t a l y t i c p r o p e r t i e s . 
Thus, G a s i o r and Machej (37) s tud ied the c a t a l y t i c a c t i v i t y o f V 0 , 
samples of d i f f e r e n t c r y s t a l hab i t and found tha t p l a t e - l i k e 
c r y s t a l l i t e s exposing ma in ly the b a s a l (001) planes w i t h V=0 groups 
show v e r y h i g h s e l e c t i v i t y i n the o x i d a t i o n of o -xy lene to p h t h a l i c 
anhydr ide , whereas i n the case o f n e e d l e - l i k e c r y s t a l l i t e s w i t h 
predominance of (110) and (100) s i de planes ma in ly t o t a l o x i d a t i o n 
to C0« i s observed. 

I t i s i n t e r e s t i n g that a t v a r i a n c e w i t h these c o n c l u s i o n s , 
V o l t a e t . a l . (38 , 3 9 ) , s tudy ing o r i e n t e d samples of MoO^, obta ined 
from i n t e r c a l a t i o n compounds of MoCl^ - g r a p h i t e , concluded tha t 
s e l e c t i v e o x i d a t i o n of propylene to a c r o l e i n o r isobutene to 
me thac ro l e in i s ma in ly c a t a l y s e d by the (100) s ide f a c e s , whereas 
the (010) basa l race i s r e s p o n s i b l e f o r t o t a l o x i d a t i o n . I t should 
be remembered, however, that s e l e c t i v e o x i d a t i o n i s a m u l t i s t e p 
p rocess , c o n s i s t i n g of the consecu t ive a b s t r a c t i o n s of hydrogen 
atoms and i n s e r t i o n of oxygen atoms. As a l r eady d e s c r i b e d , 
experiments w i t h a l l y l compounds (15) showed tha t MoO^ l a t t i c e 
e f f i c i e n t l y i n s e r t s n u c l e o p h i l i c l a t t i c e oxygen ions i n t o the 
a c t i v a t e d hydrocarbon molecule but has o n l y a l i m i t e d a b i l i t y to 
a c t i v a t e the hydrocarbon, t h i s s tep be ing ra te de te rmining i n 
s e l e c t i v e o x i d a t i o n of o l e f i n s . There fo re , de t e rmina t ion o f 
c a t a l y t i c a c t i v i t y i n the o x i d a t i o n of o l e f i n s can o n l y y i e l d 
l i m i t e d i n fo rma t ion about the mechanism o f the r e a c t i o n . Indeed, 
experiments on the i n t e r a c t i o n of Mo0~ c r y s t a l l i t e o f d i f f e r e n t 
c r y s t a l hab i t w i t h a l l y l i o d i d e seems to i n d i c a t e (40) tha t i t i s 
the (010) basa l plane which i s r e s p o n s i b l e f o r the i n s e r t i o n of 
oxygen i n t o the o rgan ic molecule by the shear ing mechanism 
desc r ibed i n the preceding s e c t i o n . 
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18 SOLID STATE C H E M I S T R Y IN CATALYSIS 

Dynamics of the C a t a l y s t Surface 

T r a n s i t i o n meta l oxides belong to non - s to i ch io r ae t r i c compounds, 
t h e i r compos i t ion depending on the e q u i l i b r i u m between the l a t t i c e 
and i t s c o n s i t u t e n t s i n the gas phase, i . e . i t i s a f u n c t i o n of 
oxygen pressure . Due to the c o n t r i b u t i o n of the surface f ree 
energy, the compostion of the surface of the s o l i d d i f f e r s from 
tha t o f the b u l k , and the system i n e q u i l i b r i u m i s composed of b u l k 
c r y s t a l l i t e s , t h e i r surface and the gas phase. However, 
e q u i l i b r a t i o n of the gas phase w i t h the bu lk of c r y s t a l l i t e s takes 
p lace on ly a f t e r anneal ing at h igh temperatures , when d i f f u s i o n of 
l a t t i c e c o n s t i t u t e n t s becomes s u f f i c i e n t l y r a p i d . When an o x i d e , 
which has been e q u i l i b r i a t e d at a h i g h temperature i n oxygen at a 
g i v e n p ressu re , i s then heated under a d i f f e r e n t pressure at a low 
temperature at which the d i f f u s i o n of defec t s i n the l a t t i c e i s 
s low, the new e q u i l i b r i u m comprises on ly the sur face l a y e r . When 
hydrocarbon m o l e c u l e s , which have reducing p r o p e r t i e s , are a l s o 
present i n the gas phase, a c e r t a i n degree of r e d u c t i o n of the 
sur face i s reached corresponding to a s teady s t a t e i n which the 
r a t e o f r e d u c t i o n of the sur face by hydrocarbon molecules becomes 
equal to the ra te of i t s r e o x i d a t i o n by gas phase oxygen. When the 
compos i t ion of the gas phase i s changed, a corresponding change of 
the surface compostion occurs which i n t u r n may r e s u l t i n changes 
of c a t a l y t i c a c t i v i t y (40 , 41 ) . However, s e v e r a l o ther phenomena 
may a l s o take p l a c e , such as o rde r ing of de fec t s a t the s u r f a c e , 
su r face t r ans fo rma t ions , and p r e c i p i t a t i o n of new b i d i m e n s i o n a l 
sur face phases. They may r e s u l t i n the appearance of new types of 
a c t i v e centers at the surface of the c a t a l y s t , d i r e c t i n g the 
c a t a l y t i c r e a c t i o n along a new pathway and thus profoundly 
i n f l u e n c i n g the s e l e c t i t y (3J^, 41 -44) . 

The c a t a l y s t surface i s i n a dynamic i n t e r a c t i o n w i t h the gas 
phase. Depending on the p r o p e r t i e s o f the mix tu re of r eac tan t s of 
the c a t a l y t i c r e a c t i o n , d i f f e r e n t sur face phases may be formed at 
the surface of the c a t a l y s t , d i r e c t i n g the r e c t i o n along d i f f e r e n t 
r e a c t i o n paths . Thus, when the steady s t a t e c o n d i t i o n s of the 
r e a c t i o n are changed, the s t r u c t u r e o f the c a t a l y s t sur face a l s o 
may change, modi fy ing the a c t i v i t y and s e l e c t i v i t y of the c a t a l y s t 
i t s e l f . This means tha t i n the ra te equa t ion i t i s not o n l y the 
concen t r a t i on term which depends on the pressure o f r e a c t a n t s , but 
a l s o the r a t e cons t an t . 

Concluding Remark 
I n the c a t a l y t i c r e a c t i o n of o rgan ic molecules w i t h gas phase 
ox idan t s ( e . g . oxygen, s u l p h u r , c h l o r i n e ) e i t h e r the oxidant i s 
a c t i v a t e d and performs an e l e c t r o p h i l i c a t t a c k , o r the o rgan ic 
molecules are a c t i v a t e d and the r e a c t i o n proceeds i n consecu t ive 
steps of hydrogen a b s t r a c t i o n and n u c l e o p h i l i c oxygen i n s e r t i o n . 
Reac t ions of c a t a l y t i c o x i d a t i o n may be thus d i v i d e d i n t o two 
groups: a . e l e c t r o p h i l i c o x i d a t i o n , i n which epoxides are formed 
i n case of l i q u i d phase r e a c t i o n and degrada t ion o f the carbon 
s k e l e t o n takes p lace under c o n d i t i o n s of heterogeneous r e a c t i o n , 
r e s u l t i n g i n the t o t a l o x i d a t i o n , and b . n u c l e o p h i l i c o x i d a t i o n , 
i n which products o f the success ive n u c l e o p h i l i c i n s e r t i o n o f 
app rop r i a t e a n i o n i c l a t t i c e c o n s t i t u e n t s i n t o the o rgan ic molecule 
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1. HABER Catalysis by Transition Metal Oxides 19 

are formed. Th i s i n s e r t i o n takes p lace at the s i t e o f the 
m o l e c u l e , which by i t s app rop r i a t e bonding at the a c t i v e cen te r o f 
the c a t a l y s t , i s made most p o s i t i v e . The s t r u c t u r e of the 
in te rmed ia te complex composed of the r e a c t i n g molecule and the 
a c t i v e cen te r thus determines the r e a c t i o n pathway and consequent ly 
the s e l e c t i v i t y . 

The a b i l i t y to a c t i v a t e the hydrocarbon molecule i s r e l a t e d to 
the p r o p e r t i e s o f i n d i v i d u a l c a t i o n s and t h e i r neares t ne ighbours , 
c o n s t i t u t i n g a c t i v e c e n t e r s . 

When d i s c u s s i n g the behaviour of an in te rmedia te complex 
l o c a t e d at the su r face of a s o l i d i t i s necessary to take i n t o 
account the f a c t that the occupancy o f d i f f e r e n t o r b i t a l s i s 
determined by the chemical p o t e n t i a l o f e l e c t r o n s i n the s o l i d , 
g i v e n by the p o s i t i o n of the Fermi l e v e l . S h i f t i n g of t h i s 
p o s i t i o n e . g . , by i n t r o d u c t i o n o f a d d i t i v e s changes the o r b i t a l 
occupancy, may i n t u r n change the r e a c t i v i t y of bonds and modify 
the a c t i v i t y and s e l e c t i v i t y . 

T r a n s i t i o n meta l oxides are n o n s t o i c h i o m e t r i c compounds. The 
nons to ich iomet ry may be in t roduced e i t h e r by the g e n e r a t i o n o f 
po in t de fec t s o r by the change of the mode of l i n k a g e between the 
c o o r d i n a t i o n po lyhedra , r e s u l t i n g i n the fo rmat ion o f extended 
de fec t s / shea r s t r u c t u r e s . Th i s l a t t e r way of changing the 
s t o i c h i o m e t r y i s a c h a r a c t e r i s t i c fea ture of group V , V I , and V I I 
t r a n s i t i o n meta l oxides and i s r e l a t e d to the presence o f the 

π - o r b i t a l component o f the metal-oxygen bonds, r e s u l t i n g i n the 
displacement o f the c a t i o n s from the cen te r o f s i t e symmetry, which 
s t a b i l i z e s the l aye red arrangement of c o o r d i n a t i o n po lyhedra . As 
the charge d e n s i t y on oxide ions i s s t r o n g l y i n f l u e n c e d by the 
metal-oxygen s e p a r a t i o n , the displacement causes the d i f f e r e n t a t i o n 
o f oxide ions i n v a r i o u s c r y s t a l l o g r a p h i c p o s i t i o n s w i t h respec t to 
t h e i r redox and ac id-base p r o p e r t i e s . As a r e s u l t , the c a t a l y t i c 
p r o p e r t i e s s t r o n g l y depend on the geome t r i ca l s t r u c t u r e o f the 
s u r f a c e . D i f f e r e n t polymorphic m o d i f i c a t i o n s o r d i f f e r e n t c r y s t a l 
planes may d i f f e r c o n s i d e r a b l y i n t h e i r c a t a l y t i c behav iour . A 
gene ra l c o n c l u s i o n may be formulated that the a b i l i t y o f group V , 
V I and V I I t r a n s i t i o n meta l oxides to form d i f f e r e n t types of 
bonding between c o o r d i n a t i o n polyhedra p lays an important r o l e i n 
de termining t h e i r c a t a l y t i c p r o p e r t i e s by p r o v i d i n g a f a c i l e route 
f o r i n s e r t i o n of oxygen i n t o an o rgan ic m o l e c u l e . No oxygen 
vacanc ies are formed and the gene ra t i on o f e l e c t r o p h i l i c oxygen, 
which cou ld i n i t i a t e the s i d e r e a c t i o n of t o t a l o x i d a t i o n , i s thus 
e l i m i n a t e d . 

The c a t a l y s t surface i s i n dynamic i n t e r a c t i o n w i t h the gas 
phase. Depending on the p r o p e r t i e s o f the mix tu re o f r eac tan t s o f 
the c a t a l y t i c r e a c t i o n , d i f f e r e n t sur face phases may be formed at 
the sur face o f the c a t a l y s t , d i r e c t i n g the r e a c t i o n along d i f f e r e n t 
r e a c t i o n pathways. A change of the steady s t a t e - c o n d i t i o n s 
i n f l u e n c e s the c a t a l y t i c r e a c t i o n , not o n l y d i r e c t l y through the 
c o n c e n t r a t i o n term i n the r a t e e q u a t i o n , but a l s o by modi fy ing the 
p r o p e r t i e s o f the c a t a l y s t i t s e l f , i . e . the r a t e constant k . Thus, 
heterogeneous c a t a l y t i c systems should not be t r ea t ed as two 
phases, but as three phase systems composed of the gas phase, the 
s o l i d , and the surface r e g i o n . The l a t t e r i s composed of the 
sur face atoms o f the c a t a l y s t l a t t i c e i n t e r a c t i n g w i t h the adsorbed 
molecules of the c a t a l y t i c r e a c t i o n . 
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2 
Active Sites on Molybdate Surfaces, Mechanistic 
Considerations for Selective Oxidation, and 
Ammoxidation of Propene 

JANET N. ALLISON and WILLIAM A. GODDARD III 

Arthur Amos Noyes Laboratory of Chemical Physics, California Institute of Technology, Pasadena, 
CA 91125 

Molybdates involving various metal additives play a dominant 
role in such industrially important catalytic processes as selec
tive oxidation (propene to acrolein) and ammoxidation (pro-
pene to acrylonitrile); however, the details of the reaction 
mechanism and of the surface sites responsible are yet quite 
uncertain. In order to establish the thermochemistry and 
detailed mechanistic steps involved with such reactions, we 
have performed ab initio quantum chemical calculations [gen
eralized valence bond (GVB) and configuration interaction 
(CI)]. These studies indicate a special importance of multiple 
surface dioxo Mo sites (possessing two Mo-O double bonds and 
hence spectator oxo groups) arranged together so as to pro
vide the means for promoting the sequence of transformations. 

Various catalysts based on molybdates have been used both for selective 
oxidation of propene to acrolein 

and ammoxidation of propene to acrylonitrile, 

Numerous experimental studies have provided mechanistic information 
about these catalytic reactions; however, there are as yet many uncer
tainties concerning the character of the active site and its relation to the 
details of the mechanism. In this paper we will use the results of ab initio 

0097-6156/85/0279-0023$06.00/0 
© 1985 American Chemical Society 
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24 SOLID STATE C H E M I S T R Y IN CATALYSIS 

quantum chemical calculations [generalized valence bond (GVB) and 
configuration interaction (CI)] to help analyze the details of the reaction 
mechanisms and the relation of various reaction steps to specific surface 
sites. 

In the following sections we discuss the principle of spectator oxo 
promotion that we find to play a crucial role in promoting particular 
reaction steps; we then examine the details of selective oxidation; and, 
finally, we outline preliminary results on ammoxidation . 

Spectator Oxo Effects 
Molybdates lead to bulk structures involving either octahedral or 
tetrahedral coordination of oxygens about each Mo. On various surfaces, 
the most stable configurations for such molybdates are likely to be 

0 
II 

Mo 

0 

1 2 3 
where 1 and 3 correspond to bulk octahedral sites and 2 to bulk 
tetrahedral sites. Here there are four (1) and (3) or two (2) single bonds 
to oxygen atoms that have a single bond to another Mo center, and one 
(1) and (3) or two (2) double bonds to oxygens that are not bonded to 
other Mo atoms. Typically the M-0 single bond lengths are ~1.95 Â and 
the Mo-0 double bond lengths are 1.67 to 1.73 Â. In addition, the 
octahedral site 1 would have a sixth oxygen neighbor at 2.2 to 2.4 Â (-L). 
All three surface structures are formally Mo^ and all involve Mo-0 double 
bonds. However, we find that these species lead to extremely different 
chemistry. Thus, in selective oxidation of propene, a critical step is trap
ping of an allyl radical at an Mo=0 bond. However, we find that only for 

Δ Η Δ 0 ( 4 0 0 · Ο 
(kcal/ mol) 

-2 +21 (3) 

-35 -12 ( 4 ) 

5 
This remarkable difference arises from the spectator oxo effect (2,11), as 
discussed below. 

- 0 0 -
.00 Α Λ 

1 

species 2 is this process strongly exothermic. 

-<T4 V o ^o-2 C o 
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2. ALLISON AND GODDARD Active Sites on Molybdate Surfaces 25 

Figure 1 shows the bonding for 2' 

Mo 
4 \ 

CI CI 

2 ' 

as a model of 2 . Here we see that each Mo=0 bond has the form of a 
covalent double bond involving spin pairing of two singly-occupied Mo d 
orbitals and two singly-occupied 0 ρ orbitals. Denoting the Mo=0 axis as 
ζ and the Mo02 plane as yz, the Mo-0 sigma bond involves Mo d z 2 and 0 p z 

orbitals, while the Mo-0 pi bond involves Mo d̂ , and 0 p x orbitals , Two 
such double bonds require four electrons in four orthogonal Mo d orbitals. 
On the other hand, the two Mo-Cl bonds (modeling single bonds to bridg
ing oxygens in molybdates) involve a large amount of ionic character with 
some 5s-5p character on the Mo. Thus the Mo^ center in 2 should be best 
visualized in terms of ionic bonds to the two bridging oxygens, while the 
Mo=0 bonds should be considered as covalent double bonds. The require
ment of two singly-occupied d orbitals for each Mo=0 bond leads to an 
0=Mo=0 angle of 106° (the π bonds would prefer 90°; the σ bonds, 125°) 
(3). In addition to the two singly-occupied ρ orbitals involved in the Mo=0 
bond, each oxygen has four valence electrons in two nonbonding orbitals 
(mixture of 0 2s and 0 2py). 

The bonding is quite different when there is only one double bond, as 
indicated in Figure 2 (the orbitals are for 1' 

.Mo. 

where each CI models the bridging oxygens of 1). Here there are two pi 
bonds between Mo and O. Thus the Mo has a total of four ionic bonds to 
the four CI, two singly-occupied dπ orbitals (d x z and dyZ if the Mo=0 axis is 
z) used in the two Mo=0 pi bonds and an empty d z 2 orbital. The two Mo=0 
pi bonds require two singly-occupied ρπ orbitals on the oxygen (px and 
py), leaving four electrons in the 0 2s and 0 2pz orbitals. With two elec
trons in 0 2pz and none in Mo dz2, we obtain a Lewis base-Lewis acid bond 
in the sigma system, leading to a net bond involving six electrons (four 
from oxygen and two from Mo). [As indicated in Figure 2, there is some 
charge transfer from Mo to 0 in the π bonds and from 0 to Mo in the σ 
bond, but the net description remains a six- electron bond.] The result is 
a partial triple bond or a super double bond that is much stronger than 
the double bond of 2. Why can't species 2 make two such super double 
bonds? The requirement is two singly-occupied metal pi orbitals (πχ and 
TTy) for each super double bond so that there are just not enough Mo pi 
orbitals to go around (analogous to the difference between 0=C=0 with 
two double bonds and C=0 with a partial triple bond about twice as 
strong). 
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α) MoO σ bond 
cl ci 

ONE ONE 

PAIR] 

b) MoO 7TX bond 
ONE 

PÂÎRI 

c) Ο 2s-2p lone pair 

ONE 

Figure 1. GVB orbitals for the four electron pairs involving the 
l e f t Mo*0 double in species 2· Dotted contours indicate negative 
amplitude* Increments between contours are 0*050 a*u*; the zero 
contour i s not shown* 
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2. ALLISON AND GODDARD Active Sites on Molybdate Surfaces 27 

F i g u r e 2 . GVB o r b i t a l s f o r the four e l e c t r o n p a i r s i n v o l v i n g the 
M o O super double bond f o r spec ies 1. (Same p l o t t i n g convent ions 
as i n F igu re 1 · ) 
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28 SOLID STATE C H E M I S T R Y IN CATALYSIS 

Based on the above arguments, we expect reaction (4) to be much 
more favorable than reaction (3) because (3) involves attack on a 
stronger bond. However, there is a second equally important factor 
involved in the difference in reaction enthalpies for (3) and (4). The extra 
Mo=0 bond of 2 would appear to be a spectator to reaction (4), but in fact 
it helps promote the reaction. The reason is that in the product, 5, this 
spectator group is free to utilize two Mo dπ orbitals to form a super dou
ble bond, whereas in the reactant, 2, the second Mo=0 bond (the one 
involved directly in the reaction) requires one of these dπ orbitals. Thus 
the spectator Mo=0 bond changes from a double bond to a super double 
bond when the allyl reacts with the other Mo=0 bond. The net result then 
is that reaction (4) is more favored than (3) by 33 kcal. 

This spectator oxo promotion is a general effect, so that considering 

CI 
Mov 

CI 

R-R' 
XR 7 R 

.Mo v 

ci^f 4>ci 
CI "CI 

(5) 

versus 

X// \j* (6) 
Mo W ^ R 

ci ci c f CI 

the spectator oxo group promotes reaction at the adjacent double-
bonded group in (6) by w 33 kcal with respect to (5). 

We find a similar but smaller spectator effect of «16 kcal for imido 
groups, promoting reactions such as 

V H ^ 
Nv X Nvv XR 
\ * R-R' 

Mo, Mo R 

4 \ 4 \ (7) 
cr ci cr CI v J 

Thus, as shown in Figure 3, 6 has a (bent) Mo=NH double bond involving 
two singly-occupied Ν ρ orbitals (both perpendicular to the NH bond; 
paired up to form a sigma bond and a pi bond to the Mo (utilizing an Mo 
dπ orbital and an Mo da orbital). Here the Ν 2s lone pair is not involved in 
bonding. However, for 7, the Mo=NH bond is linear, leading to two Mo-N pi 
bonds. There is also a Lewis base-Lewis acid sigma bond between Ν and 
Mo; however, in this case it involves the Ν 2s pair (the Ν 2pz orbital being 
involved in the NH bond) rather than the pz pair as for O. The result is an 
Mo-NH super double bond about half as super as the Mo=0 super double 
bond. 

In the next section we will use this concept of the spectator effect in 
examining likely pathways for selective oxidation of propene to acrolein. 
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2. A L L I S O N A N D G O D D A R D Active Sites on Molybdate Surfaces 29 

u 
α) NH σ bond 

Η Η 

" Χ " 
Cl Cl 

fpÂim 

ONE 

b) MoN in plane bond 

c) MoN 7ΓΧ bond 

: IPAIRI 

ONE 

d) Ν 2s lone pair 

ONE 

IPÂÎRI 

ONE 

-3 

ONE 

ONE 

Ci 

ONE 

Figu re 3 . The GVB o r b i t a l s f o r the four e l e c t r o n p a i r s i n the 
r i g h t Μο=ΝΗ bond of spec ies 5 . (Same p l o t t i n g convent ions as i n 
F igu re 1.) 
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Mechanistic Studies on Selective Oxidation 

For selective oxidation (1) and ammoxidation (2) of propene by bismuth 
molyb dates, 
i) it has been well established that the rate-determining step is allyl 

hydrogen abstraction to yield allyl radical (4̂ 5), 
ii) it is generally acknowledged that the Bi oxide site is involved in this 

initial step since Bi 20 3 will abstract the H but does not do oxidation, 
while Mo03 will do oxidation of allyl but is ineffective at allyl H 
abstraction) and 

iii) Grasselli, Burrington, and co-workers (a) have proposed a detailed 
mechanism involving trapping of the allyl radical from (i) at a dioxo 
Mo site 

<n 41 (β) 

followed by /S-hydride elimination to form acrolein 

W ° Η Ο χ 

Mo ^ \ 0 S + o ^ s ^ (9) 
4 1 V I 

As additional evidence for the role of the dioxo site, they carried 
out experiments using labeled allyl alcohol (rather than propene) 
that could be most simply interpreted in terms of reaction at a 
dioxo site followed by interchange of allyl between spectator oxo 
and alkoxy oxygens (10). 

N Mo' + 0* ' 
i l 

In order to explore further the details of these mechanisms, we cal
culated the energetics for some of the reaction steps. 

Concerning trapping of an allyl at a surface molybdate site, we find 
that the process for the dioxo unit (4) is quite favorable, whereas the 
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2. A L L I S O N A N D G O D D A R D Active Sites on Molybdate Surfaces 31 

process for the monoxo unit (3) is less favorable. This results from the 
spectator oxo stabilization present in the dioxo unit and agrees with the 
basic tenet (8) of the Grasselh-Burrington mechanism. However, one-
center steps such as (9) for propene and (10) for allyl alcohol involving 
reaction with the spectator oxo group are unfavorable. For example, the 
step in (9) is endothermic by ~45 kcal and the step in (10) is endothermic 
by ~25 kcal. As a result, we were led to the idea that the collections of 
adjacent dioxo units are critical to the selective oxidation process.* This 
idea is illustrated in Figure 4 where step b corresponds to (β). Rather 
than the one- center process (10), we propose that the β- hydride 
abstraction is by an adjacent dioxo unit as in Figure 4c. The stabiliza
tion due to the spectator oxo group of the second center is critical in 
keeping the free energy charge negative. 

The first question to.ask concerning the mechanism in Figure 4 is 
whether the crystal structure is compatible with adjacent surface dioxo 
units. Figure 5 shows the (010) surface of a—Bi2(Mo04)3 [corresponding to 
the parent Scheelite structure, CaW04] (11). Here we see that there are 
adjacent dioxo centers along the crystal surface. 

With these adjacent dioxo units, we would expect allyl transfer steps 
such as 

%/° w w w 
Mo' Mo' Mo' Mô  

to be facile. This should lead to equilibration of the CI and C3 carbons 
and hence a fixed ratio of 

V<H H>=<H (12) 

(a) (b) 

regardless of whether the starting propene is 

( 1 3 ) 

D X C H 3 H ' N C D 3 

or whether the starting allyl alcohol is 

* This conclusion is buttressed by recent results that were reported after the ori
ginal theoretical analysis and submission of our paper (1Û). 
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32 SOLID STATE C H E M I S T R Y IN CATALYSIS 

F i g u r e 4 . The m u l t i p l e d ioxo mechanism f o r s e l e c t i v e o x i d a t i o n . 

Mo = Surface molybdenum 
ο = Surface oxygen 

^ = Surface bismuth 
(~) - Surface bismuth vacancy 

F i g u r e 5 . The (010) surface of oHBi (MoO,) [corresponding to the 
(001) surface of the parent S c h e e l i t e s t r u c t u r e , CaWO,]. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

13
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
27

9.
ch

00
2

In Solid State Chemistry in Catalysis; Grasselli, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



2. ALLISON AND GODDARD Active Sites on Molybdate Surfaces 33 

^ C N ^ C H 2 (14) 
HO HO 

H H 

This is consistent with abundant experimental evidence (Grasselli et al.) 
(R) that the ratio of products (12a) to (12b) is 70% to 30%, independent 
of starting material in (13) or (14). 

It is important to note that a-Bi2(Mo04)3 has this active site with 
adjacent Mo dioxo groups. Such sites do not exist in the parent Scheelite 
structure (£) (CaW04), but with Bi, two adjacent Ca sites out of each six 
are vacant (indicated by dotted circles in Figure 5), leading to the special 
active site. 

The availability of several adjacent Mo dioxo units suggests the possi
bility of step (a) in Figure 4 in activating the propene. It is generally 
accepted that this activation occurs on a Bi site since Mo03 is not 
effective in abstracting the allyl hydrogen. However, Bi is essential to the 
existence of the chain of Mo dioxo units in Figure 5, and hence it is possi
ble that the activation is actually by a Mo dioxo unit that exists because 
of the Bi- induced vacancies and not actually on a Bi oxide site. These 
ideas are consistent with the fact that allyl iodide is readily converted to 
acrolein over bismuth-free Mo03, while the conversion of propene to 
acrolein over Mo03 is inactive (~2% yield) (2). The C-I bond strength as in 
Ĉ Ĥ I is 43.5 kcal/mol, whereas the C-H bond strength as in C 3H 6 is 87.5 
kcal/mol (2). Therefore it may be postulated that an important 
differential factor in the breaking of the C-H bond of propene may be the 
extra stabilization needed that is provided by the Bi-induced 
configuration of Mo dioxo sites. This is supportive of the idea of nonaddi-
tivity of the active sites of the two separate oxides, Bi 20 3 and Mo03, and 
the requirement for active sites of Bi, Mo, and 0 to act together (as a 
unit) for the conversion of propylene to acrolein (fl). 

The isotope studies (vide supra) have been used to establish that a 
π-allyl species is initially formed and, indeed, scrambling may occur at 
this stage (.9). This may well be the case, and we cannot address the issue 
of σ-allyl versus π-allyl directly since we have not yet studied π-allyl com
plexes. However, the formation of π-allyl is not required in our mechan
ism. Equilibration via steps as in (12) involving only σ-allyls as stable 
species are mechanistically equivalent to π-allyl. [The energy estimates 
of Figure 4 do not include any special stabilization due to Bi.] 

In Figure 4 we quote current estimates of the reaction enthalpies for 
the various steps in our mechanism. There are numerous uncertainties 
here (12), and with the present uncertainties we certainly cannot say that 
the mechanism is confirmed. However, each step is approximately ther-
moneutral and hence the scheme is certainly energetically plausible. 
Assuming an energy barrier of 10 kcal for the reverse of step (a), Figure 
4, leads to allyl Η-abstraction as the rate-determining step, in agreement 
with experiment (the estimated E a c t = 19 kcal would be close to the 
experimental value of E a c t = 22 kcal). 

Summarizing, we agree with Grasselli et al. (ϋ) that Mo dioxo units 
are essential in selective oxidation; however, we rind that single dioxo 
units cannot complete the reaction. We propose that selective oxidation 
requires a collection of at least three adjacent dioxo units to enter into 
three potentially endothermic reaction steps, facilitating the desired 
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34 SOLID STATE CHEMISTRY IN CATALYSIS 

reaction. Indeed, we find for Bi2(Mo04)3 that the dioxo units should be 
ideal for carrying out the sequence of steps involved in selective oxida
tion. Using this idea that multiple dioxo sites are required, one might be 
able to develop strategies for promoter additives and for preparative 
techniques based on enhancing the probability of such sites. Perhaps the 
role of such sites could be tested using bidentate or multidentate ligands, 
e.g., 

that would bond only to specific configurations. 

Ammoxidation 

In mechanistic studies of ammoxidation by Bi-molybdates, Grasselli et al. 
(β) have suggested a critical role of bis-imido sites, 

4% 

Indeed, assuming an active site analogous to that in Figure 5 but with oxo 
groups replaced by imido groups leads to a scheme analogous to Figure 4, 
where spectator imido groups play the role of spectator oxo groups in 
steps (a), (b), and (c) of Figure 4. 

At intermediate NH3 pressures, oxo-imido species 

V " 
are probably present on the surface. Because of the difference between 
spectator-oxo and spectator-imido effects, reaction at the Ν is greatly 
favored over reaction at the oxygen. Thus, for allyl trapping by Ν, ΔΗ = 
-30 kcal, whereas for allyl trapping by 0, ΔΗ = -20 kcal Lsee (ii)a, (ii)b]. 
Thus, in thermodynamic equilibrium, only reaction at the Ν would be 
observed. Kinetic data of Grasselli et al. (lû) have been interpreted to 
indicate that allylic Ν insertion is approximately three times faster than 
allylic 0 insertion, i.e., K(acrylonitrfle) „ 3 Comparing the theory with 

K(acrolem) + 
experiment suggests kinetic control with an activation energy of ΔΗ + = 0 
for (ii)a and ΔΙ-Fw 2 kcal for (ii)b. We are currently in the process of exa
mining the energetics for various possible catalytic sequences involved in 
ammoxidation. 
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3 
Thermodynamic and Structural Aspects of Interfacial 
Effects in Mild Oxidation Catalysts 

PIERRE COURTINE 

Universitè de Technologie de Compiègne, B.P. 233, 60206 Compiègne Cedex, France 

This paper presents a comprehensive description of 
mild oxidation catalysts containing one or more oxides 
or oxysalts and analyzes the thermodynamic and 
structural influence of interfacial effects between 
the constituent solid phases on activity and selec
tivity (1). 

Early attempts to correlate catalytic performance with solid state 
properties (2-11) emphasized the in tr ins ic properties of 
constituent transition metal ions, such as the presene of double 
metal-oxygen bonds, the nature of surface oxygen species, and the 
acidity of the active s i tes , as i f ac t iv i ty and se lect iv i ty were a 
complex function of the chemical composition of the catalyst 
(12-17). 

The role of the solid phase was f i r s t developed from 
electronic theory (10) and then from the concept of valence and 
stoichiometry control (18, 19). Recent experimental results have 
shown that one thermodynamic phase, and not a simple gathering or 
"sea" of ions at the surface of the active so l id , can be 
responsible for catalytic act ivi ty and se lect iv i ty . 

The f i r s t real characterization of active phases has been made 
for the high temperature polymorph of CoMoO^ (called (a) by us and 
later (b) by other authors) in the selective oxidation of butane to 
butadiene (20,21), as well as for U S B ^ Q (22_) and bismuth 
molybdates (23,24) for oxidation, and ammoxidation of propylene. 
Additional examples include solid solutions such as (Mo V. )?0,. 
(with 0<x<O.3) for benzene conversion to maleic anhydride \2§926; 
and the solid solution up to 15% of Sb^O^ in the SnO^-Sb^O^ system 
for propylene oxidation to acrolein (14,2/). 

In cases where the oxidation state of the solid changes during 
the reaction, the active solid state phase present at steady state 
must be characterized. For example, the reduced vanadium phosphate 
phase forms during the oxidation of butene to maleic anhydride 
(28,29). And for supported catalysts such as V 2 0 s ^ T ^ ° 2 a n a t a s e > 
reduction to V0 0 1 7 ( i . e . V^O,^) occurs during the oxidation of 

0097-6156/85/0279-0037$06.00/0 
© 1985 American Chemical Society 
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38 SOLID STATE C H E M I S T R Y IN CATALYSIS 

o-xy lene ( 1 5 , 3 0 ) . F i n a l l y , i t has been found that the a d d i t i o n of 
s e v e r a l o ther phases to a known a c t i v e phase such as bismuth 
molybdate improves i t s performance i n the ammoxidation of propylene 
by producing a multicomponent molybdate (MCM) c a t a l y s t ( 3 1 ) . 

The ques t ion a r i s e s , why do b i - o r m u l t i - p h a s i c c a t a l y s t s 
g e n e r a l l y show b e t t e r a c t i v i t y and s e l e c t i v i t y than the a c t i v e 
phase alone? The aim of t h i s paper i s to answer t h i s ques t ion by 
e x p l o r i n g the r o l e of i n t e r f a c i a l e f f e c t s . We s h a l l examine f i r s t 
how the thermodynamic and s t r u c t u r a l p r o p e r t i e s o f one phase 
i n f l u e n c e i t s i n t e r a c t i o n s , not on l y w i t h the gaseous r e a c t a n t s , 
but a l s o w i t h c o e x i s t i n g s o l i d phases as a r e s u l t of i t s b u l k , 
s u r f a c e , and defec t s t r u c t u r e . We w i l l a l s o examine the c o n d i t i o n s 
necessary f o r these i n t e r a c t i o n s and set up a s t r u c t u r a l 
c l a s s i f i c a t i o n of the main components of m i l d o x i d a t i o n c a t a l y s t s . 
Th i s w i l l l e ad f i n a l l y to a d i s c u s s i o n of the r o l e of i n t e r f a c i a l 
e f f e c t s i n c a t a l y s t performance us ing some i l l u s t r a t i v e examples. 

Thermodynamic and S t r u c t u r a l P r o p e r t i e s o f S i n g l e Phase C a t a l y s t s 

Interdependence of P r o p e r t i e s 

We have a l r eady noted (28,29) tha t a s i n g l e a c t i v e phase possesses 
a set of in terdependent p r o p e r t i e s , and tha t any c o r r e l a t i o n 
between one proper ty and c a t a l y t i c performance cannot adequately 
e x p l a i n c a t a l y t i c b e h a v i o r . Scheme I i l l u s t r a t e s t h i s us ing V^O^ as 
an example. However, the nature of the a c t i v e s i t e , which can 
c o n t a i n a normal l a t t i c e i o n , a group o f i o n s , or extended or po in t 
d e f e c t s , depends on i t s s o l i d s t a te environment. The s t r u c t u r e of 
the host m a t r i x can g r e a t l y i n f l u e n c e the chemica l and p h y s i c a l 
p r o p e r t i e s o f the s i t e . 

Thermodynamic P r o p e r t i e s 

In most s t ud i e s i t has been s ta ted that the hydrocarbon i s o x i d i z e d 
by l a t t i c e oxygen o f the o x i d i z e d form of the c a t a l y s t , KO. 
Subsequent ly , the r e a c t i o n of the reduced form, K , w i t h 0« 
regenerates the i n i t i a l s t a te accord ing to the wel l -known Mars and 
van K r e v e l e n mechanism (32 ) : 

A + KO -> AO + Κ r . (1) 

Κ + 1/2 0 o -> KO r (2) I ox 

T h i s mechanism, though not always a p p l i c a b l e (33) , d e s c r i b e s 
the importance of oxygen dona t ion by the a c t i v e phase i n s e l e c t i v e 
o x i d a t i o n c a t a l y s t ( 3 4 ) . 

K i n e t i c s t u d i e s , s t r u c t u r a l c o n s i d e r a t i o n s , i s o t o p i c oxygen 
exchange exper iments , and e q u i l i b r i u m adso rp t i on measurements have 
a l lowed some authors to e s t a b l i s h c o r r e l a t i o n s between s e l e c t i v i t y 
and the change of s tandard en tha lpy or f ree energy of the redox 
p rocess . Al though these c o r r e l a t i o n s concern the b u l k and not the 
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sur face of the c a t a l y s t (12) , i t was found i n c e r t a i n cases tha t 
the surface s t r u c t u r e s bear some r e l a t i o n s w i t h the bu lk s t r u c t u r e 
(28,29,35-41) , p a r t i c u l a r l y i n the case o f l aye red s o l i d s . 

Thermodynamic aspects must be taken i n t o acount , not o n l y 
concerning the r e a c t i o n i t s e l f , but a l so w i t h regard to the s o l i d 
s t a t e . Most of the m i l d o x i d a t i o n c a t a l y s t s e x h i b i t e i t h e r a low 
m e l t i n g po in t (V 2 0c» M o O ^ . . . ) , or f i r s t or second order polymorphic 
t r a n s i t i o n s near the r e a c t i o n .-temperature, as i n the case of 
M Mo0 4 (M = Co1 , Fe , N i ) (20, 2 1 ) , o r the 
m o d i f i c a t i o n s of B i MoO^ ( 4 2 ) . The i r Tammann temperatures are l ow . 
As a consequence, these l a t t i c e s are i n a metas table s t a t e , near 
these temperatures. I f two s t r u c t u r e s are c l o s e l y r e l a t e d , as we 
s h a l l see i n the next s e c t i o n , the two s o l i d s w i l l be able to form 
e i t h e r coherent i n t e r f a c e s or s o l i d s o l u t i o n s . In these ca ses , 
" h y b r i d c r y s t a l s , " i n which microdomains of bo th phases c o e x i s t , 
can be formed accord ing to UBBELOHDE1 s theory (43) , which cons ide r s 
s t r a i n energy ε and i n t e r n a l surface energy η ( 4 4 ) . The f ree 
en tha lpy of a domain (1) i n a m a t r i x of s t r u c t u r e (2) i s g i v e n by : 

G x = f ( P , ν, τ, ε 1 2 , r ? 1 2 . . . ) 

and the c l a s s i c a l phase r u l e must be mod i f i ed such t h a t : 

v = c + 2 - 0 + Γ Ϊ Γ 

where Σ Π represents the " h i s t o r y o f the sample ," i n c l u d i n g the 
a d d i t i o n a l parameters due to coherence ( 4 4 ) · In such systems, 
h y s t e r e s i s i s expected to occur s i n c e ( s t r a i n s due to 
microdomains of (1) i n s t r u c t u r e (2) i s d i f f e r e n t from € ^ 
(microdomains of (2) i n s t r u c t u r e ( 1 ) ) . Th is has been e f f e c t i v e l y 
observed by Bordes (28,29) i n thermogravimetr ie measurements of the 
e q u i l i b r i u m between VOPO^ (<y or β ) and ( V O ) 2 P 2 0 7 , the o x i d i z e d and 
reduced forms, r e s p e c t i v e l y , of s e l e c t i v e c a t a l y s t s f o r butene 
o x i d a t i o n . 

Severa l conc lus ions can be drawn up from these o b s e r v a t i o n s : 
i ) On both s ides of the coherent boundaries the a c t i v e ions 

are i n an e x c i t e d s t a te as compared to the normal ions i n the host 
l a t t i c e . 

i i ) Whereas i n a r e d u c t i o n process i n which s t r a i n produced at 
such i n t e r f a c e s i s compensated ma in ly by mechanical r e l a x a t i o n 
( e . g . , C . S . p l a n e s ) , the l a t t i c e of the c a t a l y s t at the steady 
s t a t e p re fe rs to r e l ease a par t o f i t s excess energy towards the 
r eac t an t s and recovers i t when r e o x i d a t i o n occurs ( 2 9 ) . 

i i i ) In suppor ted , b i - or mult i-component c a t a l y s t s , the 
ex i s t ence of coherent i n t e r f a c e s , even i n a v e r y sma l l a r ea , 
c o n s t i t u t e s a necessary c o n d i t i o n f o r any mass, energy, o r e l e c t r o n 
t r a n s f e r due to the redox mechanism to an adjacent phase ( 4 5 ) . 

S t r u c t u r a l P r o p e r t i e s of Some Oxide C a t a l y s t s 

M i l d o x i d a t i o n c a t a l y s t s are g e n e r a l l y composed of phases having 
roughly two types of s t r u c t u r e s : i ) oxides w i t h the ReO - l i k e 
s t r u c t u r a l , and i i ) o x y - s a l t s having a t r a n s i t i o n meta l i o n 
coord ina ted to oxygen atoms i n a mo lecu la r complex. 
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3. COURTINE Interfacial Effects in Mild Oxidation Catalysts 41 

Simple Oxides Having R e O ^ - l i k e S t ruc tu re s 

These oxides c o n t a i n d ° and d̂ " t r a n s i t i o n meta l ions w i t h a h igh 
formal va lence s t a te which are l i n k e d to oxygens by s t rong cova len t 
bonds. The i r framework i s dep ic t ed as an a r r ay of d i s t o r t e d 
t e t r a h e d r a , pentahedra, o r octahedra as i n the "Wadsley phases" 
be longing to the ( V - 0 ) , (Mo-0 ) , (V-Mo-O) , (W-0) systems ( 4 4 , 4 6 ) . 
I n an i d e a l i z e d oc tahedra l arrangement, one of the a x i a l m e t a l -
oxygen bonds i s s h o r t , and has s u b s t a n t i a l <7-π bond c h a r a c t e r , and 
i s u s u a l l y adjacent to a r e l a t i v e l y l o n g , meta l oxygen σ bond. 
This fea ture i s a l so present i n (V-P-O) system ( 2 8 , 2 9 ) . 

These s t r u c t u r a l fea tures p lay important r o l e s i n s e v e r a l 
c a t a l y t i c systems ( F i g u r e 1 ) . 

1) A n i s o t r o p y i n the oxygen environment lowers the symmetry of 
c r y s t a l s w i t h l a y e r e d s t r u c t u r e s such as V«0,-, Mo0~ and even the 
o x y s a l t s α - , p-,H-VOPO, ( 2 8 , 2 9 , 4 7 ) . 

2) S ince the morphology of the c a t a l y s t depends on s t r u c t u r e , 
i t can be e i t h e r enhanced or mod i f i ed by the method of p repa ra t ion 
( 2 8 , 4 7 ) . S ince i n most cases^ tjie s p e c i f i c area of m i l d o x i d a t i o n 
c a t a l y s t s i s sma l l (2-30 m .g ) , the e x t e r n a l aspects of the 
m i c r o c r y s t a l s (200 to 5,000 A) and main c leavage ( h k l ) planes are 
e a s i l y observed by scanning and t r a n s m i s s i o n e l e c t r o n mic roscopy . 
Sheets are f r equen t l y encountered f o r ReO - l i k e s t r u c t u r e s , and 
(010) M o 0 3 , (001) « - V 0 P 0 4 , ( O l O ^ - i V O ^ P ^ ( £ 7 ) are the more of ten 
observed p lanes . 

The e f f e c t of these s t r u c t u r a l fea tures on c a t a l y s i s are two 
f o l d : 

a) S p e c i f i c surface pa t te rns may be s e l e c t i v e f o r d i f f e r e n t 
m i l d o x i d a t i o n r e a c t i o n as i n the case of s o - c a l l e d " s t r u c t u r e -
s e n s i t i v e r e a c t i o n s " ( 4 7 - 5 3 ) . For example, (010) MoO^ has been 
shown to c a t a l y z e the dehydrogenat ion of a l c o h o l s whereas (001) i s 
s e l e c t i v e f o r dehydra t ion o n l y . 

b) The surface pa t te rns can form coherent i n t e r f a c e s i n 
supported c a t a l y s t s (V^O^/TiO^ ana tase ) , and at steady s t a t e , 
between the o x i d i z e d and reduced form of the s o l i d 
(VOPO -(vo) P 2O 7, v 2o 5-v 6o 1 3). 

3) Another important proper ty i s the presence of extended 
defec t s i n ReO~ s t r u c t u r e s and the p o s s i b i l i t y o f n u c l e a t i o n of 
c r y s t a l l o g r a p h i c shear planes ( C . S . ) dur ing r e d u c t i o n ( 4 4 , 4 6 , 5 4 -
5 6 ) . By shar ing edges of oc tahedra , C . S . planes f a c i l i t a t e the 
t r anspo r t of oxygen through the l a t t i c e (57) dur ing c a t a l y s i s and 
i n f l u e n c e the ra te of r e o x i d a t i o n of the s u p e r f i c i a l s i t e s as w e l l 
as the r a t e of o x i d a t i o n of the subs t r a t e ( 2 8 , 2 9 , 5 5 , 5 7 ) . Dur ing 
such r e a c t i o n s , coherent i n t e rg rowth domains may be formed, as 
i l l u s t r a t e d by the r e d u c t i o n of H - N b 2 0 5 (54) ( F i g u r e 2) and i n the 
r e d u c t i o n of ( a or β ) V 0 P 0 4 i n ( V O ^ P ^ ( F i g u r e 3 ) . 

Oxysa l t s 

The second important s t r u c t u r a l s e r i e s of m i l d o x i d a t i o n c a t a l y s t s 
are the o x y s a l t s which c o n t a i n d i s c r e t e metal -oxygen molecu la r 
complexes, (MO)^. Two types of metal -oxygen bonds are u s u a l l y 
presen^j:; s t rong metal oxygen cova len t bonds such as (Mo*0, ) or 
( U 0 9 ) , and i o n i c bonds such as Fe-0 o r Co-O. Cons ide rab le work 
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BUTENE MALEIC ANH. 

F i g u r e 1. Re0 3 ma t r i ce s as m i l d o x i d a t i o n c a t a l y s t s . 
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3. COURTINE Interfacial Effects in Mild Oxidation Catalysts 43 

has been done on the s t r u c t u r a l p r o p e r t i e s , p r e p a r a t i o n , r e a c t i v i t y 
(58) and c a t a l y t i c p r o p e r t i e s (20,23,24^31,58-60) of meta l 
molybdates . 

Me ta l molybdates can be d i v i d e d i n t o three genera l groups: 
a) K o e c h l i n i t e s t r u c t u r e . Prev ious workers have desc r ibed 

both the s t r u c t u r e of Bi^MoO^, which con ta ins success ive l a y e r s o f 
( B i 2 0 2 ) pyramids and (MoO^) corner -shared octahedra (61 ,62) and the 
r o l e of t h i s s t r u c t u r e i n the mechanism of r e d u c t i o n and 
r e o x i d a t i o n . The s t r u c t u r a l s i m i l a r i t y between the (010) cleavage 
planes o f Bi^MoO^ and MoO^ may account f o r some of t h e i r c a t a l y t i c 
p r o p e r t i e s s i nce both b i d i m e n s i o n a l pa t te rns are made of corner 
sha r ing octahedra (ReO^ s t r u c t u r e ) . As w i l l be d i s cus sed below, the 
s o l i d - s o l i d r e a c t i o n s occu r ing between Μ ο 0 ο a n c * ®*2**°^6 * n 

multicomponent c a t a l y s t s would be f a c i l i t a t e d by the e x i s t e n c e o f 
coherent i n t e r f a c e s . 

b) Α χ Β 0 s t r u c t u r e s such as B-CoMoO^, Te-Mo-0 o r U-Sb-0 
systems. X l X !he case of 0-CoMoO^, which i s i s o s t r u c t u r a l w i t h 
MnMoO, , ( 6 3 ) , the main cleavage plane i s ( 1 1 0 ) . Th i s plane i s 
s t r i c k i n g l y s i m i l a r to the (010) plane of ( V O ) 2 P 2 0 7 (F igu re 4 ) . 
The s t r u c t u r e of (100) a - T e 2 M o 0 7 i s a l s o r e l a t e d to t h i s l a t t e r 
compound and to the B^MoO^ s t r u c t u r e ( 6 4 ) . USb^OjQ con ta ins 
l a y e r s o f TJ-Sb-0 i n which the oxygen atoms are s e l e c t i v e i n 
ammoxidation of^ propylene w h i l e the o ther oxygen between the l a y e r s 
are i n a c t i v e (2*2,31). 
c) S c h e e l i t e - d e r i v e d s t r u c t u r e s . Examples of these s t r u c t u r e s are 
F e 2 ( M o 0 4 ) 3 and B i 2 ( M o 0 4 ) 3 , which are r e l a t e d to CaW04 (59) and 
which can be extended to the molybdates MMo04 j u s t mentioned as 
shown i n F i g u r e 5 . 

A l l these compounds are thought to possess n e i t h e r non-
s t o i c h i m e t r i c reduced phases, nor extended d e f e c t s , but r a t h e r 
po in t d e f e c t s , ma in ly c a t i o n and anion v a c a n c i e s . The l a t t e r are 
known to produce a cons ide rab l e m o b i l i t y i n the l a t t i c e (58 ) . I n 
these compounds, the defec t s t r u c t u r e s r e a d i l y account f o r the 
r a p i d r e o x i d a t i o n of the b u l k by r a p i d d i f f u s i o n o f oxygen and 
e l e c t r o n t r a n s f e r , as w e l l as f o r the a b i l i t y o f the host m a t r i x to 
form coherent i n t e r f a c e s . 

D i s c u s s i o n 

V a r i o u s i n t e r f a c i a l e f f e c t s take p lace whenever two s o l i d phases 
( o r microdomains i n one phase) come i n con tac t and coherent phase 
boundaries form as a r e s u l t of sma l l c r y s t a l l o g r a p h i c m i s f i t s 
between the phases. The r o l e of these i n t e r f a c i a l e f f e c t s i n 
c a t a l y t i c processes can be understood by examinat ion of the 
f o l l o w i n g s p e c i f i c cases o f the i n i t i a l r e l a t i v e ra tes o f o x i d a t i o n 
r and r educ t i on r , i n the Mars and Van Kreve l en mechanism, ox red 
r r e d >> Γ ο χ 

Under c a t a l y t i c r e a c t i o n c o n d i t i o n s , the f r e sh c a t a l y s t can be 
reduced by the r e a c t a n t s , and a reduced phase of the c a t a l y s t can 
c r y s t a l l i z e . Th i s i s the case f o r the pseudomorphic l aye red form 
Ύ ( V 0 ) 9 P 9 0 7 obta ined by the t o p o t a c t i c decomposi t ion o f 
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F i g u r e 2. Example of coherent i n t e rg rowth w i t h extended 
d e f e c t s : (A) Lamel lae of H-Nb 0,. ( b locks 5x3 and 4x3) i n 
N b 2 5 ° 6 2 < 4 x 3 ) 2 ' ( B ) D e t a i l s o f ^ 2 5 ^ 6 2 ( c i r c l e i n a ) ) 

F i g u r e 3 . Coherent i n t e r f a c e between s labs of (100) V0P0, 
and of (010) (VO^P^ , a long 100 and 201, r e s p e c t i v e l y . 

F i g u r e 4 . P a t t e r n of the surface l a t t i c e plane common to 
MnMo04(a), CoMoO^a) and c lo se to (010) (VO)2?207 . 
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VOHP0 4 ,O .5H 2 0 ( 4 7 ) , which i s a c t i v e and s e l e c t i v e i n butane 
o x i d a t i o n to ma le i c anhydr ide . The cleavage plane (010) of 
(VO^P^Oy ( F i g u r e 3) possesses vanady l groups s i t u a t e d 
pe rpend icu la r from the surface as w e l l as four d i f f e r e n t 
c r y s t a l l o g r a p h i c vanadium s i t e s ( 6 5 , 6 6 ) . In t h i s case , there i s no 
need to cons ide r i n t e r f a c i a l e f f e c t s s i n c e the a c t i v e c a t a l y s t ac t s 
as a mixed-va lence o x y s a l t (67) , due to the ne ighbor ing vanadium 
ions i n the formal mean va lence s t a t e s 3.7 to 4 . 4 . 

r « r red ^ ox 

The s i t u a t i o n becomes d i f f e r e n t i n t h i s i n s t a n c e s i nce the 
e v o l u t i o n of the a c t i v e phase corresponds to a b i p h a s i c system at 
s teady s t a t e . 

In the c a t a l y s t α , /S-VOPO^-iVO^P^Oy f o r butene to ma le i c 
anhydr ide , the reduced form i s p r o g r e s s i v e l y nuc lea ted by a C . S . 
mechanism dur ing r e d u c t i o n o f β -VOPO^ ( F i g u r e 6) ( 2 8 ) . Th is 
confers v a r i o u s morphologies to the c r y s t a l s of ( V 0 ) 2 P 2 0 , , which 
are d i f f e r e n t than the l aye red "7" form. Consequent ly , a t s teady 
s t a t e , microdomains of VOPO^ are i nc luded i n a l a r g e m a t r i x of 
(VO^P^Oy a n ( l a r e i n coherent c o n t a c t . Streaks observed i n TEM 
i n d i c a t e d i so rde red C . S . p l a n e s , and the h y s t e r e s i s we obta ined i n 
m i c r o g r a v i m e t r i c e q u i l i b r i u m measurements show the ex i s t ence o f 
coherent microdomains under steady s t a t e c o n d i t i o n s ( 2 8 , 2 9 ) . As 
exp la ined above, on both s ides of coherent boundar ies , the 
c o o r d i n a t i o n of the vanadium atoms i s more or l e s s d i s t o r t e d and 
t h e i r e l e c t r o n i c s t a t e more e x c i t e d than i n the normal m a t r i x . 
Consequent ly , they are assumed to p lay the r o l e o f a c t i v e and 
s e l e c t i v e s i t e s by a concer ted mechanism (28) s i m i l a r to that 
presented f o r U S b 3 0 1 Q ( 2 2 ) . 

Another r e l a t e d example i s the VTCL-based c a t a l y s t i n o x i d a t i o n 
of propylene to a c r o l e i n (57) f o r which the presence of C . S . planes 
was c o r r e l a t e d w i t h s e l e c t i v i t y . 

The w e l l - s t u d i e d c a t a l y s t v

2 ° c supported on TiO^ anatase i s 
more s e l e c t i v e i n the o x i d a t i o n or o -xy lene to p t h a l i c anhydride 
(15,30,68-74) than alone or supported on Ύ - Α Ι ^ (70 ) . The 
maximum s e l e c t i v i t y I s g e n e r a l l y reached at v7-15 mole % of a c t i v e 
phase a l though o ther composi t ions below t j i i s optimum compos i t ion 
have been shown e f f e c t i v e ( 6 8 ) . Two se ts of r e s u l t s have l e d us to 
assume that the cleavage plane (010) of V 9 0 , - can be anchored to the 
(001) , (100) (53) and (011) planes of anatase (75) w i t h a v e r y 
s m a l l m i s f i t : 
a) Under N 2 a t 600 °C, i s reduced topo t a c t i c a l l y i n t o 
s u c c e s s i v e suboxides (15b) by a C . S . mechanism s t a r t i n g from the 
coherent i n t e r f a c e between V 2 0 ^ and T i 0 2 l a t t i c e s (53) , whereas no 
r e d u c t i o n occurs f o r unsupported ^ 2 0 ^ . S imul taneous ly anatase 
t ransforms i n t o r u t i l e w i t h a v e r y low a c t i v a t i o n energy 
(15 k c a l / m o l e ) (76) whereas i n the absence of v

2 ° c t h i s 
t r ans fo rma t ion occurs o n l y above 850°C w i t h a h i g h a c t i v a t i o n 
energy (150 k c a l / m o l e ) ( 7 7 ) . 
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SBfflSS® Bi3FexMo20l2 

Bi2CMoQ;)3 

< ^ · ^ Fe2CMo04)3 

F i g u r e 5 . S t r u c t u r a l r e l a t i o n s between B i ^ F e ^ o ^ O . « > 
Bi^CMoO^)^, Fe^CMoO^)^ and CoMoO ,̂ ( a ) : examples of o x y s a l t s 
be longing to trie second c l a s s of c a t a l y s t s . 

F i g u r e 6. C . S . mechanism i n the t r ans fo rma t ion of VOPO,-
(vo) 2 P 2 o y . 
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This s y n e r g e t i c e f f e c t can be exp la ined by the presence of 
coherent boundaries whose f i r s t consequence i s to lower the 
p o t e n t i a l b a r r i e r f o r e l e c t r o n t r a n s f e r between the n-semiconductor 
T i 0 2 and V 2 0 y The r e s u l t i n g e l a s t i c s t r a i n s on both s ides o f the 
boundaries a l l o w the r e d u c t i o n of V 2 0^ and the t r a n s m i s s i o n of t h i s 
coopera t ive t r ans fo rma t ion to anatase which becomes r u t i l e . When 
t h i s l a s t t r ans fo rmat ion i s complete , the i n t e r f a c e vanishes and 
the r e a c t i o n s t o p s . 

b) Under c a t a l y t i c c o n d i t i o n s , the same r e d u c t i o n of V 2 0^ 
occurs but begins a t the sur face w h i l e T i 0 2 remains anatase s i n c e 
the temperature does not exceed 450°C. The coherent i n t e r f a c e i s 
not des t royed s ince the success ive suboxides formed by C . S . 
mechanism have s i m i l a r c leavage pa t terns to V?^5 ( 7 6 ) . When the 
steady s t a t e i s reached under o-xylene and a i r , the r e d u c t i o n stops 
near V ^ O . ^ ( 3 0 ) , corresponding to an o p t i m a l va lue o f the m i s f i t 
and of trie s t r a i n f a c t o r ( 4 5 ) . 

A way to v e r i f y t h i s i n t e r p r e t a t i o n was to expect the same 
phenomena i f T i 0 2 was rep laced by another support having the same 
c r y s t a l l o g r a p h i c c o n f i g u r a t i o n . We have shown indeed that the two 
experiments a) and b) could be repeated when V 90,- i s supported on 
A l N b 0 4 o r GaNbO, (78,79) (F igu re 7 ) . The anatase to r u t i l e 
t r ans fo rma t ion a l s o occurs f o r M o 0 3 / T i 0 2 and CoMoO^/TiO- ( 7 9 , 8 0 ) . 

Other examples found i n the l i t e r a t u r e can be i n t e r p r e t e d i n 
the same way. In the ammoxidation of 3 - p i c o l i n e (81) on V 2 0 ^ / T i 0 2 

( r u t i l e ) , the maximum a c t i v i t y and s e l e c t i v i t y are obta ined i n 
n e a r l y the same compos i t ion range as f o r o x i d a t i o n o f o - x y l e n e . 
The c a t a l y s t was prepared by hea t ing V 20e a n c * a n a t a s e a t 

1150°C w i t h subsequent r e d u c t i o n by H 2 a t 450°C f o r one hour . 
Under these c o n d i t i o n s , anatase transforms i n t o r u t i l e and V 2 0 ^ 
m e l t s . On c o o l i n g , e p i t a x i a l r e l a t i o n s h i p s are formed between 
(010) V 2 0 5 and (110) of r u t i l e . Since the e l e c t r o n i c p r o p e r t i e s o f 
r u t i l e are v e r y c l o s e to anatase , the same exp lana t ions a p p l y . 

S i m i l a r i n t e r f a c i a l e f f e c t s cannot be expected f o r V ^ ^ - A K O ^ 
c a t a l y s t s . The number of exposed a c t i v e V-0 spec ies d i f f e r 
depending upon the nature o f the support (70) , and the development 
of the l aye red (010) cleavage plane o f V 2 ° ^ i s not enhanced on 
Α1 20^ as i t i s by the presence of coherent boundaries w i t h T i 0 2 

anatase ( F i g u r e 8 ) . 
Recent s t ud i e s (68-71) have centered on vanadium oxide 

monolayers supported on anatase . EXAFS and XANES experiments have 
shown tha t t e t r a h e d r a l vanadium spec ies are anchored w i t h an 
i n t r i n s i c d i s o r d e r on the surface of anatase . Al though i t seems 
that shor t range matching e x i s t s w i t h some c r y s t a l l i n e faces o f the 
support (which are not d e f i n e d ) , the s t r u c t u r a l pa t t e rn of t h i s 
monolayer was found to be d i f f e r e n t from the cleavage plane (010) 
of c r y s t a l l i z e d V 2 0 ^ . Th i s r e s u l t cou ld be expected by t a k i n g i n t o 
account the l a r g e i n f l u e n c e of the sur face p o t e n t i a l of anatase on 
the d i s t o r t i o n o f the vanadium environment, w i t h the n o t i o n o f 
cleavage plane becoming meaningless s ince i t depends o b v i o u s l y on 
the ex i s t ence o f a b u l k . The monolayer seems to be a b o r d e r l i n e 
case as compared to our experiments where h igher concen t r a t ions o f 
c r y s t a l l i n e V 20c were used. In order to de f ine more c l o s e l y the 
c o n f i g u r a t i o n ot the a c t i v e s i t e s i n the i n t e r f a c i a l zone, f u r t h e r 
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SOLID STATE C H E M I S T R Y IN CATALYSIS 

F i g u r e 7. C r y s t a l l o g r a p h i c f i t between (010) AINbO and a) 
( 0 1 0 ) V 2 O 5 and b) (010) V ^ ^ . Reproduced w i t h pe rmis s ion from 
Ref . 78. Copyr igh t 1980, Academic P r e s s , I n c . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

13
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
27

9.
ch

00
3

In Solid State Chemistry in Catalysis; Grasselli, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



3. COURTINE Interfacial Effects in Mild Oxidation Catalysts 49 

work i s needed on the p r epa ra t i on and morphology of V 2 0 , - - T i 0 2 

samples. 

r . « r red ox 
a) S i n g l e C a t a l y t i c A c t i v e Phases 

Except when the ra te l i m i t i n g s tep i s the d i f f u s i o n of oxygen 
through the b u l k at lower temperature ( 5 8 , 7 6 , 8 3 , 8 4 ) , the c a t a l y t i c 
phase i s n e a r l y f u l l y o x i d i z e d . Molybdenum oxide c a t a l y s t fo r the 
dehydrogenat ion of a l c o h o l s ( 4 9 , 5 0 ) , c o b a l t molybdate f o r 
dehydrogenation of butane (20,21) and bismuth molybdates belong to 
t h i s ca t egory . The proposed mechanisms (58) are based on a n i o n i c 
and c a t i o n i c defec t s which a l l o w b u l k m i g r a t i o n of oxygen ions 
through the l a t t i c e and e l e c t r o n i c t r a n s f e r . R e c e n t l y , 
c o n d u c t i v i t y measurements have been performed on a s e r i e s of 
c a t a l y s t s M o 0 3 > CoMoO., F e 2 ( M o 0 4 ) 3 and B i „ ( M o 0 4 ) 3 (85 , 86) f o r 
which a compensation e f f e c t i s observed. Using a hopping model , 
t h i s e f f e c t i s due to a d i s t r i b u t i o n o f the a c t i v a t i o n energies 
corresponding to a d i s t r i b u t i o n of the d i s t a n c e s of jumps s p e c i f i c 
to each k i n d o f l a t t i c e . We can , t h e r e f o r e , assume tha t the 
e l e c t r o n t r a n s f e r proceeds i n these phases by an a c t i v a t e d bound 
smal l po la ron mechanism. 

There i s no need i n these cases to r e l a t e the s e l e c t i v i t y to 
the presence of C . S . p lanes , which are d i f f i c u l t to conceive i n 
these k inds of ionocova ien t s t r u c t u r e s . Recent HREM experiments 
made on (Te-Mo-0) system, c a t a l y s t f o r ammoxidation of p ropy lene , 
have not revea led the presence of c r y s t a l l o g r a p h i c shear planes 
(87). 

b) Supported Multicomponent Molybdates 

The improvement of the c a t a l y t i c performances of MCM c a t a l y s t s 
can o n l y be i n t e r p r e t e d by means of i n t e r f a c i a l e f f e c t s between 
t h e i r components. XRD and TEM experiments performed on 
M Fe B i M o 1 0 0 (M - Co, N i , M g ; 0 < χ < 4) (60) before and a f t e r n~x χ 12 y ^ ' — 
r e a c t i o n (58-60,88) have shown the presence of the pure 

i n d i v i d u a l molybdates , which are inco rpora t ed by a s p e c i a l 
p r e p a r a t i o n . These phases can undergo v a r i o u s t rans format ions 
depending on the gaseous environment. I t has been shown that under 
reduc ing c o n d i t i o n s , bismuth molybdates can exchange molybdenum 
oxide by the r e a c t i o n s (89-92) 

B i 2 ( M o 0 4 ) 3 B i 2 M o 0 6 +2Mo02 + 0 2 

B i 2 M o 2 0 9 — B i 2 M o 0 6 +Mo02 + l / 2 0 2 

whereas a d i s p r o p o r t i o n a t i o n of B i 2 M o 2 0 ^ i s observed under a i r 

(90,93) 

2 B i 2 M o 2 0 9 B i 2 ( M o 0 4 ) 3 + B i 2 M o 0 6 

below 400°C and above 550°C where b f i s nuc lea ted ins t ead of b . At 
low temperature the d i s p r o p o r t i o n a t i o n looks l i k e a s p i n o d a l 
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50 SOLID STATE CHEMISTRY IN CATALYSIS 

decomposi t ion y i e l d i n g modulated s t r u c t u r e s (94 ,95) . F e 2 ( M o 0 4 ) 3 

can be reduced a l s o , i n two steps (96 ) ; 

F e o ( M o 0 . ) o ^ 2 FeMoO, + Mo0 o + 1/2 0 o 2 4 3 4 3 2 
Mo0 3 — Mo0 2 + 1/2 0 2 

Accord ing to the model presented ( 6 0 ) , the c a t a l y s t p a r t i c l e should 
c o n t a i n an i nne r core c o n s i s t i n g of a β-ΜΜοΟ^ s t r u c t u r e , covered by 
F e 2 ( M o 0 4 ) 3 , w i t h the outer s h e l l of 100 Â t h i cknes s c o n t a i n i n g 
B i 2 M o 0 ^ and B i ^ M o O ^ ) ^ . In used c a t a l y s t s , a l l the r e s u l t s conf i rm 
the presence or 0-FeMoO^. 

A d d i t i o n a l f ac t s l e ad to the con jec tu re that coherent 
i n t e r f a c e s are formed i n such MCM c a t a l y s t s : 

( i ) The i s o s t r u c t u r a l jS-MMoO^ molybdates (M = F e , Co, N i , Mg) 
can form extended s o l i d s o l u t i o n s ( 9 7 ) , o r at l e a s t coherent 
i n t e r f a c e s depending on the temperature ( 8 6 ) . 

( i i ) M i c r o g r a v i m e t r i c experiments performed at 750°C under 
n i t r o g e n show tha t the r e d u c t i o n of F e^MoO^)^ alone l e a d i n g to 
0-FeMoO^ i s s lower than when Fe^MoO^)^ i s supported by /3-MgMoO^ 
( 8 5 , 8 6 ) » The sma l l c r y s t a l l o g r a p h i c m i s f i t suggests the probable 
ex i s t ence of coherent boundaries ( F i g . 9 ) . 

( i i i ) The same conc lus ions can be drawn up f o r the i n t e r f a c e s 
between B i ^ M o O ^ ) ^ and F e 2 ( M o 0 4 ) 3 which have v e r y c l o s e s t r u c t u r e s . 

The re fo re , coherent boundaries should be present between each 
s h e l l o f the c a t a l y s t p a r t i c l e , w i t h the f o l l o w i n g consequences f o r 
the c a t a l y s i s namely, s e t t i n g up of a metas table s t a t e of the 
c a t a l y s t , and a r e d u c t i o n i n the energy b a r r i e r f o r e l e c t r o n 
t r a n s f e r by the redox mechanism proposed fo r MCM c a t a l y s t s (98-
100) . 

c) C o M o 0 4 / M o 0 3 / T i 0 2 c a t a l y s t 

S ince 0-CoMoO^ i s a c a t a l y s t f o r butane o x i d a t i o n to 
bu tad iene , and Mo0« /T i0 9 anatase f o r bu tad iene-male ic anhydride 
( 2 8 , 1 0 1 ) , and s i n c e we know tha t (001) Mo0 3 f i t s w e l l w i t h (110) 
/3-CoMo0, , we have r e c e n t l y attempted to use multicomponent 
C o M o 0 4 / M o 0 3 , T i 0 2 i n the d i r e c t o x i d a t i o n of butane to ma le i c 
anhydr ide Ç 8 0 ) . We have found tha t Ί 0 % by weight o f CoMoO, 
supported by 90 % of (O.3 Mo0 3 + O.7 T i 0 2 ) i s e f f e c t i v e i n t h i s 
r e a c t i o n , g i v i n g s u b s t a n t i a l y i e l d s of ma le ic anhydride ( F i g u r e 
10) . The butadiene formed does not desorb and reac t s a t the 
sur face of the c a t a l y s t accord ing to the known mechanism f o r the 
o x i d a t i o n o f butene to ma le i c anhydr ide . The n o t i o n o f i n t e r f a c i a l 
e f f e c t s has the re fo re been a p p l i e d , w i t h some success , to f i n d i n g a 
new c a t a l y s t . 

C o n c l u s i o n 

To sum up we have shown that : 

1. M i l d o x i d a t i o n c a t a l y s t s are made up of phases, the s e l e c t i v i t y 
of which depends d i r e c t l y or i n d i r e c t l y on t h e i r thermodynamic and 
s t r u c t u r a l p r o p e r t i e s . 
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0 20 40 60 10 100 
V 9 0 . content mol 7. 

F i g u r e 8. Promoting e f f e c t o f TiO anatase on the c a t a l y t i c 
p r o p e r t i e s of V^O^ . Reproduced from Ref . 70 . Copyright 1979, 
1980, 1981 American Chemical Society. 

F i g u r e 9 . C r y s t a l l o g r a p h i c f i t between (010) Fe^iMoO^)^ 
( l a r g e r c e l l ) and FeMoO^(a) ( sma l l e r c e l l ) ( o n l y the i o n atoms 
are shown). 
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Selectivity Maleic anh.,mol% 

8 . $ , 8 

Yield CO + C0 2>mol% 

F i g u r e 1Θ. C a t a l y t i c r e s u l t s ob ta ined w i t h ΰοΜοΟ^/ΜοΟβ, TiÛ2 i n the 
o x i d a t i o n of butane to m a l e i c anhydr ide (2% C^HJ^Q, Β 1 s e c . ) 

2 . Th i s a l l ows the c l a s s i f i c a t i o n of these phases i n t o two groups: 
ReO^- l i k e s t r u c t u r e s and o x y s a l t s such as molybdates . The f i r s t 
one c o n s i s t s of host ma t r i ce s having extended d e f e c t s ; the second 
one, o f po in t defec ts such as a n i o n i c and c a t i o n i c v a c a n c i e s . 

3 . Depending on the k i n e t i c c o n d i t i o n s of the c a t a l y t i c r e a c t i o n , 
they can act e i t h e r as a s i n g l e phase, or as a b i p h a s i c or 
m u l t i p h a s i c system. 

A s i n g l e phase r e q u i r e s s p e c i f i c c o n d i t i o n s to be h i g h l y 
a c t i v e and s e l e c t i v e . I t has to possess a thermodynamical ly 
p o s s i b l e redox w i t h regard to the r e a c t a n t s . I t must be a mixed 
va lence phase at the steady s t a t e . I t must possess a p a r t i c u l a r 
morphology e x h i b i t i n g s t a t i s t i c a l l y the s e l e c t i v e l a t t i c e planes at 
the surface and must have op t ima l s e m i c o n d u c t i v i t y by " s m a l l 
p o l a r o n s " · 

The second case , corresponding to the f i r s t c l a s s , r e s u l t s 
from an e v o l u t i o n of the c a t a l y s t s t a te to a b i p h a s i c system 
through n u c l e a t i o n of C . S . p l anes . Coherent i n t e r f a c e s must e x i s t , 
near which a c t i v e s i t e s are i n an e x c i t e d s t a t e and i n a metas table 
c o o r d i n a t i o n as compared to the normal s i t e s of the host m a t r i c e s . 

4. I t i s t he re fo re not s u r p r i s i n g that supported or multicomponent 
c a t a l y s t s w i t h complex formulae e x h i b i t a b e t t e r s e l e c t i v i t y than 
the a c t i v e phases a l o n e . These phases can undergo s o l i d - s o l i d 
t rans format ions near the r e a c t i o n temperature, which are 
f a c i l i t a t e d by the coherent i n t e r f a c e s . Desp i te the l a c k of 
q u a n t i t a t i v e knowledge on the va lues o f i n t e r f a c i a l s t r a i n f a c t o r s 
f o r the f ree energy of the system, comparat ive s tud i e s cou ld be 
performed us ing the present c l a s s i f i c a t i o n . 

This genera l r u l e about s e l e c t i v i t y i n m i l d o x i d a t i o n 
c a t a l y s i s , based on the v e r y numerous exper imenta l da ta gathered i n 
t h i s f i e l d , should be of s u b s t a n t i a l he lp f o r the c h a r a c t e r i z a t i o n 
o f s e l e c t i v e c a t a l y s t s and f o r the improvement of t h e i r 
p r e p a r a t i o n . 
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4 
Structural and Thermodynamic Basis for Catalytic 
Behavior of Bismuth-Cerium Molybdate Selective 
Oxidation Catalysts 

J. F. BRAZDIL1, R. G. TELLER1, R. K. GRASSELLI1, and E. KOSTINER2 

1Sohio Research Center, The Standard Oil Company (Ohio), Cleveland, OH 44128 
2Department of Chemistry and Institute of Materials Science, University of Connecticut, Storrs, 
CT 06268 

The Bi2-xCexMo3O12 two phase system has been examined 
for its activity in the catalytic oxidation of 
propylene to acrylonitrile. The two phases have been 
characterized as a solid solution of Bi in cerium 
molybdate and Ce in bismuth molybdate. Results of 
these oxidation studies have been correlated with 
structural results on the pure and doped end members. 
A plot of catalytic activity versus x shows three 
maxima which coincide with the maximum concentration 
of Ce in Bi2Mo3O12, Bi in Ce2Mo3O12 and equal 
concentrations of cerium in bismuth molybdate and 
bismuth in cerium molybdate. These results suggest 
that selective propylene ammoxidation occurs in a 
trifunctional matrix which contains metals that; 
activate propylene to form an allyl intermediate (Bi), 
insert oxygen into the allylic intermediate, (Mo) and 
contain a redox couple (Ce). Aspects of phase 
cooperation in a multiphase catalyst are also 
discussed. 

Much of the understanding of the solid state mechanism of 
heterogeneous catalysis stems from fundamental studies of single 
phase model compounds (1-5). In many cases, the role of a metal 
component in a catalytic process has been discerned through i t s 
incorporation into solid solutions of re lat ively inert host 
matrices (6). In the case of the selective oxidation and 
ammoxidation of olefins to unsaturated aldehydes and n i t r i l e s , 
respectively (e.g. the ammoxidation of propylene to acry lon i t r i l e ) , 
such studies have established several important tenets for the 
process. These include the need for the coexistence of key 
catalytic elements with the proper electronic structure, redox 
chemistry, and metal-oxygen bond strength (_7). It i s however well 
recognized that the most effective catalysts, be they mixed metals 
or mixed metal oxides, are usually multiphase in nature (8). Some 
progress has been made in understanding the source of the 
synergistic effects observed in these multiphase catalysts. For 
example, Sinfelt and coworkers 09) have been able to explain the 

0097-6156/85/0279-0057$06.00/0 
© 1985 American Chemical Society 
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c a t a l y t i c behav ior of b i m e t a l l i c , b i p h a s i c systems through the use 
of s t r u c t u r a l c h a r a c t e r i z a t i o n t o o l s such as EXAFS. I n oxide 
c a t a l y s t s f o r s e l e c t i v e o x i d a t i o n , r i go rous s t u d i e s of mul t iphase 
c a t a l y s t s have been l i m i t e d p r i m a r i l y to vanadium oxides 
( 1 0 - 1 2 ) . In t h i s case , i t has been shown that the coex i s t ence o f 
s t r u c t u r a l l y r e l a t e d o x i d i z e d and reduced vanadium oxide phases i s 
s t a b i l i z e d by the presence of s t r u c t u r a l l y coherent phase 
boundar i e s . R e c e n t l y , s i g n i f i c a n t e f f o r t s have been made to 
develop a r a t i o n a l mechanism fo r the c a t a l y t i c behav ior o f 
multicomponent bismuth molybdate based s e l e c t i v e o x i d a t i o n 
c a t a l y s t s (13-15) . However, the complex i ty of the c a t a l y s t systems 
i n v e s t i g a t e d has prevented the development of a r i go rous model f o r 
c a t a l y t i c b e h a v i o r . 

Our recent work on the bismuth-cer ium molybdate c a t a l y s t 
system has shown tha t i t can serve as a t r a c t a b l e model fo r the 
s tudy of the s o l i d s t a t e mechanism of s e l e c t i v e o l e f i n o x i d a t i o n by 
multicomponent molybdate c a t a l y s t s . Al though c o m p o s i t i o n a l l y and 
s t r u c t u r a l l y q u i t e s imple compared to other mul t iphase molybdate 
c a t a l y s t systems, b ismuth-cer ium molybdate c a t a l y s t s are extremely 
e f f e c t i v e f o r the s e l e c t i v e ammoxidation of propylene to 
a c r y l o n i t r i l e ( 16 ) . In p a r t i c u l a r , we have found tha t the a d d i t i o n 
of cer ium to bismuth molybdate s i g n i f i c a n t l y enhances i t s c a t a l y t i c 
a c t i v i t y f o r the s e l e c t i v e ammoxidation of propylene to 
a c r y l o n i t r i l e . Maximum c a t a l y t i c a c t i v i t y was observed f o r 
s p e c i f i c composi t ions i n the s i n g l e phase and two phase reg ions of 
the phase diagram ( 1 7 ) . These c h a r a c t e r i s t i c s o f t h i s c a t a l y s t 
system a f fo rd the o p p o r t u n i t y to understand the p h y s i c a l b a s i s f o r 
syne rg ie s i n mul t iphase c a t a l y s t s . In a d d i t i o n to t h i s p r e v i o u s l y 
pub l i shed work, we a l so i n c l u d e some of our most recent r e s u l t s on 
the b ismuth-cer ium molybdate system. As such , the present account 
represen ts a summary of our i n t e r p r e t a t i o n s of the data on t h i s 
system. 

Exper imenta l 

Bismuth cer ium molybdates were prepared by c o p r e c i p i t a t i o n us ing 
aqueous s o l u t i o n s of ( N H ^ M o ^ ^ , (NH, KCedKO, , and B i ( N 0 ~ ) 3 ' 
5 ^ O . The c a t a l y s t s were supported on SiO^ (20% by weight) u s ing 
an ammonium s t a b i l i z e d s i l i c a s o l . Samples f o r d i f f r a c t i o n a n a l y s i s 
were unsupported. Samples were c a l c i n e d i n a i r at 290 and 425°C f o r 
th ree hours each fo l lowed by 16 hours a t 500, 550, o r 600°C. X - r a y 
powder pa t te rns were obta ined us ing a Rigaku D/Max-I IA X - r a y 
diffTactometer u s ing Cu Κ r a d i a t i o n . 

Powder neut ron d i f f r a c t i o n data f o r B i ^ gCe^ 2^°3^12 w e r e 

c o l l e c t e d at Brookhaven N a t i o n a l L a b o r a t o r y ' s * Higfi F l u x Beam 
Reac to r . D e t a i l s o f the exper imenta l procedure and R i e t v e l d 
refinement have been repor ted p r e v i o u s l y ( 1 8 ) . S t a r t i n g parameters 
f o r Ce doped and pure B i ^ M o ^ O ^ were taken from a s i n g l e c r y s t a l 
x - r a y d i f f r a c t i o n study of Bi 9 6o^0 0 by Van den E l z e n and R ieck 
(19a) . 1 5 i Z 

T i m e - o f - f l i g h t (TOF) Powder neutron d i f f r a c t i o n data f o r 
BiJfo^O.2 w e r e c o l l e c t e d at Argonne N a t i o n a l L a b o r a t o r y 1 s Intense 
Pu l sed Neutron Source (iPNijO u t i l i z i n g the S p e c i a l Environment 
Powder D i f f r a c t o m e t e r (SEPD). D e t a i l s o f the ins t rument , da ta 
c o l l e c t i o n sof tware , and R i e t v e l d a n a l y s i s software have been 
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p r e v i o u s l y p u b l i s h e d ( 2 0 ) . TOF data from the b a c k s c a t t e r i n g data 
banks (20=150°) were used i n the a n a l y s i s and corresponded to 
TOF(min) of 7500msec (d(min)=.99 Â) and TOF(max) of 23500msec 
(d(max)=3.10 À) . In a d d i t i o n to background (_5), h a l f w i d t h ( 3 ) , 
a b s o r b t i o n , e x t i n c t i o n , l a t t i c e ( 4 ) , and s c a l e parameters, a l l 
p o s i t i o n a l and i s o t r o p i c thermal parameters were v a r i e d i n the 
l e a s t - s q u a r i n g process , f o r a t o t a l of 84 v a r i a b l e s . The l e a s t -
squares process converged to R(p)=O.037, R(wp)=O.056, R(exp)=O.044. 
Refinements were a l s o c a r r i e d out f o r TOF(min) va lues of 7000 and 
8000 s e c . There was no s i g n i f i c a n t d i f f e r e n c e between the r e s u l t s 
of those ref inements and those presented here . F igu re 1 d i s p l a y s 
the neutron d i f f r a c t o g r a m of B i ^ M o ^ O ^ -

S i n g l e c r y s t a l s of B i doped cerium molybdate were prepared i n 
sea led tube exper iments . A q u a n t i t y o f m a t e r i a l of compos i t ion 
B i C e M o ^ O ^ was packed i n t o a welded go ld capsule pinched shut a t 
the_gpen end, p laced i n a . qua r t z . tube .and sea led under vacuum 
(10 mm Hg) . The tube was he ld i n a v e r t i c a l p o s i t i o n and kept a t 
950°C f o r one week. S i n g l e c r y s t a l s cor responding to two phases 
were i s o l a t e d from these exper iments . Red c r y s t a l s harves ted 
possessed c e l l parameters and compos i t ion ( v i a EDX a n a l y s i s ) tha t 
was c o n s i s t e n t w i t h Ce doped Bi^Mo^O ^ . * n a s i m i l a r f a s h i o n , the 
amber c r y s t a l s tha t were a l s o i s o l a t e d from t h i s procedure were 
i d e n t i f i e d as having the ^e^Mo^O^ s t r u c t u r e w i t h some B i p resen t . 
EDX a n a l y s i s o f three amber c r y s t a l s gave an average compos i t ion of 
Ce. g B i Q i 3 M o 3 ° n Q ( n o r m a l i z e d to 3 Mo atoms, o x y g e n ^ t o i c h i o m e t r y 
c a l c u l a t e d on t n e ' b a s i s o f charge balance assuming Ce ) . 

S i n g l e c r y s t a l x - r a y d i f f r a c t i o n da ta were c o l l e c t e d on one of 
the amber c r y s t a l s w i t h a FACS-I automated P i c k e r d i f f r a c t o m e t e r 
w i t h Zr f i l t e r e d Mo Κα r a d i a t i o n . L a t t i c e parameters (a=16.886(5) , 
b = l l . 8 3 9 ( 3 ) , c=15.797(5)A, b=108.64(l ) were determined by a l e a s t 
squares f i t of 24 r e f l e c t i o n s i n the angular range 51<20<61° . 
D e t a i l s o f the ins t rument , data c o l l e c t i o n , da ta r e d u c t i o n , and 
a n a l y s i s have been pub l i shed (21 ) . S t a r t i n g parameters f o r the 
f u l l m a t r i x l e a s t squares refinement were taken from L a ^ M o ^ Q ^ d ^ b ) 
w i t h 90%Ce and 10%Bi occupa t ion f o r each La s i t e . Parameters 
v a r i e d were: a l l p o s i t i o n a l parameters, a n i s o t r o p i c temperature 
f a c t o r s f o r metal atoms, i s o t r o p i c temperature f a c t o r s f o r the 
oxygen atoms, s c a l e and e x t i n c t i o n f a c t o r s and s c a t t e r i n g f a c t o r s 
f o r the C e / B i s i t e s . Data i n the angular range 20<60° were 
i n v e s t i g a t e d . Of the 4601 independent da ta 3578 were taken to be 
observed on the b a s i s o f count ing s t a t i s t i c s . Wi th 144 v a r i a b l e s 
(da ta to parameter r a t i o = 25) the refinement converged to R=O.085, 
R =O.083. Refinement of the s c a t t e r i n g f a c t o r s i n d i c a t e d tha t the 
BÏ/Ce s i t e s were not a l l e q u i v a l e n t , s i t e 1 was found to be 86%Ce 
14%Bi, s i t e 2 92%Ce 8%Bi and s i t e 3 73%Ce 27%Bi. On the b a s i s o f 
these occupancies a Ce. ΊΒ±η Q M o Q 0 1 0 compos i t ion has been ass igned 
to t h i s c r y s t a l . 

Propylene ammoxidation experiments were conducted us ing a 
s i n g l e pass , plug f l o w , t u b u l a r (3 /8" ) s t a i n l e s s s t e e l r e a c t o r 
operated at atmospheric pressure at 420°C. The gaseous feed 
mix tu re c o n s i s t e d of p ropylene , ammonia, a i r and water i n the 
r a t i o s 1 / 1 . 2 / 1 0 . 5 / 4 . L i q u i d products were c o l l e c t e d i n an aqueous 
scubber and analyzed f o r a c y l o n i t r i l e , a c r y l i c a c i d and a c e t o n i -
t r i l e v i a gas chromatography, NH~ and HCN v i a t i t r a t i o n . Nonsoluble 
gases were c o l l e c t e d and analyzed v i a gas chromatography. 
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2048 " 

1792 — 

o ^w^^w^W 
7500 8012 8524 9036 9548 10060 10572 110841159612108 12620 

TOF (MICROSEC) 

Figure 1. Powder neutron time-of-flight diffraction data 
for Bi 2(MoOJ 3. Points represent the raw data, the solid 
line tne calculated profile, and the tick marks Bragg peak 
positions. A difference plot i s given below. 
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R e s u l t s & D i s c u s s i o n 

Schee l i t e -Type S t ruc tu re s 

The s c h e e l i t e s t r u c t u r e - t y p e i s commonly adopted by compounds w i t h 
the s t o i c h i o m e t r y ABO, when the A c a t i o n i s f a i r l y l a r g e (>1.0 A) 
and the Β c a t i o n f a i r l y s m a l l (on the order of O.6 A ) . The 
prototype o f t h i s s t r u c t u r e i s the m i n e r a l s c h e e l i t e , CaWO,, which 
c r y s t a l l i z e s ( 2 1 ) w i t h four formula u n i t s per u n i t c e l l i n t j jç 
t e t r a g o n a l space group 14^/a (a_ = 5 .243, £ - 11.376 A ) . Each Ca 
i o n i s surrounded by e igh t oxygen atoms from d i f f e r e n t 
t e t r a h e d r a l l y coord ina ted Β i o n s , £our a t 2.44 A and four at 2.48 
A. The n e a r l y r e g u l a r d i s c r e t e WO. t e t r ahed ra have four equal W-0 
d i s t ances (1 .78 A) . The i d e a l s t r u c t u r e i s i l l u s t r a t e d i n F i g u r e 
2 . 

One c h a r a c t e r i s t i c of the s c h e e l i t e s t r u c t u r e - t y p e i s the 
number and extent o f c a t i o n i c o x i d a t i o n s t a t e s and defec t ( c a t i o n -
d e f i c i e n t ) s t r u c t u r e s tha t have been found. The s i n g l e guide to 
the format ion o f s c h e e l i t e - t y p e s t r u c t u r e seems to be the a b i l i t y 
of A c a t i o n s to be e i g h t - c o o r d i n a t e d ( i . e . , r a t he r l a r g e ) and 
Β i o n s ^ t o a t t a i n t e t r a h e d r a l c o o r d i n a t i o n (no t e , however, tha t P0^ 
or S iO. c o n t a i n i n g s c h e e l i t e s are unknown). 

I f we f i r s t cons ider the s imple r cases of he te rova len t 
s u b s t i t u t i o n w i t h t h i s s t r u c t u r e - t y p e (22) we f i n d , i n a d d i t i o n to 
the 2+/6+ (A+/B+) valances t y p i f i e d by CaWO, , the va lance 
combinat ions 1+/7+ ( K R u 0 4 ) , 3+/5+ (GdMo0 4 ) , and 4+/4+ (CeGe0 4 ) . 
Extending t h i s by doub l ing ( o r t r i p l i n g ) the chemical formula we 
can o b t a i n , by coupled s u b s t i t u t i o n , mixed (o r s u b s t i t u t e d ) i o n s on 
the A s i t e : ( l+,3+)/6+ [NaLa(MoO,) 9 ] , ( l+ ,4+) /6+ [Na 9Th(MoO, ) J , 
and (2+,4+)/5+ [ P b T h C V O ^ J . * L 

S u b s t i t u t i o n on the anion" s i t e ( the Β s i t e ) has a l s o been 
observed . Severa l examples a r e : 3+/(4+,6+) [ L a 2 ( S i O , ) ( W O , ) ] , 
3+/(3+,6+) [ B i 3 ( F e 0 4 ) ( M o 0 4 ) 2 ] , and 3+/(2+,6+) [ B i ^ Z n O , ) ( M o O j ] . 
I f two or more ions occupy e i t h e r the A o r the S s i t e , the 
p o s s i b i l i t y o f having e i t h e r an ordered or a d i s o r d e r e d (random) 
s t r u c t u r e w i l l e x i s t . For example, order on the A s i t e s occurs i n 
KEu(Mo0 4 ) . The compound B i ^ F e O ^ M o O ^ e x i s t s i n bo th an ordered 
and d i so rde red form(23) , the ordered form r e s u l t i n g from the 
o rde r ing of the F e 0 4 and MoO, (B- ion ) t e t r a h e d r a . 

The c r y s t a l chemis t ry of s c h e e l i t e - t y p e s t r u c t u r e s i s f u r t h e r 
compl ica ted by defect s t o i c h i o m e t r i e s w i t h ex t ens ive vacanc ies a t 
c a t i o n s i t e s . In g e n e r a l , random c a t i o n vacanc ies are examples of 
po in t d e f e c t s . However, at h igh c o n c e n t r a t i o n s , an o rde r ing of 
vacanc ies can occur at which time the vacancy can no longer be 
cons idered as a po in t defec t and a new p e r i o d i c l a t t i c e (o r u n i t 
c e l l ) " w i l l have been genera ted . 

As an example o f 3 + r a n d o m l y d i so rde red v a c a n c i e s , the coupled 
s u b s t i t u t i o n of two B i i ons and one vacancy f o r three Pb ions 
i n PbMo O. g i v e s r i s e (24) to a s e r i e s o f s o l i d s o l u t i o n s 

P b ( l ~ 3 ) B i 2 x ^ x ^ M o ° 4 ^ 3 ' w h e r e Φ represents a c a t i o n vacancy. 
Depending on temperature, a f a i r l y l a r g e range of random c a t i o n 
vacanc ies (up to 15%) has been observed. 

At h i g h c o n c e n t r a t i o n of c a t i o n vacanc ies (Φ = O . 3 3 ) , new 
ordered composi t ions are observed w i t h u n i t c e l l s corresponding to 
s u p e r c e l l s of the s c h e e l i t e s t r u c t u r e . The gene ra l formula f o r 
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© A 

Ο ο 
F i g u r e 2 . A r e p r e s e n t a t i o n of the s c h e e l i t e (CaWO^) s t r u c t u r e . 
Reproduced by p e r m i s s i o n from Ann. Ν. Y . Acad . S c i . , V o l . 272, 
p . 23 , au thors : A . S l e i g h t and W. L i n n . 
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these c a t i o n d e f i c i e n t s c h e e l i t e s i s Α^ ^τΦ^ 3 3 Β υ 4 » ( ~ c a t i ° n 

vacancy) . An e q u i v a l e n t n o t a t i o n ( m u l t i p l y i n g " t h r o u g h by 3) would 
be A^ φ (BO^)- o r , more s i m p l y , A ( B O . ) ^ . Three d i f f e r e n t schemes 
f o r c a t i o n o r d e r i n g i n defec t s c h e e l i t e have been observed - the 
Eu^iWO^)^ s t r u c t u r e (25) (which i s found fo r s e v e r a l r a re e a r t h 
molybdates and t u n g s t a t e s ) , the La^iMoO^)^ s t r u c t u r e (26) (found 
f o r l a r g e r r a re ea r th molybdates o n l y ) , and B i ^ i M o O ^ ) ^ ( 1 8 ) , a 
unique s t r u c t u r e . The c a t i o n o rde r ing schemes f o r these three 
s t r u c t u r e s as de r ived from the i d e a l s c h e e l i t e s t r u c t u r e i s shown 
i n F i g u r e 3 , which i s a p r o j e c t i o n of each of these s t r u c t u r e s down 
t h e i r r e s p e c t i v e m o n o c l i n i c b-axes ( f o r the defec t compounds) w i t h 
reference to the corresponding £ - a x i s p r o j e c t i o n of CaWO^. 

I t i s ev ident from t h i s schematic r e p r e s e n t a t i o n that these 
s t r u c t u r e s not on l y d i f f e r i n the manner i n which the vacanc ies 
order (and the re fore i n t h e i r u n i t c e l l m e t r i c s ) but i n d i s t o r t i o n s 
of the BO^ p o l y e d r a . D i f f r a c t i o n s tud i e s have shown tha t these 
d i s t o r t i o n s , which are most pronounced i n the s t r u c t u r e of 
B i ^ i M o O ^ ) ^ ( v i d a i n f r a ) , a l s o a f f e c t the Β i o n c o o r d i n a t i o n . 

C a t a l y t i c A c t i v i t y and Phase Composi t ion 

A l l c a t a l y s t s were tes ted f o r propylene ammoxidation a c t i v i t y . 

C 3 H 6 + MH 3 + 1.5 0 2 — C 3 H 3 N + 3 ^ 0 

The v a r i a t i o n i n a c t i v i t y f o r a c r y l o n i t r i l e format ion as a 
f u n c t i o n of composi t ion f o r the B * 2 - x ^ e x M ° 3 ^ 1 2 s v s t e m * s s n o w n * η 

F i g u r e 4 . Maxima i n a c t i v i t y , as measured by f i r s t order r a t e 
constant f o r propylene d isappearance , occur at three compos i t i ons . 
A p a r t i a l phase diagram f o r the system, cons t ruc ted w i t h powder 
x - r a y d i f f r a c t i o n i s d i s p l a y e d i n F i g u r e 5. 

The phase diagram c o n s i s t s of three r e g i o n s , two of which are 
s i n g l e phase r e g i o n s . On the B i - r i c h s i d e , Ce i s s o l u b l e i n 
Bi2Mo 30^2« The maximum s o l u b i l i t y of Ce i n bismuth molybdate i s 
approximate ly 10 mole percen t . The C e - r i c h s i de c o n s i s t s of a 
s o l i d s o l u t i o n of B i i n C e 2 M o 3 0 . 2 , which has the L a ^ M o ^ ^ 
s t r u c t u r e . The maximum s o l u b i l i t y of B i i n t h i s phase Is 
approx imate ly 50 mole percen t . The in te rmedia te r e g i o n c o n s i s t s o f 
a mix tu re of both phases. Comparison o f the v a r i a t i o n i n c a t a l y t i c 
a c t i v i t y w i t h compos i t ion as presented i n F igu re 4 w i t h the phase 
diagram r e v e a l s tha t maxima i n c a t a l y t i c a c t i v i t y occurs at the 
s o l u b i l i t y l i m i t s of the two s i n g l e phases. An unders tanding of 
the b a s i s f o r t h i s behavior r e q u i r e s a b e t t e r d e f i n i t i o n o f the 
s o l i d s t a t e s t r u c t u r a l aspects o f the c a t a l y s t system. 

A n a l y s i s o f the S i n g l e Phase C a t a l y s t s 

In an attempt to i d e n t i f y any B i / C e o rde r ing or s i t e p re fe rence , 
d i f f r a c t i o n da ta was c o l l e c t e d on two end members of the s e r i e s . A 
powder neutron d i f f r a c t i o n data set was c o l l e c t e d f o r a sample of 
B i . gCe^ 2^°3^12 compos i t ion . A d d i t i o n a l l y , s i nce neutron 
d i f f r a c t i o n data had not been taken on the the end member of the 
s e r i e s , B i 9 M o ^ 0 1 9 , and comparisons to t h i s model were deemed 
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F i g u r e 3 . I d e a l s c h e e l i t e s t r u c t u r e compared to ordered defec t 
s t r u c t u r e s . P r o j e c t i o n i s down the c a x i s w i t h on ly 1/2 the u n i t 
c e l l shown i n t h i s d i r e c t i o n . Shaded c i r c l e s and t e t r ahedra are 
a t the top of l e v e l , unshaded 1/4 of the way down the u n i t c e l l , 
(a) CaWO . (b) L a 2 ( M o 0 4 ) 3 . (c) E u 2 ( W 0 4 ) 3 . (d) B i 2 ( M o 0 4 ) . 
Reproduced by p e r m i s s i o n from Ann. Ν. Y . Acad . S c i . , V o l . 272, 
p . 23 , au thor s : A . S l e i g h t and W. L i n n . 
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• • Ο - 600°C 

ο I ι ι ι I ι I 1 
0 O.2 O.4 O.6 O.8 1.0 1.2 1.4 

χ 

F i g u r e 4 . C a t a l y t i c a c t i v i t y as a f u n c t i o n of compos i t ion and 
r e a c t i o n temperature f o r the B i 2 C e x ( M o 0 4 ) 3 system. C a t a l y t i c 
a c t i v i t y i s expressed as k , the f i r s t o rder r a t e constant f o r 
propylene d isappearance . Reproduced from Ref . 17. Copyr igh t 1983 

American Chemical S o c i e t y . 

F i g u r e 5 . P a r t i a l phase diagram f o r the B i 2 _ x C e x ( M o 0 4 ) 3 system. 
Reproduced w i t h pe rmis s ion from Ref . 16. Copyr igh t 1983, Academic 
P r e s s , I n c . 
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s i g n i f i c a n t , powder neutron d i f f r a c t i o n data were c o l l e c t e d on t h i s 
m a t e r i a l as w e l l . 

The s t r u c t u r e of Bi^Mo^O (perhaps b e t t e r w r i t t e n 
Βί^^Φ^/0M0O, ) , i s based on s c h e e l i t e . As d i scussed above, there 
i s cons ide rab l e d i s t o r t i o n from the i d e a l s c h e e l i t e s t r u c t u r e , t h i s 
i s probably due to the B i lone p a i r o f e l e c t r o n s ( v i d a i n f r a ) . As 
a r e s u l t o f these d i s t o r t i o n s i n the anion pack ing , the Mo atoms 
are pen ta -coord ina te (as opposed to t e t r a h e d r a l l y coord ina ted i n 
CaWO.) and Mo^Og "dimers" are observed, w i t h M o . . . Mo separa t ions 
of 3.4 Â and two b r i d g i n g 0 atoms. A l i s t i n g of Mo-0 d i s t a n c e s 
d e r i v e d from the neut ron d i f f r a c t i o n data fo r B i ^ M o ^ O ^ i s g i v e n i n 
Table 1. Note that the 0 c o o r d i n a t i o n about each of the three 
c r y s t a l l o g r a p h i c a l l y d i s t i n c t Mo atoms i s s i m i l a r . Each Mo atom 
con ta ins one shor t (double) Mo-0 bond, one s i n g l y bound 0 atom, two 
oxygens w i t h in t e rmed ia te bond orders and one weakly bound oxygen 
atom. The r e s u l t i s a ve ry asymmetric oxygen c o o r d i n a t i o n sphere 
about each Mo atom. 

Table I . A Comparison of In te ra tomic Mo-0 Dis tances i n 
B i 2 M o 3 0 1 2 and Β 1 χ # g C e ^ 

B i 2 M o 3 0 1 2 B i K 8 C e 0 > 2 M D 3 O 1 2 

M o ( l ) - 0 ( 4 ) a 1.70(1) 1.78(3) 
-0 (5 ) 1.78(1) 1.67(2) 
-0 (2 ) 1.80(2) 1.92(3) 
-0(10) 1.89(1) 1.85(2) 
- 0 ( 1 0 ) ' 2 .20(1) 2 .27(2) 

M o ( 2 ) - 0 ( l ) 1.65(2) 1.63(3) 
-0 (9 ) 1.75(2) 1.68(3) 
-0 (6 ) 1.85(2) 1.98(4) 
-0 (3 ) 1.97(2) 1.90(3) 
-0 (8 ) 2 .16(2) 2 .23(3) 

Mo(3)-0(12) 1.74(2) 1.72(2) 
-0(11) 1.63(2) 1.88(3) 
-0 (8 ) 1.87(2) 1.93(3) 
-0 (7 ) 1.90(1) 1.83(3) 
-0 (6 ) 2 .48(2) 2 .34(3) 

a) Bond d i s t a n c e s are g i v e n i n angstroms, w i t h es t imated 
s tandard d e v i a t i o n o f the l a s t d i g i t g i v e n i n p a r e n t h e s i s . 

R e s u l t s (Table I ) from refinement of the powder neut ron d i f f r a c t i o n 
data f o r the Ce doped m a t e r i a l , B i . g C e Q 2 Μ θ 3 0 1 2 ' i n d i c a t e t n a t 

s i g n i f i c a n t s t r u c t u r a l a l t e r a t i o n s have r e s u l t e d from Ce i n c o r 
p o r a t i o n i n t o the s o l i d . The three Mo atoms are no longer 
c h e m i c a l l y e q u i v a l e n t . The c o o r d i n a t i o n about Mo( l ) i s unchanged 
from tha t of the parent compound. A second Mo atom conta ins two 
shor t (double) bonds to oxygen atoms. These molybdate d ioxo 
(d imolybdenyl ) groups are b e l i e v e d to be an important fea ture f o r 
s e l e c t i v e o x i d a t i o n c a t a l y s i s (_7). The t h i r d Mo c o o r d i n a t i o n 
sphere con ta ins no Mo-0 bond. Bond order c a l c u l a t i o n s (27) about 
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t h i s l a t t e r Mo s i t e i n d i c a t e the t o t a l Mo-0 bond order to be 5 . 
This apparent r e d u c t i o n of Mo from 6 to 5 i s most l i k e l y accom
panied by some Ce o x i d a t i o n to 4 and/or oxygen removal from the 
s o l i d . 

The d i s t r i b u t i o n of the Ce dopant i s not un i fo rm. Of the 
three c a t i o n s i t e s i n the parent compound, the f i r s t two are f u l l y 
occupied by B i atoms, w h i l e the t h i r d i s empty. Th i s r e s u l t s i n a 
sequence of c a t i o n occupa t ion on the [010] face as shown below i n A 
and B . S i t e a i s 92% B i , 4% Ce , s i t e b i s 88% B i , 12% Ce , and s i t e 
c , no rmal ly v a c a n t , i s 4% Ce occup ied . Examinat ion o f the oxide 
environment about s i t e c i n d i c a t e s tha t there i s i n s u f f i c i e n t room 
fo r a Ce c a t i o n . Occupat ion of the s i t e must the re fo re r e s u l t i n 
some l o c a l d i s o r d e r , the most l i k e l y m a n i f e s t a t i o n thereof be ing a 
vacancy i n s i t e a ( the d i s t a n c e between s i t e s a and c are too shor t 
to a l l o w simultaneous o c c u p a t i o n ) . Note a l s o tha t s i t e a i s not 
100% occup ied . Consequent ly , about 96% of the time the 
d i s t r i b u t i o n of c a t i o n s ( B i / C e ) i n B i , o C e Q 2 M o 3 ° 1 2 i S a S i n A 

below (no rma l ly found i n bismuth molybda te ; , and 4% of the time i t 
i s as i n B . 

A) M M • M M • M M • 
B) M M Ce • M • M M • 

M=Bi/Ce 

The d i s t r i b u t i o n o f c a t i o n s represented i n B i s r emin i scen t o f tha t 
of C e 2 M o 3 0 1 2 on the [010] f a c e . 

A s t r u c t u r a l study o f a Ce r i c h c a t a l y s t was a l s o under taken. 
A s i n g l e c r y s t a l x - r a y d i f f r a c t i o n a n a l y s i s o f a c r y s t a l of 
compos i t ion Ce^ 3^°3^12 W a S P e r ^ o m e d > a n ( * s o m e r e s u l t s (a long 
w i t h comparisons to I s o s t r u c t u r a l L a ^ o ^ O ^ ) are presented i n Table 
I I . The r e s u l t s of the experiment i n d i c a t e that the B i s u b s t i t u t e s 
fo r Ce i n the s t r u c t u r e . U n l i k e B^Mo^O 2 , the parent compound 
C e 2 M o 3 0 - 2 has a r e l a t i v e l y u n d i s t o r t e d s c n e e l i t e - b a s e d s t r u c t u r e 
w i t h 1/3 c a t i o n v a c a n c i e s . The d i f f e r e n c e between the bismuth and 
cer ium molybdate s t r u c t u r e s l i e s i n the o rde r ing o f these vacanc ies 
as i n d i c a t e d above. The comparison between La^Mo^O.^ , a n c * t n e B i 

doped cerium molybdate i s qu i t e good. The Mo atoms are 
approximate ly t e t r a h e d r a l l y coord ina ted to four oxygen atoms, and 
the C e / B i atoms are e igh t c o o r d i n a t e . Because the gross 
d i s t o r t i o n s i n bismuth molybdate are a t t r i b u t e d to the B i lone 
p a i r s , t h i s r e l a t i v e l a c k of s c h e e l i t e d i s t o r t i o n i n cer ium 
molybdate i s not unexpected. At s i g n i f i c a n t l y lower concen t r a t ions 
of B i atoms lone p a i r - lone p a i r i n t e r a c t i o n s are m i n i m i z e d . 

As i n the bismuth r i c h s t r u c t u r e d i scussed above, the B i 
atoms i n B i doped cerium molybdate are not randomly d i s t r i b u t e d on 
the Ce s i t e s . The composi t ions of M ( l ) , M ( 2 ) , and M(3) (see 
Table I I ) are 86%Ce and 14%Bi, 92%Ce and 8%Bi , 73%Ce and 27%Bi, 
r e s p e c t i v e l y . Th is compos i t i ona l d i f f e r e n c e i s r e f l e c t e d i n the 
M(3)-0 d i s t a n c e s as w e l l . Note tha t the d i f f e r e n c e between the 
maximum and minimum M(3)-0 d i s t ances i s l a r g e r f o r B i doped cer ium 
molybdate than lanthanum molybdate . E v i d e n t l y , a 27% occupa t ion of 
B i ( w i t h the a t tendent lone p a i r ) i s s u f f i c i e n t f o r a sma l l but 
n o t i c a b l e d i s t o r t i o n i n the average l o c a l 0 environment. Summa
r i z i n g the s t r u c t u r a l r e s u l t s on Ce i n c o r p o r a t i o n i n t o bismuth 
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molybdate and B i i n c o r p o r a t i o n i n t o cer ium molybdate one f i n d s 
nonrandom dopant s u b s t i t u t i o n . Apparen t ly the symmetry o f the 
d i f f e r e n t +3 cat^oji s i t e s , ^ c o u p l e d w i t h the d i f f e r e n t s t e r i c 
requirements o f Ce and B i i o n s , p lays an important r o l e i n 
de te rmin ing the occupat ions of the v a r i o u s s i t e s . A d d i t i o n a l l y , i n 
the case of bismuth molybdate , a r a d i c a l a l t e r a t i o n i n the Mo-0 
c o o r d i n a t i o n spheres r e s u l t s upon Ce i n c o r p o r a t i o n . Coupled w i t h 
t h i s d i s t o r t i o n there i s an apparent r e d u c t i o n o f one Mo atom, and 
the c r e a t i o n of a d imolybdenyl group on another Mo s i t e . 

I n comparing the two s t r u c t u r e s , one f a i l s to f i n d a s t r u c 
tu re type or d i s t o r t i o n (such as Mo . . .Mo i n t e r a c t i o n s o r g r o s s l y 
d i s t o r t e d meta l environments) common to both m a t e r i a l s i n the 
s t r u c t u r e s desc r ibed here . Y e t , some commonality i s expected to 
e x i s t based on the c lo se correspondence of the c a t a l y t i c d a t a . 
There are s e v e r a l p o s s i b l e exp lana t ions f o r t h i s : a) c o n s i d e r a b l y 
more d i s t o r t i o n i s found i n more B i r i c h cer ium molybdate compounds 
( e . g . B i g ^Ce i M ° 3 ^ i o ^ a n C * a s t r u c t u r e a n a l y s i s o f t h i s m a t e r i a l 
i s n e e d e â , D) l o c a l environments w i t h i n the two s t r u c t u r e s 
desc r ibed here are s i m i l a r , but the average s t r u c t u r e s tha t r e s u l t 
from d i f f r a c t i o n experiments do not r e v e a l t h i s s i m i l a r i t y o r 
c) i n c o r p o r a t i o n o f another meta l more g r e a t l y e f f e c t s the sur face 
of each m a t e r i a l not the b u l k , and c a t a l y t i c behav ior i s a r e f l e c 
t i o n of sur face s t r u c t u r e . 

Increased propylene ammoxidation a c t i v i t y of each phase upon 
a l t e r i o n doping i s due to the j u x t a p o s i t i o n of a l l necessary 
elements f o r o x i d a t i o n c a t a l y s i s i n a s i n g l e phase. The r e q u i r e 
ments of a good o x i d a t i o n c a t a l y s t are a) a c t i v a t i o n of the 
subs t r a t e m o l e c u l e , b) o x i d a t i o n a c t i v i t y (oxygen i n s e r t i n g ) and 
c) f a c i l e redox c a p a b i l i t i e s to ease e l e c t r o n conduc t ion and s i t e 
r e c o n s t r u c t i o n . For reasons d i scussed e x t e n s i v e l y i n the l i t e r a t u r e 
(7), we a s s i g n these r o l e s to B i , Mo, and Ce i o n s i t e s r e s p e c t i v e l y 
i n the c a t a l y s t s desc r ibed he re . The s o l i d s o l u t i o n format ion 
observed i n these m a t e r i a l s enables a l l o f these func t i ons to be 
represented i n one phase and on one sur face of the c a t a l y s t . 

A n a l y s i s o f the Mul t iphase C a t a l y s t 

The maximum i n c a t a l y t i c a c t i v i t y observed fo r the mul t iphase 
r e g i o n of the phase diagram n e c e s s a r i l y a r i s e s from i n t e r a c t i o n s 
between the separate phases. The bismuth r i c h and cer ium r i c h 
s o l i d s o l u t i o n s can r e a d i l y form coherent i n t e r f a c e s a t the phase 
boundaries due to the s t r u c t u r a l s i m i l a r i t i e s between the two 
phases which can permit e p i t a x i a l n u c l e a t i o n and growth . A good 
l a t t i c e match e x i s t s between the [010] faces o f the compounds, t h i s 
match i s d i s p l a y e d i n F i g u r e 6. We have a l s o shown that r eg ions of 
an [010] face of a Ce doped bismuth molybdate c r y s t a l resembles 
cer ium molybdate c o m p o s i t i o n a l l y . Th i s means tha t the i n t e r f a c e 
between the two compounds need not have sharp compos i t ion 
g r a d i e n t s . I t i s s t r u c t u r a l l y p o s s i b l e f o r the B i - r i c h phase to 
possess a meta l s t i o c h i o m e t r y at the sur face tha t matches tha t o f 
the C e - r i c h phase. 

In order to assess the nature of t h i s i n t e r f a c i a l r e g i o n , the 
thermodynamic treatment of Cahn and H i l l i a r d (28) was employed (17) 
to d e r i v e the f o l l o w i n g f ree energy f u n c t i o n : 
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Bi1.8Ce0.2(MoO4)3 BiCe(Mo04)3 

(010) CONTACT PLANE 

Figure 6. CrystaIlographic match between the [010] faces of 
the Bi^ QCCQ 2^°^4^3 an(* B'CeiMoO^)^ s o l i d s o l u t i o n s . 

Reproduced from Re f . 17. Copyr igh t 1983 American Chemical S o c i e t y . 
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A f = RT X ^ l n [ a B i / a ^ ] + X ^ l n [ a ^ / a ^ ] 

where a and a are the a c t i v i t i e s o f bismuth and ce r ium, 
r e s p e c t i v e l y , i n the i n t e r f a c i a l r eg ion and a and a ^ are the 
a c t i v i t i e s o f bismuth and ce r ium, r e s p e c t i v e l y , i n the e q u i l i b r i u m 
s o l i d s o l u t i o n . The f u n c t i o n can be regarded as the f ree energy 
o f an e q u i l i b r i u m mix tu re of the two s o l i d s o l u t i o n phases. 

The f ree energy f u n c t i o n A f was c a l c u l a t e d as a f u n c t i o n of 
compos i t ion i n the two phase r e g i o n of the Bt^^Ce^HoO^)^ system 
( F i g u r e 7 ) . Comparison of F igures 5 and 7 r e v e a l s tha t energy of 
an e q u i l i b r i u m mix ture of the phases i s minimized at the 
compos i t ion which g i v e s maximum c a t a l y t i c a c t i v i t y . I t i s apparent 
tha t a t composi t ions where A f i s a minimum, the d i f f e r e n c e i n the 
chemical p o t e n t i a l s o f the components i n the i n t e r f a c i a l r eg ion and 
the e q u i l i b r i u m s o l i d s o l u t i o n s i s m in imized . Thus, an i n t e r f a c i a l 
r e g i o n which i s c h e m i c a l l y s i m i l a r to the sa tu ra ted s o l i d s o l u t i o n s 
appears optimum f o r maximum c a t a l y t i c e f f i c i e n c y . 

P h y s i c a l l y , the r e l a t i o n s h i p between c a t a l y t i c a c t i v i t y and 
A f can be understood from a s tudy o f s i n g l e phase bismuth cer ium 
molybdate s o l i d s o l u t i o n s . The r e s u l t s show tha t maximum a c t i v i t y 
i s achieved when there e x i s t s a maximum number and op t ima l 
d i s t r i b u t i o n of a l l the key c a t a l y t i c components; b i smuth , 
molybdenum and cer ium i n the s o l i d . There fo re , i t reasonably 
f o l l o w s tha t the low c a t a l y t i c a c t i v i t y observed f o r the two phase 
composi t ions where Af ¥ A f ( m i n ) r e s u l t s from the presence o f 
i n t e r f a c i a l regions i n the c a t a l y s t s where the compos i t i ona l 
u n i f o r m i t y dev ia t e s s i g n i f i c a n t l y from the e q u i l i b r i u m d i s t r i b u t i o n 
o f bismuth and cerium ca t i ons present i n the s o l i d s o l u t i o n s . 
These composi t ions may c o n t a i n areas i n the i n t e r f a c i a l r e g i o n 
which are more b i s m u t h - r i c h or c e r i u m - r i c h than the sa tu ra ted s o l i d 
s o l u t i o n s . Conve r se ly , at A f ( m i n ) , the c a t a l y s t i s s i m i l a r to an 
i d e a l mix tu re of the two op t ima l s o l i d s o l u t i o n s . The 
compos i t i ona l homogeneity o f the i n t e r f a c i a l r eg ion approaches tha t 
of the sa tura ted s o l i d s o l u t i o n s . There fo re , the c a t a l y t i c 
behav ior o f composi t ions at Af (min ) i s s i m i l a r to tha t o f the 
sa tu ra ted s o l i d s o l u t i o n s . 

Summary and Conclus ions 

Seve ra l conc lu s ions can be drawn about the s o l i d s t a t e mechanism of 
s e l e c t i v e o l e f i n ammoxidation by both s i n g l e phase and mul t iphase 
ox ide c a t a l y s t . F i r s t l y , optimum c a t a l y t i c performance i s achieved 
when there i s maximum i n t e r a c t i o n between key c a t a l y t i c components 
i n a s o l i d oxide m a t r i x . Maximum i n t e r a c t i o n occurs i n a s i n g l e 
phase sa tura ted s o l i d s o l u t i o n s s ince these c o n t a i n the maximum 
number and d i s p e r s i o n of the c a t a l y t i c a l l y important c o - e x i s t i n g 
elements. Secondly , these key c a t a l y t i c components f o r s e l e c t i v e 
o l e f i n ammoxidation are i d e n t i f i e d as : an a-H a b s t r a c t i n g element 
( B i ) , an o l e f i n chemisorp t ion and n i t r o g e n i n s e r t i o n element (Mo) 
and a m u l t i v a l e n t redox couple (Ce Ce ) . The m u l t i v a l e n t 
redox couple enhances oxygen i o n , e l e c t r o n and an ion vacancy 
t r anspo r t i n the s o l i d which enhances c a t a l y t i c a c t i v i t y by 
i n c r e a s i n g the r e c o n s t r u c t i o n / r e o x i d a t i o n r a t e o f the a c t i v e B i and 
Mo c o n t a i n i n g s i t e s . Th i s r e s u l t s i n an e f f e c t i v e inc rease of the 
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1500 L-

900 h 

O.4 O.6 O.8 
X in Bi 2 . x Ce x (Mo0 4 ) 3 

1.2 

Figure 7. Free energy function Af for Β'ο-τχ^χ^0^^ as a 

function of composition. 
Reproduced from Re f . 17. Copyr igh t 1983 American Chemical 
S o c i e t y . 
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number of active sites available at the surface at any given time. 
Thirdly, we have found that the chemical and structural nature of 
the interfac ia l region between co-existing phases in 
Bi2_xCex(MoO, )^ catalysts has a profound effect on catalytic 
behavior. Thermodynamic calculations show that compositions which 
give maximum catalyt ic act iv i ty also give minima in the free energy 
of mixing of the two phases relative to the saturated solid 
solutions. This can be explained on the basis that at the free 
energy minimum the chemical and compositional s imilari ty between 
the interfac ia l region and the equilibrium solid solutions i s 
greatest. 

The simultaneous existence of coherent phase boundaries 
between the separate phases of multicomponent catalyst i s also an 
important criteron for maximum catalytic ac t iv i ty . In bismuth-
cerium molybdates, close structural s imilari ty between the two 
saturated solid solutions permits mutual epitaxial growth which 
produces a "pseudo" single phase catalyst. As a consequence, 
oxygen ion, anion vacancy and electron transport between the phases 
can readily occur. In addition, oxygen ion and electron transfer 
between the individual phases w i l l be fac i l i tated when the 
compositional nonuniformity of the region at the interface is 
minimized. A compositionally non-uniform region in which the redox 
couple (cerium in this case) is not properly distributed w i l l 
exhibit diminished oxygen ion mobility across the coherent phase 
boundaries and the overall catalytic act iv i ty for selective olefin 
oxidation w i l l be less than optimum. 
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5 
Structure and Activity of Promoted Uranium-Antimony 
Oxide Catalysts 

R. A. INNES, A. J. PERROTTA, and H. E. SWIFT 

Gulf Research & Development Company, Pittsburgh, PA 15230 

At one time the preferred catalyst for propylene 
ammoxidation was a uranium-antimony oxide 
composition whose active phase was USb3O10. We 
have found that the partial substitution of certain 
tetravalent metals for the pentavalent antimony in 
this phase greatly increases catalytic activity. 
Catalysts with the empirical formula USb2Mo9-10, 
where M=Ti, Zr, or Sn, were 6, 11, and 13 times as 
active as the old catalyst, while exhibiting as 
good or better selectivity to acrylonitrile. The 
high activity of the modified catalysts is 
attributed to the generation of oxygen vacancies in 
the USb3O10 lattice. The stability of these 
catalysts is enhanced by the addition of small 
amounts of molybdenum or vanadium which prevent 
decomposition of the active phase by acting as a 
catalyst for reoxidation. 

Acryloni tr i le is manufactured by passing propylene, ammonia, and 
air over a mixed-oxide catalyst at 400-500°C. The process is also 
a major source of acetonitri le and hydrogen cyanide which are 
obtained as the result of side reactions. Catalysts used in this 
process are generally mixed oxides of bismuth or antimony with 
other multivalent metals such as molybdenum, iron, uranium, and 
t i n . At one time, the preferred catalyst for propylene 
ammoxidation was a uranium-antimony oxide composition (1-4). This 
catalyst contained excess Sb20^ and a s i l i c a binder in combination 
with the catalyt ical ly active phase 1 ^ 3 0 1 0 (3,4). Both uranium 
and antimony in the active phase assume the +5 oxidation state. 

We have found that the part ia l substitution of certain 
tetravalent metals for pentavalent antimony greatly increases 
catalytic act iv i ty . For example, catalysts with the empirical 
formula U S b 2 M 0 9 1 0 , where M-Ti , Zr , or Sn, were respectively 6, 11, 
and 13 times as active as the original uranium-antimony oxide 
catalyst, while exhibiting as good or better acryloni tr i le 

0097-6156/85/0279-0075$06.00/0 
© 1985 American Chemical Society 
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76 SOLID STATE CHEMISTRY IN CATALYSIS 

s e l e c t i v i t y . Th i s paper w i l l d i s cus s how the replacement of 
antimony by a t e t r a v a l e n t metal a f f e c t s the c r y s t a l l i n e phase 
d i s t r i b u t i o n , how the r e s u l t i n g d i f f e r e n c e s i n both composi t ion and 
s t r u c t u r e r e l a t e to the c a t a l y t i c p r o p e r t i e s , and how c a t a l y s t 
s t a b i l i t y i s enhanced by the a d d i t i o n of s m a l l amounts of 
molybdenum or vanadium. 

Exper imenta l Methods 

un less o therwise noted , c a t a l y s t s were prepared by c o p r e c i p i t a t i n g 
the hydrous oxides of uranium, antimony, and a t e t r a v a l e n t metal 
from a h y d r o c h o l o r i c a c i d s o l u t i o n of t h e i r s a l t s by the a d d i t i o n 
of ammonium h y d r o x i d e . The p r e c i p i t a t e s were washed, oven d r i e d , 
then c a l c i n e d at 910°C overn igh t or a t 930°C fo r two hours to form 
c r y s t a l l i n e phases. A t t r i t i o n r e s i s t a n t c a t a l y s t s , c o n t a i n i n g 50% 
by weight s i l i c a b i n d e r , were prepared by s l u r r y i n g the washed 
p r e c i p i t a t e w i t h s i l i c a - s o l p r i o r to d r y i n g . In some cases , s m a l l 
amounts of molybdenum or vanadium were added by impregnat ing the 
oven d r i e d m a t e r i a l w i t h ammonium paramolybdate or ammonium 
metavanadate s o l u t i o n . The d e t a i l s of these prepara t ions may be 
found elsewhere ( 5 - 8 ) . 

The c r y s t a l l i n e phases present i n each c a t a l y s t were 
determined from X - r a y powder d i f f r a c t i o n pa t te rns obta ined w i t h C u -
Kct r a d i a t i o n and a n i c k e l f i l t e r . The r eg ion scanned was 2θ • 10° 
to 7 0 ° . In f ra red t r ansmis s ion spec t ra from 650 to 4000 cm*"1 were 
obta ined us ing a g r a t i n g i n f r a r e d spectrophotometer , a demountable 
c e l l w i th sodium c h l o r i d e windows, and c a t a l y s t samples prepared as 
p a r a f f i n o i l m u l l s . Magnet ic s u s c e p t i b i l t y measurements were made 
us ing the Faraday method and an apparatus which has been desc r ibed 
elsewhere ( 9 ) . Th i s apparatus was designed fo r low temperature 
s tud ies so our experiments were l i m i t e d to the 4-105°K range. The 
magnetic f i e l d s t r eng th was 20,369 o e r s t e d . 

A standard m i c r o a c t i v i t y t es t was used to determine the e f f e c t 
of s u b s t i t u t i n g t e t r a v a l e n t metals fo r antimony. A O.5 cm^ sample 
o f 20-40 mesh c a t a l y s t was weighed and charged to a O.48 cm I . D . 
t ubu l a r s t a i n l e s s s t e e l r e a c t o r . The c a t a l y s t was heated to 450°C 
i n a i r f l owing a t 32.5 cm 3 (STP) m i n " 1 . The r e a c t i o n was then 
c a r r i e d out i n c y c l i c f a s h i o n . Ammonia and propylene were added to 
the a i r stream at r a t e s of 3.0 and 2.5 cm 3 (STP) m i n " 1 , 
r e s p e c t i v e l y . The furnace temperature was adjusted so that the 
r e a c t i o n temperature was 475°C, as measured by a sheathed 
thermocouple l oca t ed w i t h i n the c a t a l y s t bed. A f t e r 15 minutes on 
s tream, the product stream was sampled and analyzed by gas 
chromatography. A f t e r another 15 minutes on stream, the propylene 
and ammonia f lows were shut o f f and the c a t a l y s t was regenerated by 
a l l o w i n g the a i r f low to con t inue . Propylene and ammonia f lows 
were then resumed to begin the next c y c l e . This procedure was 
repeated fo r 5 o r 6 c y c l e s and the r e s u l t s averaged. Product 
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5. INNES ET AL. Promoted Uranium-Antimony Oxide Catalysts 11 

analyses were made w i t h a gas chromatograph equipped w i t h a thermal 
c o n d u c t i v i t y d e t e c t o r , a 6 f χ 1/4" column packed w i t h 5 Â molecular 
s ieves and a 15 ' χ 1/8" column packed w i t h 6 ' o f Porapak Τ fo l lowed 
by 9 ' of Porapak QS. Oxygen-argon, n i t r o g e n , and carbon monoxide 
were analyzed on the molecular s i eve column, w h i l e carbon d i o x i d e 
and heav ie r products were determined on the Porapak column. A 

ο 
mic ro reac to r h o l d i n g 5.0 cm of c a t a l y s t was used to determine the 
optiumum a c r y l o n i t r i l e y i e l d and study the e f f e c t of s i l i c a b inder 
and molybdenum and vanadium a d d i t i o n . 

A l t e r i n g the A c t i v e Phase 

Smal l inc reases i n a c t i v i t y may be obta ined by adding a v a r i e t y of 
m u l t i v a l e n t metal oxides to the optimum uranium-antimony oxide 
c a t a l y s t ( 1 0 , 1 1 ) . Here to fo re , antimony and uranium have been 
emloyed i n a t l e a s t a four to one atomic r a t i o to ensure that 
USb30^Q i s the on ly u ran ium-conta in ing phase formed. The presence 
of excess antimony prevents the format ion o f USb0 5 which i s a l e s s 
s e l e c t i v e c a t a l y s t . Our approach was b a s i c a l l y d i f f e r e n t . Ins tead 
of adding s m a l l amounts of promoters to the optimum uranium-
antimony oxide compos i t ion , we attempted to a l t e r the a c t i v e phase 
(USb3010) through c r y s t a l l i z a t i o n i n a h y p o t h e t i c a l b i n a r y system 

u s b 3 ° 1 0 " U S b 2 T i 0 1 0 * T i + 4 h a s a n i o n i c c r y s t a l r ad ius of O.68 Â, 
which i s c l o se to the O.62 Â i o n i c r ad ius of S b + 5 (12) making i t a 
l o g i c a l candidate to r ep lace Sb i n the USb30iQ s t r u c t u r e . 

G r a s s e l l i and co-workers ( 3 ,4 ) have determined the c r y s t a l 
s t r u c t u r e of the 1^30^ phase by analogy to the s i n g l e c r y s t a l 
work of C h e v a l i e r and Gasper i n (13) on UÎN^O^Q. In another paper 
( 1 4 ) , C h e v a l i e r and Gasper in repor t that compounds of the type 
U ( N b ^ x , T i x ) N b 2 0 ^ Q have the same s t r u c t u r e . Based on t h i s work, 
they proposed that the uranium i n Uîtt^O^o i s hexavalent and that 
one atom of niobium i s t e t r a v a l e n t . Thus, to compensate fo r the 
replacement of Sb + ^ w i t h T i + \ i t was expected that uranium would 
be converted from the +5 to the +6 o x i d a t i o n s t a t e and tha t t h i s 
would have a profound e f f e c t on the c a t a l y t i c p r o p e r t i e s . 

E f f e c t on C r y s t a l l i n e Phase D i s t r i b u t i o n 

A s e r i e s of c a t a l y s t s was prepared to study the e f f e c t of 
s u b s t i t u t i n g t i t a n i u m , z i r c o n i u m , or t i n fo r antimony i n the 
USb30^Q l a t t i c e . The c r y s t a l l i n e phases present i n these m a t e r i a l s 
were determined by X - r a y powder d i f f r a c t i o n . To provide a b a s i s 
fo r comparison w i t h the p r i o r a r t , c a t a l y s t 1 l i s t e d i n Table I was 
prepared f o l l o w i n g the pub l i shed r e c i p e (2). Th i s c a t a l y s t 
represents the o l d uranium-antimony oxide c a t a l y s t wi thout any 
s i l i c a b i n d e r . The c r y s t a l l i n e phases detec ted i n c a t a l y s t 1 were 
u s b3°10 a n d s b2°4 a s e x P e c t e d (3,4). 
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Table I . C r y s t a l l i n e Phases Detected By X-Ray Powder D i f f r a c t i o n 

Atomic R a t i o 
C a t a l y s t U Sb T i C r y s t a l l i n e Phases* 

1 1.0 4.6 I , S b 2 0 4 

2 1.0 3.0 - I , sm-I I , s m - S b ^ ^ 
3 1.0 2.4 O.6 I 
4 1.0 2.0 1.0 I 
5 1.0 1.5 1.5 I , I I , s m - T i 0 2 

6 1.0 1.0 2.0 I , I I , T i 0 2 

7 1.0 O.5 2.5 I , I I , T i 0 2 , UTi05 
8 1.0 - 3.0 U T i 0 5 , T i 0 2 

9 1.0 4 .0 O.9 I , I I , S b 2 0 5 , s m - T i 0 2 

sm-Sb 2 0^ 
10 1.0 4.0 O.9 I , S b 2 0 5 , s m - T i 0 2 

I = USbo ° i o t v P e p n a s e > 1 1 = USb0 5 type phase 
sm = smal 1 amount 

A s e r i e s of c a t a l y s t s was then prepared having the e m p i r i c a l 
formula U S b 3 x T i x 0 y , where χ ranged from 0 to 3 . T i t an ium appeared 
to s u b s t i t u t e for antimony i n the U S b 3 0 1 0 l a t t i c e up to x - 1 , s ince 
on ly a s i n g l e c r y s t a l l i n e phase c l o s e l y resembling USb^O^Q was 
ob t a ined . No peaks were seen corresponding to T i 0 2 o r USbO^. The 
X - r a y d i f f r a c t i o n pa t te rns fo r the x=O.6 and x=1.0 composi t ions are 
compared i n Table I I w i t h that o f U S b 3 0 1 0 prepared by our method. 
These pa t te rns were almost i d e n t i c a l to pub l i shed pa t te rns fo r 
U S b 3 0 1 0 except that the 004 r e f l e c t i o n (3) s h i f t e d from 3.83 to 
3.90 Â as χ inc reased from 0 to 1. Attempts to inc rease t i t a n i u m 
s u b s t i t u t i o n beyond x=1.0 r e s u l t e d i n the format ion of T i 0 2 and 
USb0 5 a t the x=1.5 l e v e l , and e v e n t u a l l y U T i 0 5 a t h igher l e v e l s . 

Table I I . X-Ray Powder D i f f r a c t i o n Pa t te rns 
R e f . (2 ,3 ) C a t a l y s t 2 C a t a l y s t 3 C a t a l y s t 4 C a t a l y s t 17 

U S b 3 0 1 0 U S b 3 0 1 0

 u s k 2 . 4 T i 0 . 6 ° y U S b 2 T i 0 y U S b 2 Z r O y 

d(A) I / I o d(A) I / I o d(A) I / I o d(A) I / I o d(A) I / I o 

3.85 66 3.83 44 3.87 52 
3.18 100 3.16 100 3.18 100 
2.45 61 2.44 53 2.45 72 
1.92 12 1.91 10 1.94 15 
1.83 29 1.83 20 1.83 40 
1.66 30 1.66 35 1.65 68 
1.65 33 1.64 31 
1.59 14 1.58 14 1.59 15 
1.47 19 1.46 17 1.46 22 
1.33 18 1.33 19 1.34 20 

3.90 55 3.92 67 
3.18 100 3.22 100 
2.45 71 2.47 73 
1.96 12 1.95 16 
1.83 36 1.84 40 
1.67 65 1.67 75 

1.59 17 1.60 46 
1.47 21 1.48 23 
1.34 20 1.34 21 

T a b u l a t i o n of peaks exceeding I/Io>10 
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5. INNES E T A L . Promoted Uranium-Antimony Oxide Catalysts 79 

To determine whether t i t a n i u m s u b s t i t u t i o n would occur i n the 
presence of excess antimony, c a t a l y s t 9 (Table I ) was prepared as 
desc r ibed i n a D i s t i l l e r s patent (10 ) , w h i l e c a t a l y s t 10 was 
prepared by our standard c o p r e c i p i t a t i o n method. Small, amounts of 
TiÛ2 cou ld be detected i n both c a t a l y s t s . C a t a l y s t 9, which was 
c a l c i n e d at a lower temperature than c a t a l y s t 10, con ta ined USbO^ 
i n a d d i t i o n to T i 0 2 * The s h i f t i n d -spac ing fo r the 004 r e f l e c t i o n 
noted w i t h the t i t a n i u m - s u b s t i t u t e d phases was not seen fo r 
c a t a l y s t s 9 and 10. Thus, the presence of excess antimony appeared 
to i n h i b i t t i t a n i u m s u b s t i t u t i o n . These composi t ions were w e l l 
above (on the excess antimony s ide ) the b ina ry j o i n expected to 
f a c i l i t a t e t i t a n i u m s u b s t i t u t i o n for antimony. 

Z i r c o n i u m , w i t h a l a r g e r i o n i c r ad ius (O.79 Â) , d i d not 
s u b s t i t u t e as e a s i l y as t i t a n i u m i n the U S b 3 0 1 Q l a t t i c e . In on ly 
one case , x=1.0, was a pure U S b 3 x Z r x 0 y phase ob t a ined . The other 
c a t a l y s t s con ta ined USbO^, Sb20^, Sb205, and Z r 0 2 type phases. The 
X - r a y d i f f r a c t i o n pa t t e rn of USb2Zr0 y i s compared i n Table I I w i t h 
the unsubs t i t u t ed and t i t a n i u m - s u b s t i t u t e d phases. As w i t h the 
t i t a n i u m c a t a l y s t the d -spac ing f o r the 004 r e f l e c t i o n was 
i n c r e a s e d . 

T i n s u b s t i t u t i o n was a l s o at tempted, but the x - r a y d i f f r a c t i o n 
pa t te rns gave no i n d i c a t i o n of s u b s t i t u t i o n . The peaks 
corresponding to Sn02 inc reased i n d i r e c t p r o p o r t i o n to the amount 
of s t ann ic c h l o r i d e used i n t h e i r p r e p a r a t i o n , and USbO^ and 
USb30^Q were present i n amounts c o n s i s t e n t w i t h the U/Sb r a t i o . 
Table I I I shows the X - r a y d i f f r a c t i o n pa t t e rn obta ined fo r the 
compos i t ion USb2Sn0 y . 

Table I I I . X-Ray D i f f r a c t i o n P a t t e r n For USb 2 SnO y 

C r y s t a l l i n e Phases . 
d(A) I / I o u s b 3 ° 1 0 USb0 5 Sn0 2 

3.92 48 X 
3.86 60 X 
3.36 38 X 
3.25 80 X 
3.20 100 X 
2.64 23 X 
2.50 33 X 
2.46 50 X 
2.37 8 X 
1.97 6 X 
1.93 8 X 
1.87 12 X 
1.84 19 X 
1.77 19 X 
1.69 22 X 
1.68 22 X 
1.66 27 X 
1.59 9 
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E f f e c t on C a t a l y t i c P r o p e r t i e s 

F igu re s 1 and 2 show how the c a t a l y t i c a c t i v i t y and s e l e c t i v i t y fo r 
the p roduc t ion of a c r y l o n i t r i l e v a r i e d w i th t i t a n i u m l e v e l fo r the 
U S b 3 x T i x 0 y s e r i e s . For purposes of comparison we assumed f i r s t 
order k i n e t i c s and computed the r e l a t i v e a c t i v i t y per gram us ing 
the formula : 

R e l a t i v e A c t i v i t y - ( O . 4 0 4 5 ) ( g r a m f o f c a t a l y s t ) 

where X i s the f r a c t i o n of propylene conver ted . A r e l a t i v e 
a c t i v i t y of 1.0 corresponds to the a c t i v i t y of the o l d uranium-
antimony oxide c a t a l y s t ( C a t a l y s t 1 ) . S e l e c t i v i t y was def ined on a 
carbon weight b a s i s . 

S u b s t i t u t i n g t i t a n i u m fo r antimony i n the USb30^Q phase 
d r a m a t i c a l l y increased c a t a l y t i c a c t i v i t y . The r e l a t i v e a c t i v i t y 
f o r the U S b 3 x T i x 0 y s e r i e s peaked at χ - 1 . 5 . The best a c r y l o n i t r i l e 
s e l e c t i v i t y was obta ined at x=O.6 and x=1.O. Reduced a c t i v i t y and 
s e l e c t i v i t y a t h igher t i t a n i u m l e v e l s corresponded to USbO^ and 
U T i 0 5 fo rma t ion . The U S b 2 T i O y c a t a l y s t seemed to o f f e r the best 
combinat ion of a c t i v i t y and s e l e c t i v i t y . Under optimum c o n d i t i o n s 
(Table IV) i t y i e l d e d 83-84 mol% a c r y l o n i t r i l e per pass compared to 
78% f o r the o l d uranium-antimony oxide c a t a l y s t ( 1 , 2 , 4 ) which 
r e q u i r e d s i x times the contac t time to o b t a i n comparable 
c o n v e r s i o n s . 

Rep lac ing antimony w i t h z i r con ium increased c a t a l y t i c a c t i v i t y 
1 1 - f o l d . F igu re s 3 and 4 show that a c t i v i t y peaked a t x - 1 . O . The 
USb2ZrO v c a t a l y s t was l e s s s e l e c t i v e than the corresponding 
t i t a n i u m - s u b s t i t u t e d c a t a l y s t but compared f avo rab ly to the o l d 
uranium-antimony oxide c a t a l y s t . 

Table I V . Optimum A c r y l o n i t r i l e Y i e l d With U S b 2 T i O y C a t a l y s t 

Reac t i on Temperature, °C 475 475 
Contact Time, s O.65 O.72 
C 3 H 6 / A i r / N H 3 1 .0 /11/1 .1 1 .0 /10/1 .1 

% C 3 H 6 Convers ion 97.6 98.9 
% 0 2 Conv 85.9 93.9 

% S e l e c t i v i t i e s 

CO + C 0 2 11.8 13.7 
HCN O.3 O.4 
A c e t o n i t r i l e 1.3 1.4 
A c r y l o n i t r i l e 86.5 84.1 
Other O.1 O.4 

% Y i e l d Per Pass 84.4 83.2 
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1 2 3 
X IN USb3-xTixOY FORMULA 

F igu re 2 . R e l a t i v e a c t i v i t y o f U S b 3 x T i x 0 y c a t a l y s t s . 
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100 

X IN USb3xZrxOy FORMULA 

F i g u r e 3 . E f f e c t of Zr s u b s t i t u t i o n fo r Sb. 

15 τ 

X IN USb3xZrx0Y FORMULA 

F i g u r e 4. R e l a t i v e a c t i v i t y o f U S b 3 x Z r x 0 y c a t a l y s t s . 
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5. INNES ET AL. Promoted Uranium-Antimony Oxide Catalysts 83 

Although the X - r a y d i f f r a c t i o n pa t te rns i n d i c a t e that very 
l i t t l e t i n was incorpora ted i n the USb 3O^Q phase, t i n had the 
g rea tes t e f f ec t on c a t a l y s t a c t i v i t y . A c a t a l y s t c o n s i s t i n g of 
equimolar amounts o f USbO^ and U S b ^ ^ Q wi thout any promoters i s 
l e s s a c t i v e and l e s s s e l e c t i v e fo r the p roduc t ion of a c r y l o n i t r i l e 
than than U S b 3 0 1 Q ( 2 ) . A l s o , Sn0 2 by i t s e l f i s a poor c a t a l y s t . 
Y e t , i n t ima te mix ing of these phases produced h i g h l y a c t i v e 
c a t a l y s t s . The x=1.0 and x=1.25 composi t ions had r e l a t i v e 
a c t i v i t i e s of 13.0 and 1 3 . 9 , w h i l e e x h i b i t i n g good s e l e c t i v i t y f o r 
a c y r l o n i t r i l e p roduc t ion (F igu re s 5 and 6 ) . 

Table V shows the e f f e c t of T i , Z r , and Sn a d d i t i o n when 
excess antimony was p resen t . Al though each inc reased c a t a l y s t 
a c t i v i t y , the e f f e c t was much sma l l e r than fo r the υδ^β-χΜχΟγ 
compos i t ions . T i tan ium a d d i t i o n about doubled the r e l a t i v e 
a c t i v i t y compared to the s tandard uranium-antimony oxide c a t a l y s t , 
w h i l e Zr and Sn a d d i t i o n had a sma l l e r e f f e c t . The poor 
s e l e c t i v i t y of the D i s t i l l e r s - t y p e c a t a l y s t , No. 9, i s a t t r i b u t e d 
to the presence o f USbO^. 

Table V . Promoting E f f e c t In Presence Of Excess Antimony 
C a t a l y s t C a t a l y s t % C^H^ % AN R e l . 

No. Composi t ion Conv. S e l . A c t . 

1 U S b 4 > 6 0 x 16.0 82.1 1.0 

10 U S b 4 . 0 T i 0 . 9 ° y 45.7 84.5 2.3 
9 U S b 4 . 0 T 1 0 . 9 ° y 33.7 58.4 1.8 

17 u s b 4 . 6 Z r 1 . 0 ° y 32.2 82.6 1.8 

35 U s b 4 . 6 S n 1 . 0 ° y 19.8 80.3 1.2 

O x i d a t i o n Sta te of Uranium 

F i g u r e 7 shows a p o r t i o n of the i n f r a r e d t r a n s m i s s i o n spectrum fo r 
the U S b 3 x T i x 0 y c a t a l y s t s . In f ra red bands a t 925 and 865 cm" 1 i n 
USb 30^Q have been a t t r i b u t e d to the U-OJ-J-J- s t r e t c h ( 3 ) , w h i l e a 
band a t 715 c m - 1 i s b e l i e v e d to be an Sb-0 s t r e t c h . As χ was 
v a r i e d from 0 to 1.5, the i n f r a r e d adso rp t ion bands at 925 and 
865 cm" 1 s h i f t e d to 950 and 895 c m " 1 , w h i l e the band a t 740 cm" 1 

s h i f t e d i n the oppos i te d i r e c t i o n to 715 c m " 1 . As χ was inc reased 
above 1.5, these bands d i sappeared . 

The e f f e c t i v e molar paramagnetic moment of U S b 2 T i O y was l e s s 
than that of the standard uranium-antimony oxide compos i t ion ( F i g 
ure 8) but s t i l l s i g n i f i c a n t . As temperature was inc reased from 4 
to 105°K, the e f f e c t i v e magnetic moment of the o l d uranium-antimony 
oxide c a t a l y s t increased to a va lue corresponding to one unpaired 
e l e c t r o n which i s c o n s i s t e n t w i t h U + ^ . At low temperatures the 
e f f e c t i v e magnetic moment of U S b 2 T i O y was s i g n i f i c a n t l y lower than 
fo r the o l d uranium-antimony c a t a l y s t , but as the temperature was 
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X IN USb3xSnxOY FORMULA 

F i g u r e 5. E f f e c t of Sn s u b s t i t u t i o n fo r Sb. 

15 

X IN USb~ v S n Y O v FORMULA 

F i g u r e 6. R e l a t i v e a c t i v i t y o f U S b 3 x S n x 0 c a t a l y s t s . 
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F i g u r e 7. In f ra red spec t r a of USb3xTix0y c a t a l y s t s . 

F i g u r e 8. E f f e c t i v e magnetic moment of uranium i n o r i g i n a l and 
t i t a n i u m s u b s t i t u t e d c a t a l y s t s . 
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86 SOLID STATE C H E M I S T R Y IN CATALYSIS 

inc reased to 105°K i t a l s o approached values corresponding to one 
unpaired e l e c t r o n . 

Whi le t i t a n i u m s u b s t i t u t e d fo r antimony and t h i s had a 
dramatic e f f e c t on c a t a l y t i c a c t i v i t y as expected, there i s a 
ques t ion as to how much of the uranium was converted from the +5 to 
the +6 o x i d a t i o n s t a t e . The s h i f t s i n the i n f r a r e d bands i n d i c a t e 
a shor ten ing of the U-O^-J-J bond d i s t ance and a lengthening of the 
Sb-0 bond d i s t ance which i s c o n s i s t e n t w i t h an inc rease i n 
hexavalent c h a r a c t e r , but the magnetic measurements show that a 
s u b s t a n t i a l p o r t i o n of the uranium remained i n +5 s t a t e . I f the 
va lence of uranium i s not changed, then the replacement of Sb + ^ by 
T i + ^ must generate oxygen vacancies i n the USb3Û^Q l a t t i c e . I t i s 
these s i t e s tha t may be r e s p o n s i b l e fo r the h i g h a c t i v i t y of the 
promoted c a t a l y s t s . 

I nc r ea s ing C a t a l y s t S t a b i l i t y 

The U S b 2 T i 0 g 1 Q c a t a l y s t was made a t t r i t i o n r e s i s t a n t by adding an 
equa l weight of s i l i c a b inder p r i o r to c a l c i n a t i o n . X - r a y 
d i f f r a c t i o n pa t te rns show that the same USb2Ti0g^Q phase was 
formed as i n the unsupported c a t a l y s t . A c r y l o n i t r i l e s e l e c t i v i t y 
was unaffec ted by the a d d i t i o n of s i l i c a and the a c t i v i t y per gram 
of a c t i v e phase was as good or b e t t e r than w i t h the unsupported 
c a t a l y s t . 

L i k e the o r i g i n a l uranium-antimony oxide c a t a l y s t , the 
t i t a n i u m s u b s t i t u t e d c a t a l y s t s were ab le to operate on ly a shor t 
t ime wi thout r egene ra t i on . Otherewise , the c a t a l y s t became o v e r -
reduced, the USb3U^Q type phase decomposed, and s e l e c t i v i t y 
s u f f e r e d . The a d d i t i o n of s m a l l amounts of molybdenum or vanadium 
prevented o v e r - r e d u c t i o n enab l ing the c a t a l y s t to operate wi thout 
r e g e n e r a t i o n . 

Rep lac ing O.10 atom of uranium w i t h molybdenum s t a b i l i z e d the 
c a t a l y s t w i t h on ly a s m a l l e f f e c t on a c t i v i t y and a c r y l o n i t r i l e 
s e l e c t i v i t y (Table V I ) . Fur the r replacement of uranium by 
molybdenum markedly reduced c a t a l y s t a c t i v i t y , so tha t contac t time 
had to be inc reased to ma in ta in a h i g h c o n v e r s i o n . The a d d i t i o n of 
molybdenum r e s u l t e d i n a g rea te r p roduc t ion of by-product HCN and 
co r r e spond ing ly l e s s carbon oxides (Table V I I ) . A s i m i l a r e f f e c t 
was obta ined w i t h vanadium. However, the vanadium seemed to 
inc rease a c t i v i t y as w e l l as s t a b i l i z e the c a t a l y s t . 

C o n c l u s i o n 

The c a t a l y t i c a c t i v i t y of the uranium-antimony oxide c a t a l y s t fo r 
propylene ammoxidation has been increased an order of magnitude by 
modify ing the c a t a l y t i c a l l y a c t i v e phase ra the r than by adding 
v a r i o u s promoters to the optimum uranium-antimony oxide 
compos i t i on . Th i s m o d i f i c a t i o n was accomplished by s u b s t i t u t i n g 
t i t a n i u m , z i r c o n i u m , or t i n fo r antimony i n composi t ions w i t h the 
e m p i r i c a l formula ϋ δ ^ 3 - . χ Μ χ 0 γ . T i t an ium and z i r c o n i u m rep laced 
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5. INNES E T A L . Promoted Uranium-Antimony Oxide Catalysts 87 

Table V I . Molybdenum Or Vanadium A d d i t i o n To Improve C a t a l y s t 
S t a b i l i t y 

Hours S tab le 
X Value Contact % C 3 H 6 A c r y l o n i t r i l e wi thout 

Mo V Time, s Convers ion S e l e c t i v i t y Regenerat ion 

- - 1.7 98 86 O.5 

O.025 1.7 98 86 O.5 

O.50 1.7 99 81 O.75 

O.10 1.7 96 85 >150. 

O.15 3.2 92 83 >150. 

O.20 6.5 96 84 >150. 

- O.10 1.1 98 84 >150. 

O.05 O.05 1.1 99 83 >150. 

C a t a l y s t compos i t ion 50 wt% U 0 9 S b 2 T i ( M o , V ) x 0 9 1 0 / 5 0 wt% S i 0 2 

Contac t - t ime = 1.7 s 

Temperature • 475°C 

C 2 H 6 / a i r / N H 3 - 1 .0 /11/1 .1 

Table V I I . E f f e c t Of Molybdenum A d d i t i o n On S e l e c t i v i t i e s 

C a t a l y s t 50% U S b 2 T i 0 9 1 0 50% U 0 9 S b 2 T i M o 0 e l 0 9 1 0 

Composi t ion 50% S i Q 2 50% S i Q 2 

% C H Convers ion 98.2 96.3 

S e l e c t i v i t i e s : 
CO + C 0 2 12.0 7.1 
HCN O.4 6.7 
A c e t o n i t r i l e 1.6 1.7 
A c r y l o n i t r i l e 86.0 84.5 

Contac t - t ime = 1.7 s 

Temperature β 475°C 

C 3 H 6 / a i r / N H 3 = 1 .0 /11/1 .1 ^ ^ ^ ^ ^ 
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antimony in the USb 30 1Q lat t ice with only small changes in the 
X-ray diffract ion pattern. Tin was not incorporated into the 
USb30^Q lat t ice but s t i l l had a strong effect on catalytic 
ac t iv i ty . Since a significant amount of uranium remains in the +5 
oxidation state, we believe that the replacement of Sb+^ with T i + ^ 
and Z r + ^ generates oxygen vacancies in the crystal la t t ice which 
enhance catalytic act iv i ty . The s tabi l i ty of these catalysts is 
increased by the addition of small amounts of molybdenum or 
vanadium which may catalyze reoxidation of the catalyst preventing 
over-reduction. 

Acknowledgments. We thank Professor W. E . Wallace of the University 
of Pittsburgh and his students for making the magnetic 
susceptibility measurements. 
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6 
Phase Relationships in the 
Cerium-Molybdenum-Tellurium Oxide System 

J. C. J. BART1, N. GIORDANO1, and P. FORZATTI2 

1Instituto di Chimica Industriale, Universita di Messina, Messina, Italy 
2Dipartimento di Chimica Industriale ed Ingegneria Chimica del Politecnico, Piazza Leonardo da 
Vinci 32, 20133 Milano, Italy 

The complex solid state relations of the cerium
-molybdenum-tellurium oxide system were studied to 
determine the boundaries of single phase regions and 
phase distributions of a typical multicomponent 
ammoxidation catalyst. Between 400° and 600°C in air 
the (Ce,Mo,Te)O system contains the following phases: 
CeO2, MoO3, TeO2, α-Te2MoO7 and β-Te2MoO7, 
β-Ce2Mo3O13, Ce2Mo3O12.25, α-Ce2Mo4O15 and 

β-Ce2Mo4O15, CeTe2O6, Ce2(TeO4)3, a solid solution 
(Ce,Te)O2, Ce6Mo10Te4O47, Ce2Mo2Te2O13, 
Ce4Mo11Te10O59, Ce2Mo2Te4O17, Ce10Mo12Te14O79, fields 
of primary crystallization of each of these compounds 
in the (Ce,Mo,Te)O system are indicated. A typical 
active (Ce,Mo,Te)O ammoxidation catalyst is composed 
of the binary phase β-Ce2Mo3O13 and/or 
α-Ce2Mo4O15 and the ternary oxide Ce4Mo11Te10O59 

(eventually together with Ce6Mo10Te4O47 and MoO3). 

The structure of a highly active cerium-molybdenum-tellurium 

acry loni tr i l e catalystQ) has previously been described in terms of 

binary (Ce,Mo)0 and ternary (Ce,Mo,Te)0 phasesC2). It was 

concluded that none of the constituent oxides (Ce0 2 > Mo03 and Te0 2) 

0097-6156/85/0279-0089$06.00/0 
© 1985 American Chemical Society 
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90 SOLID STATE C H E M I S T R Y IN CATALYSIS 

or compounds of the b i n a r y (Te,Mo)0 or (Te,Ce)0 systems are present 

as the a c t i v e phases i n the ammoxidation c a t a l y s t * 

We have r e c e n t l y i d e n t i f i e d and c h a r a c t e r i z e d s e v e r a l new 

t e rna ry oxides (Ce,Mo,Te)0(3), a f t e r s tudy ing over 100 d i f f e r e n t 

composi t ions c a l c i n e d i n a i r at temperatures between 400° and 

600°C. Combined w i t h the knowledge o f the (Te ,Mo)0, (Ce ,Mo)0 , and 

(Ce,Te)0 c h e m i s t r y , which was developed i n the l a s t decade, i t i s 

now p o s s i b l e to de sc r ibe the complex s o l i d - s t a t e r e l a t i o n s of the 

t e rna ry (Ce,Mo,Te)0 system. The r e s u l t s culminated i n the 

i d e n t i f i c a t i o n of the a c t i v e phase compos i t ion of a t y p i c a l 

(Ce,Mo,Te)0 a c r y l o n i t r i l e c a t a l y s t . 

Exper imenta l 

P r e p a r a t i v e methods and samples used f o r t h i s study were those of 

previous work(3) . Samples were subjected to x - r a y d i f f r a c t i o n 

(CuKA^ r a d i a t i o n ) and spec t r a were i n t e r p r e t e d w i t h reference to 

the f o l l o w i n g support m a t e r i a l s ( taken from the b i n a r y oxide 

systems): T e 2 M o 0 7 ( 4 ) , a - C e 2 M o 3 0 1 3 and 0 - C e 2 M o 3 O 1 3 O 5 ) , O J - C e ^ o ^ O ^ 

and P - C e 2 M o 4 0 i 5 ( I > C e 2 M o 3 ° l 2 . 2 5 ( ~ ) ' C e 2 ( M o 0 4 ) 3 ( 6 ) , CeTe^C^), 

C e 2 ( T e 0 4 ) 3 a ) , (Ce ,Te)0 2 a) together w i t h Te0 2 (ASTM 11-693) , Ce0 2 

(ASTM 4-593) and Mo0 3 (ASTM 9-209) . Ternary ox ides (Ce,Mo,Te)0 were 

i d e n t i f i e d on the b a s i s of previous w o r k ( 3 ) . T h e - r e l a t i v e amounts 

of the phases formed were es t imated by comparison of the he igh t s o f 

the c h a r a c t e r i s t i c peaks i n non-over lapping p o s i t i o n s . As 

e s p e c i a l l y Te0 2 ~ and M o 0 3 ~ r i c h samples are o f t en n o n - c r y s t a l l i n e 

a f t e r hea t ing above 550°C, such p repara t ions were c a l c i n e d 

a d d i t i o n a l l y a t 500°C f o r 8 hours fo l lowed by s low c o o l i n g i n order 

to enhance c r y s t a l l i n i t y . 

R e s u l t s and D i s c u s s i o n 

F i g u r e 1 shows the d i s t r i b u t i o n of the three c o n s t i t u e n t ox ides 

( C e 0 2 , Mo0 3 and Te0 2 ) i n the v a r i o u s t e rna ry phase composi t ions at 

temperatures from 400° to 600°C. I t i s c l e a r l y seen that Ce0 2 

e x h i b i t s the lowest o v e r a l l r e a c t i v i t y . Noteworthy i s the 
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BART ET AL. Cerium-Molybdenum- Tellurium Oxide System 

Figure 1. Single-phase boundaries f o r the component oxides of 
the (Ce,Mo,Te)0 system between 400° and 600° C and regions of 
formation of n o n - c r y s t a l l i n e r e a c t i o n products. 
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92 SOLID STATE C H E M I S T R Y IN CATALYSIS 

cons ide rab l e ex t ens ion of the c o m p a t i b i l i t y range f o r TeO^ between 

400° and 450°C, which c o r r e l a t e s w i t h the decomposi t ion process of 

H^TeO^ A l s o of i n t e r e s t i s the a f f i n i t y of Te0 2 f o r the o ther 

components ( i n p a r t i c u l a r CeC^) above 500°C. 

The presence of -Te^MoOy ( F i g u r e 2) i n the CeC^-poor area of 

the phase t r i a n g l e i s expected based on the known behavior of the 

TeC^-MoO^ sys tem(4 ,8 ) . Noteworthy i s the presence of cons ide rab le 

n o n - c r y s t a l l i n e m a t e r i a l i n t h i s par t of the diagram, e s p e c i a l l y at 

550° and 600°C, which r e l a t e s p a r t l y to the format ion of the 

^-Te^MoO^ g l a s s (F igu re 1 ) . The g l a s s - f o r m i n g tendency of Te 2Mo0^ 

(4,9) leads to an underest imate of the ex t ens ion of the 

c o m p a t i b i l i t y range of the compound. 

Among the products of the (Ce,Mo)0 system, on ly y e l l o w - g r e e n 

i s found below 450° C.; the compound occupies an 

ex t ens ive phase f i e l d up to 500°C. Above 500°C the phase 

d i s t r i b u t i o n i s more complex w i t h format ion of oi-Ce^Mo^O^ and 

Ce 2Mo 30^2 25 a t i n c r e a s i n g l y h ighe r temperatures . C e 2 M o 3 0 ^ 2 25 * s 

abundant e s p e c i a l l y at 550° and 600°C ( F i g u r e 2 ) . At 600°C, a-

Ce^Mo^O^ shows a more r e s t r i c t e d phase f i e l d i n comparison to 

C e o M o o 0 l o o c . Brown-red O.c i s formed at about 600°C as a L J il,ZD L 4 ID 
minor product under our r e a c t i o n c o n d i t i o n s . The observed 

format ion sequence of the cerium-molybdenum oxide phases agrees 

w i t h the phase r e l a t i o n s found i n the (Ce,Mo)0 sys tem(2) , even 

though the b i n a r y compounds are formed at lower temperatures i n the 

t e rna ry system. I n f a c t , whereas / 3 - C e 2 M o 3 0 1 3 i s de tec ted at 5 0 0 ° -

550°C i n (Ce ,Mo)0 , t h i s compound forms a l ready at 400°C i n the 

(Ce,Mo,Te)0 system. S i m i l a r l y , i n the b i n a r y system i n a i r 

a - C e 2 M o 4 0 1 5 and C e 2 M o 3 0 1 2 2 5 are formed at 550° and 650°C, 

r e s p e c t i v e l y , as opposed to 450°C i n the t e rna ry system. 

forms by polymorphic t r ans fo rma t ion of c v - C e ^ o ^ O ^ at 

about 650°C i n a i r i n the b i n a r y system and at a s l i g h t l y lower 

temperature i n t h i s s tudy . The absences of y - C e ^ o ^ O ^ and the 

s c h e e l i t e Ce^MoO^)^ are not s u r p r i s i n g and are i n accordance w i t h 

p rev ious data( 2^). 

Wi th regard to the phases of the (Te,Ce)0 subsystem 

( F i g u r e 3 ) , we n o t i c e that the s o l i d s o l u t i o n s a - and 0 - (Ce ,Te)O 2 
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BART ET AL. Cerium-Molybdenum-Tellurium Oxide System 

F i g u r e 2 . S ing le -phase boundaries f o r (Te,Mo)0 and (Ce,Mo)0 
phases i n the (Ce,Mo,Te)0 system between 400° and 600°C. 
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SOLID STATE C H E M I S T R Y IN CATALYSIS 

F i g u r e 3 . S ing le -phase boundaries f o r (Ce,Te)0 phases i n the 
(Ce,Mo,Te)0 system between 400° and 600°C. 
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6. B A R T E T A L . Cerium-Molybdenum-Tellurium Oxide System 95 

are both formed i n r a the r r e s t r i c t e d compos i t i ona l ranges between 

450° and 500°C. These s o l i d s o l u t i o n s are not s t a b l e at h igher 

t empera tures (7 ,10) . The T e ( V I ) - c o n t a i n i n g s c h e e l i t e Ce^(TeO^)^ i s 

formed at a temperature where ELTeO. decomposes to Te0 o (above 

4 0 0 ° C ) . The s t a b i l i t y range (up to 550°C) of t h i s w i d e l y 

d i s t r i b u t e d phase i s s l i g h t l y more r e s t r i c t e d than i n the b i n a r y 

(Te,Ce)0 system. Format ion of CeTe.O. at 550°C conforms w i t h our 
Δ Ο 

knowledge of the (Te,Ce)0 system(7). Th i s phase a l s o occupies a 

broad c o m p a t i b i l i t y range. The sequence of phase format ion w i t h 

i n c r e a s i n g temperature, namely from (Ce,Te)02 to Ce^iTeO^)^ and 

CeTe^O^, i s i n good agreement w i t h the b i n a r y s y s t e m Ç O . 

As may be seen from F igure 4 , the molybdenum- and/or 

t e l l u r i u m - r i c h t e rna ry compounds Ce^Mo^Te^O^^, Qe^io^Ze^O^, and 

Ce^Mo^Te^O^y occupy important and ex tens ive compos i t ion ranges 

w i t h i n the (Ce,Mo,Te)0 phase t r i a n g l e . The c e n t r a l p o r t i o n of t h i s 

diagram i s taken up by Ce^Mo^Te^O^,-, Ce2Mo2Te2013, and 
C e 1 0 M o 1 2 T e 1 4 ° 7 9 > t n e l a t t e r two w i t h broad c o m p a t i b i l i t y ranges. 

A l s o , some minor components are formed i n the s o l i d s t a t e 

e q u i l i b r i a of the (Ce,Mo,Te)0 system, namely Ce2Mo 3 Te20^ and 

( C e 4 M o 1 3 T e 3 0 5 1 ) . 

Under our exper imenta l c o n d i t i o n s , four of the aforementioned 

t e rna ry compounds are formed a l ready at 400°C. Amongst these i s 

( C e ^ M o ^ T e ^ O ^ ) , which occupies a s m a l l c o m p a t i b i l i t y area and i s 

not observed at h ighe r temperatures. The molybdenum-rich compound 

C e ^ M o ^ T e ^ O ^ i s s t a b l e over a broad temperature range 

( 4 0 0 ° - 5 5 0 ° C ) , and i s e x t e n s i v e l y present i n the 400° -450°C range. 

A l s o , C e 2 M o 2 T e 2 0 1 3 i s s t a b l e i n the 400°-550°C range. 

Ce^Mo^Te^QO^g i s the on ly t e rna ry compound which i s s t a b l e over 

the f u l l temperature range i n v e s t i g a t e d ; i t s phase f i e l d i s most 

ex tens ive i n the 450°-500°C temperature i n t e r v a l . 

Compounds C e 2 M o 2 T e 4 0 1 7 , C e i o M ° 1 2 T e l 4 ° 7 9 a n d C e 6 M ° 8 T e 6 ° 4 5 a r e 

a l l formed at about 450°C and are s t a b l e up to at l e a s t 600°C. 

CeyMo^&jQ^ e x h i b i t s the most ex tens ive c o m p a t i b i l i t y range of a l l 

t e rna ry compounds ( i n p a r t i c u l a r above 500°C) ; C eio M ° 1 2 T e 1 4 ^ 7 9 

f i nds i t s major ex t ens ion at 600°C. F i n a l l y , the minor phase 
C e 2 M ° 3 T e 2 ° i 6 i s formed at 500°C and i s s t a b l e up to over 600°C. 
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F i g u r e 4 . S ing le -phase boundaries f o r (Ce,Mo,Te)0 phases i n 
the temperature range between 400° and 600°C. 
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6. B A R T E T A L . Cerium-Molybdenum- Tellurium Oxide System 97 

As may be seen from F i g u r e 1, x - r a y amorphous or m i c r o -

c r y s t a l l i n e m a t e r i a l was de tec ted i n f a i r l y ex tens ive areas i n the 

phase t r i a n g l e at v a r i o u s temperatures . I n p a r t i c u l a r , many 

cerium-poor samples c a l c i n e d at 600°C show a v i t r e o u s or h i g h l y 

s i n t e r e d aspect and are dark i n c o l o u r . However, on ly i n a few 

cases comple te ly amorphous samples were observed but the regions of 

g l a s s format ion o b v i o u s l y s t r o n g l y depend on the c o o l i n g r a t e ; t h i s 

aspect was not f u r t h e r i n v e s t i g a t e d . I t appears that cons ide rab le 

amounts of (Te,Mo)0 g l a s s - l i k e m a t e r i a l (of the 3-Te 2MoO^ type) are 

formed at 550° and 600°C. We have n o t i c e d tha t the x - r a y 

s c a t t e r i n g maximum* m a x of the amorphous f r a c t i o n i n the samples 

c a l c i n e d at 600°C v a r i e s from d=3.34 Â at the molybdenum-rich s ide 

to 3.19 A at the t e l l u r i u m - r i c h s ide ( c f r . 3.33 À i n 3-Te 2 Mo0 7 and 

3.29 Â i n C e / M o 1 1 T e 1 A O c o ) . At 550°C the t e l l u r i u m - and 4 11 10 59 
molybdenum-rich amorphous m a t e r i a l s e x h i b i t maxima i n cor respon

dence to d=3.34 Â but w i t h i n c r e a s i n g cer ium c o n c e n t r a t i o n t h i s 

va lue drops to c a . 3.24 Â. A l s o , the n o n - c r y s t a l l i n e molybdenum-

r i c h f r a c t i o n at 500°C conforms to g l a s s y (Te,Mo)0 ^ ^ χ 3 * 3 . 3 3 ^) , 

but the molybdenum-poor m i c r o c r y s t a l l i n e par t at the same 

temperature ( F i g u r e 1) i s d i f f e r e n t (d =3.15 A ) . A t lower 
max 

temperatures the presence of n o n - c r y s t a l l i n e m a t e r i a l i s probably 

p a r t l y due to incomplete decomposi t ion and i n t e r a c t i o n of the 

s t a r t i n g produc ts . The ex tens ive amorphous phase format ion i n the 

c e n t r a l p o r t i o n of the phase diagram at 450°C may be due to Ce0 2 or 
C e ^ M o ^ T e ^ O ^ ^ d

m a x ~ 3 * 1 5 ^ » i n t n e cer ium-poor amorphous f r a c t i o n 
d v a r i e s from c a . 3.36 to 3.27 Â at the Mo- and T e - r i c h s i d e s , max 
r e s p e c t i v e l y . At 400°C these va lues are 3.30 and 3.19 Â, 

r e s p e c t i v e l y . At t h i s temperature, some comple te ly amorphous 

samples were found at the Ce:Mo:Te=(15-20):45:(35-40) r a t i o s . 

Desp i t e the great complex i ty of the system ( w i t h 20 d i f f e r e n t 

phases) a l l x - r a y powder spec t r a were i n t e r p r e t e d . As may e a s i l y 

be a sce r t a ined from the f i g u r e s , the proposed phase d i s t r i b u t i o n s 

p r o p e r l y account f o r the presence of each of the c a t i o n s over the 

f u l l compos i t i ona l range w i t h the excep t ion of the phase ranges 

w i t h l e s s than about 5 at% of one of the components. Th i s i s 

reasonable and corresponds to the s e n s i t i v i t y l i m i t of the x - r a y 
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98 SOLID STATE CHEMISTRY IN CATALYSIS 

method. Only i n the 400°C s e r i e s , ex t ens ive areas i n the ce r ium-

and t e l l u r i u m - r i c h ranges o f the phase t r i a n g l e do not account f o r 

the presence of Te o r Mo. Th i s i s , however, a consequence of l e s s 

complete da ta at t h i s temperature. Based on the repor ted thermo-

a n a l y t i c data f o r the new t e rna ry phases(3) , i t appears tha t below 

the TeO^-Ce^iMoO^)^ b i n a r y j u n c t u r e the l i q u i d surface descends 

s t e e p l y ; composi t ions r i c h i n MoO^ and T e 0 2

 m e ^ t a t c o n s i d e r a b l y 

lower temperatures . 

In some reac tan t mix tures as many as s i x c r y s t a l l i n e phases 

were d e t e c t e d , e . g . as i n the case of the compos i t ion 

Ce:Mo:Te=7:8:5 a f t e r c a l c i n a t i o n at 550°C f o r 8 hours . The 

presence of more phases than those permit ted under thermodynamic 

e q u i l i b r i u m i s a consequence of the incompleteness of the r e a c t i o n s 

between the components under our exper imenta l c o n d i t i o n s . I t i s 

a l s o n o t i c e d that v a r i o u s areas of the phase diagram are h i g h l y 

s e n s i t i v e to the p r epa ra t i ve c o n d i t i o n s ; e . g . the compos i t ion 

C e : M o : T e s 5 : 8 : 7 i s composed of C e 2 M o 2 T e ^ 0 1 7 , C e ^ M o ^ T e ^ O ^ and 

^ - C e ^ M o ^ O ^ a f t e r c a l c i n a t i o n at 550°C f o r 8 hours but c o n s i s t s of 

Ce^MOgTe^O^, Ce^Mo^Te^O^^ and an amorphous f r a c t i o n a f t e r 

c a l c i n a t i o n at 500°C and 550°C each f o r 8 hour s . Another t y p i c a l 

example i s g i v e n i n Table I , but v a r i o u s o ther such cases were a l s o 

encountered. Without v a r i a t i o n s i n the r e a c t i o n param-eters , the 

r e s u l t s are normal ly p e r f e c t l y r e p r o d u c i b l e . No reduced phases 

(such as reduced molybdenum oxides and TeMo^O^) were ever 

observed , as indeed expected. 

Conc lus ions 

On the b a s i s o f the s o l i d - s t a t e r e l a t i o n s h i p s of the (Ce,Mo,Te)0 

system, i t i s now p o s s i b l e to d e r i v e the phase d i s t r i b u t i o n of a 

t y p i c a l unsupported (Ce,Mo,Te)0 a c r y l o n i t r i l e c a t a l y s t w i t h the 

compos i t ion of R e f . ( 1 1 ) , as i n d i c a t e d i n Table I . The r e s u l t s 

agree w i t h previous conc lu s ions w i t h regard to the r o l e of (Te,Mo)0 

and (Te,Ce)0 oxides i n t h i s system and the most l i k e l y composi t ion 

o f the a c t i v e (Ce,Mo)0 phases ( / ? - C e 2 M o 3 0 1 3 and a - C e ^ o ^ O ^ ) 02). 

XPS r e s u l t s ( C e ( I I I ) r a the r than Ce(IV) i n the c a t a l y s t ) favour the 
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100 SOLID STATE C H E M I S T R Y IN CATALYSIS 

presence of a -Ce^Mo^O^ and l ead to a r e v i s i o n of the proposed 

oxygen content of the c a t a l y s t Q J . The absence of Ce^iMoO^)^ as a 

component i n the phase diagram i s of s i g n i f i c a n c e w i t h respec t to 

the c a t a l y s t compos i t ion and a c t i v i t y . I n f a c t , i t i s w e l l known 

tha t t h i s phase i s e s s e n t i a l l y i n a c t i v e i n s e l e c t i v e ammoxidation 

of propylene (J12 .̂ The c o m p a t i b i l i t y range of MoO^ i n the 

(Ce,Mo,Te)0 system cas t s doubt on the presence of t h i s compound as 

a s i g n i f i c a n t component of the c a t a l y s t . Th i s c o n c l u s i o n agrees 

w i t h p r e v i o u s l y presented resu l t s (2 ) and our cur ren t s tudy 

(Table I ) . 

The new f e a t u r e , d e r i v e d from t h i s work, i s the i d e n t i f i c a t i o n 

of the a c t i v e t e rna ry phase(s ) , namely C e ^ M o ^ T e ^ O ^ and/or 

C e ^ M o ^ T e ^ O ^ w i t h the l a t t e r not be ing s t a b l e much above 500°C. 

I t i s n o t i c e d that accord ing to the phase d i s t r i b u t i o n of samples 

w i t h the s t o i c h i o m e t r y of the a c t i v e c a t a l y s t , no t e l l u r i u m -

c o n t a i n i n g phase i s de tec ted by x - r a y d i f f r a c t i o n above 500°C 

(Table I ) . However, the maximum of the amorphous f r a c t i o n 

( d m a x = 3 . 3 3 A) po in t s to Ce^io^e^O^ (d f f l a x=3 .29 A ) , a compound 

which i s e a s i l y obta ined i n n o n - c r y s t a l l i n e form above 5 0 0 ° C ( 3 ) . 

The p r e v i o u s l y repor ted unknown t e rna ry oxide(2) has now been 

i d e n t i f i e d as Ce .Mo, . Te.nOcn. There fo re , i t i s l i k e l y tha t the 4 11 10 59 ' J 

a c t i v e phase of the (Ce,Mo,Te)0 ammoxidation c a t a l y s t c o n s i s t s of 

an Qf -Ce^Mo^O^- r i ch mix tu re c o n t a i n i n g C e ^ M o ^ T e ^ O ^ g . 

I n e v a l u a t i n g our r e s u l t s and conc lus ions i n r e l a t i o n to the 

i n d u s t r i a l c a t a l y s t Q ) , an account should a l s o be taken of the 

e f f e c t of the s i l i c a suppor t , which has not been cons idered here 

and ye t i s l i k e l y to p l ay a r o l e . I n f a c t , as shown 

p r e v i o u s l y ( 7 , 1 0 ) , the phase d i s t r i b u t i o n of the (Te,Ce)0 system 

d i f f e r s from tha t of the (Te ,Ce)0 /S i02 system at the same 

a c t i v a t i o n temperature due to the d i l u t i o n and i n t e r a c t i o n e f f e c t 

which a f f e c t s the r e s p e c t i v e format ion ra tes and s t a b i l i t y ranges 

of the v a r i o u s phases. In f a c t , from x - r a y d i f f r a c t i o n data of a 

f r e s h SiO^-suppor ted a c t i v e t e rna ry phase, the fo rmat ion of some 

CeO^ i s i n f e r r e d , con t r a ry to the r e s u l t s of the unsupported 

system. For these reasons , a d d i t i o n a l s p e c t r o s c o p i c and c a t a l y t i c 
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6. BART ET AL. Cerium-Molybdenum-Tellurium Oxide System 101 

act iv i ty studies are necessary to confirm our suggestions with 

regard to the nature of the active phases contained in the 

industrial (Ce,Mo,Te)0/Si0 catalyst. 
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7 
Molybdate and Tungstate Catalysts for Methanol 
Oxidation 

C. J. MACHIELS, U. CHOWDHRY, W. T. A. HARRISON, and A. W. SLEIGHT 

Central Research & Development Department, Experimental Station, Ε. I. du Pont de Nemours 
and Company, Wilmington, DE 19898 

e ferric, chromium and aluminum molybdates as well 
as complete series of solid solutions of iron-chromium 
and iron-aluminum molybdates were synthesized using a 
solution technique to ensure obtaining pure, single 
phase, homogeneous powders. The surface area of these 
molybdates varied from 5 to 15 m2/g and homogeneity 
was confirmed using scanning transmission electron 
microscopy. The selective oxidation of methanol to 
formaldehyde was studied over these pure and mixed 
molybdates. No significant differences were observed 
between the phases in specific activity, selectivity, 
and kinetic parameters. 

The most selective catalysts for the oxidation of methanol to 
formaldehyde are molybdates. In many commercial processes, a 
mixture of ferric molybdate and molybdenum trioxide is used. 
Ferric molybdate has often been reported to be the major 
catalytically active phase with the excess molybdenum trioxide 
added to improve the physical properties of the catalyst and to 
maintain an adequate molybdenum concentration under reactor 
conditions(1,2). In some cases, a synergistic effect is claimed, 
with maximum catalytic activity for a mixture with an Fe/Mo ratio 
of l . T(3). A defect solid solution was also proposed(55) » Aging 
of a commercial catalyst has been studied using a variety of 
analytical techniques(h) and it was concluded that deactivation 
can largely be accounted for by loss of molybdenum from the 
catalyst surface. 

In this laboratory, the mechanism of methanol oxidation 
over molybdate and tungstate catalysts has been studied using a 
variety of techniques. Steady state and pulse reactor studies 
using labeled reactants have established that methanol conversion 
to formaldehyde is a redox reaction with lattice oxygen being 
involved(6). A kinetic isotope effect has recently been 
reported (J}, and i t shows that the rate limiting step in the 
reaction sequence is removal of a hydrogen from the methyl group. 
Fourier transform infrared studies have shown that a methoxy, 

0097-6156/85/0279-0103$06.00/0 
© 1985 American Chemical Society 
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CH3O, group i s a surface intermediate during the reaction(53.), 
and temperature programmed reaction studies have elucidated the 
nature of surface reactions and have allowed estimation of the 
number of c a t a l y t i c a l l y active sites on powder surfaces(8). 

In this paper, we w i l l discuss results of the oxidation of 
methanol over a series of molybdates including s o l i d solutions of 
f e r r i c , chromium and aluminum molybdates and also over a new 
fe r r i c tungstate phase. The mixed molybdates of iron/chromium, 
iron/aluminum and chromium/aluminum were made for the f i r s t time i n 
pure well-characterized forms. Results are compared with our 
e a r l i e r work over commercial mixtures of f e r r i c molybdate and 
molybdenum trioxide and a number of pure molybdates{6). 

There i s a voluminous body of li t e r a t u r e i n patents(9~19)> 
papers(20-27) and reports(28-3*0 on the preparation and ca t a l y t i c 
properties of the methanol oxidation catalyst, often without 
detailed reference to the chemical composition of the products. 
Indeed, early investigations(35~3T) suggested that no compound 
was formed i n the reaction between Fe2Û3 and M0O3. However, 
Kozmanov et a l . (38~̂ ) have since prepared the pure iron ( i l l ) 
molybdate, FegiMoOl^, by s o l i d state reaction of a stoichiometric 
mixture of iron and molybdenum oxides at T00°C. Jager(kO) 
reported the formation of a bright green compound, while Nassau 
et al.(4l), i n their detailed study of t r i v a l e n t molybdates, 
reported a tan compound prepared with careful annealing of the 
oxides at 600°C. X-ray powder measurements by Nassau(4l) and 
Trunov and Kovba(^3) suggested that Fe2(Mo0l|)3 c r y s t a l l i z e d i n an 
orthohombic space group, while an early single c r y s t a l study by 
Klevtsov and co-workers(k^-kl) reported the c r y s t a l symmetry to be 
monoclinic. Despite contradictory reports(kQ), centric monoclinic 
i s now the accepted structure of the room temperature phase of 
Fe2(Mo0i|)3 as confirmed by Chen(^9) i n th i s labgratory. The space 
group i s P2i/a with a=15.707, b=9.231, c=l8.204A, and 3=125.25°. 
The structure consists of a rather open 3-dimensional network of 
corner sharing FeO£ octahedra and MoOlj. tetrahedra, with four 
crystallographically different iron sites which lead to some novel 
low temperature magnetic properties(50~51). 

Sleight arid Brixner(52) have shown the presence of a 
ferroelastic phase-transition at 499°C between a low-temperature 
monoclinic and high-temperature orthohombic phase on the basis of 
DSC measurements. 

Many studies have been made of solution phase preparations of 
the f e r r i c molybdate system. Aruanno and Wanke(5^) used a 
preparation from f e r r i c chloride and ammonium heptamolybdate 
solutions, following the work of Shelton et a l . ( i l ) . This has been 
developed by I t a l i a n workers under Pernicone(55) into the 
Montedison process(56-60); they made an interesting s t a t i s t i c a l 
study of the precipitation stage(6l). Pernicone suggests that 
excess M0O3 may be incorporated into the Fe2(Mo0^)3 lattice(55) 
modifying the cataly t i c properties; however, not a l l workers are i n 
agreement with this proposal(6,62). 

Boreskov et a l . (63,64) used Fe(N03)3 and (ΝΗΐ^ζΜογΟ^ solutions 
to prepare a precipitate and a number of other workers have 
followed this procedure i n d e t a i l . In particular, T r i f i r o and 
co-workers(65) have explored this route. Their method involves 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

13
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
27

9.
ch

00
7

In Solid State Chemistry in Catalysis; Grasselli, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



7. M A C H I E L S E T A L . Molybdate and Tungstate Catalysts 105 

a novel aging procedure of recovering the s o l i d i n the mother 
liquor at 100°C for a few hours(66,67) to control the Fe:Mo r a t i o 
i n the f i n a l product. 

Another solution method prepares an amorphous hydrated 
molybdate from Na2Mo0i| and Fe( 1̂ 03)3 solutions ( 55 ), following the 
method of Kerr et al.(68) to produce a product with a precisely 
defined iron to molybdenum r a t i o . Ferric molybdate has been 
prepared from gels involving f e r r i c nitrate and ammonium 
heptamolybdate/hydrogen peroxide solutions by Tsigdinos and 
Swanson(69). A l l of these solution methods involve stages of 
drying and calcining the i n i t i a l precipitate to achieve the f i n a l 
product; f u l l details are given i n the respective references. 
Single crystals of Fe2(Mo0i|)3 may be prepared hydrothermally 
following the work of Klevtsov(70) and Marshall(7l). 

Aluminum molybdate, AlgiMoOii^ was f i r s t prepared by Doyle 
and Forbes (72) quickly followed by other workers (1+1,73). DSC 
measurements by Sleight(52) indicate the structure to be 
monoclinic below 200°C.; the structure i s isomorphous with chromium 
molybdate(Ul). 

There have been few studies on mixed compounds of iron, 
chromium and aluminum molybdates. Abidova and co-workers(7^-75) 
made a somewhat inconclusive study on the mixed Fe/Al/Mo oxide 
system. Based on DSC and reflectance measurements on the ' 
2-component systems, they concluded that the 3-component mixture 
would be a complex multiphase system. Another study(76) used 
co-precipitation of iron and chromium nitrates and ammonium 
heptamolybdate. However, their Mossbauer effect data suggested 
inhomogeneity i n the f i n a l product. 

One other notable method has been used i n the preparation of 
mixed tr a n s i t i o n metal molybdates, amongst many other oxide systems. 
This novel method(77) involves preparation of the mixed metal 
oxides via an amorphous precursor such as a ci t r a t e s a l t of the 
appropriate metals, and then thermal decomposition of the complex 
to y i e l d the resulting mixed oxides. The experimental procedures 
are described i n four French patents(78-81), giving details of many 
different preparations including a proposed M0O3 r i c h , chromium 
doped iron molybdate, prepared as a possible selective oxidation 
catalyst. 

Catalyst Preparation 
For the iron/aluminum series, preparations from mixtures of the 
oxides Fe203, AI2O3 and M0O3 or from the nitrates Fe(NC>3)3, 
Al(NC>3)3 and the ammonium molybdate f a i l e d as did preparations 
from mixtures of the end-member molybdates, Fe2(M0O1O3 and 
A ^ M o O l ^ . A l l the products had very poor homogeneity as 
determined by semi-quantitative a n a l y t i c a l electron microscopy; 
similar results were experienced over the entire range of 
composition for x=0-2 i n Fe2-xAlx(Mo0i+)3. Pelleted preparations 
f i r e d at 700°C for several weeks showed no improvement i n 
homogeneity with time. Samples f i r e d at up to 1000°C lost M0O3 
as indicated by the presence of Fe2Û3 x-ray lines i n Guinier 
photographs, but s t i l l without noticeable improvement i n product 
homogeneity. A composition range no better than + 20 percent i n χ 
was the best obtained. 
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Precipitation methods from solution of the tr i v a l e n t metal 
nitrates and ammonium heptamolybdate were also attempted. The 
method was successful for f e r r i c molybdate following the aging 
method of T r i f i r o et al.(66) to produce a precipitate of the 
correct stoichiometry. I t was notable that after this aging 
process, but before annealing, the dried precipitate showed some 
c r y s t a l l i n i t y , but atomic absorption measurements showed an excess 
of oxygen, presumably indicating most of the precipitate was 
hydrated. Annealing i n a i r at 400°C just above the temperature at 
which the last water of hydration i s lost for 2h hours was found 
to produce a good Fe2(Mo0i|)3 x-ray pattern without any observable 
contamination by M0O3 or Fe2Û3. Similar results were experienced 
for mixed molybdates doped with small amounts of chromium and 
aluminum but those preparations containing more than 25$ of dopent 
showed M0O3 contamination when examined by x-ray d i f f r a c t i o n and 
the method f a i l e d to produce the desired result for chromium or 
aluminum. I t appears that the iron molybdate i s preferentially 
formed at low pH values ( t y p i c a l l y 1.5 i n these cases) while the 
chromium or aluminum ion remains i n solution. Attempts to modify 
the pH of the solution by the addition of NĤ OH had l i t t l e effect 
on the resulting products which were s t i l l heavily contaminated 
with M0O3. Even for those samples doped with small amounts of A l 
or Cr, x-ray microanalysis showed poor product homogeneity as with 
the s o l i d state .preparations. 

By far the most successful method of preparation was v i a an 
amorphous organic precursor to the required mixed molybdates, 
following the method of Delmon et al.(77). The method has proved 
successful for the pure iron, chromium and aluminum molybdates, 
and also for the mixed phases. A detailed outline of the method 
taking the example of FeCrdyioOi^ i s as follows: 

i ) ll.UUg (2.83xl0 - 2 moll of f e r r i c nitrate hydrate, 
Fe(N03)3«9H20 was dissolved i n lOOcc of d i s t i l l e d water at room 
temperature resulting i n a yellow solution. 

i i ) 11.3Ug (2.83xl0" 2 mol) of chromium nitrate hydrate, 
0(1103)3.9Η2θ was dissolved i n lOOcc of d i s t i l l e d water at room 
temperature resulting i n a dark blue solution. 

i i i ) The iron and chromium solutions were mixed resulting i n a 
blue solution, pH ca. 1.5 to which 20g (9.5xl0~ 2 mol) of c i t r i c 
acid monohydrate Ο^ΗβΟτ-Ι^Ο was added, and s t i r r e d to dissolve. 

iv) 15g (1.21x10"2 m o l ) of ammonium heptamolybdate hydrate, 
(ΝΗΐ|)6Μογθ2ΐ|.^Η2θ was dissolved i n 200cc of pure water resulting 
i n a clear solution. 

v) The molybdate solution was added to the nitrate solution; 
no precipitate formation was observed and the result was a blue 
solution. 

v i ) This solution was dried on a steambath overnight, to a 
blue-green glass and thi s was transferred to a vacuum oven at T0°C 
for 1 hour to complete the drying of the precursor. The resulting 
glass i s very hygroscopic gaining a sticky appearance i n only a 
few minutes. 

v i i ) The precursor was ground to a green powder. X-ray 
d i f f r a c t i o n indicated that i t was t o t a l l y amorphous. 

v i i i ) The precursor was calcined at 400°C for 2k hours i n a i r . 
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X-ray d i f f r a c t i o n indicated a cr y s t a l l i n e molybdate pattern without 
contamination; the product was a yellowish powder. 

The procedure i s discussed i n d e t a i l by Delmon et al.(82-8U). 
The c r u c i a l step appears to be the rapid dehydration of the 
starting solution before any of the components can c r y s t a l l i z e out 
of solution separately. Delmon(85) suggests that a rotary vacuum 
evaporation would be an effective method of drying the precursor. 
The actual structure of the precursor i s not well defined, but 
appears to require at least one equivalent of c i t r a t e ion per mol 
of metal ion(83), as presumably the c i t r a t e complexes a l l the metal 
species i n solution. The resulting powder patterns, after 
annealing, indicated no contamination. Delmon(83) suggests that 
any multifunctional acid containing at least one carboxyl and one 
hydroxyl function may be effective. Experiments with t a r t a r i c acid 
on the iron/chromium system produced results similar to c i t r i c 
acid; a calcination temperature of 500°C was necessary before 
c r y s t a l l i z a t i o n occurred. 

The preparation of the new f e r r i c tungstate phase has been 
described previously(j). I t i s schematically shown i n Figure 1. 

Catalyst Characterization 

A continuous range of s o l i d solution, such as the series 
Fe2-xCrx(Mo0l|)3 provides a good opportunity for the quantitative, 
comparison of two an a l y t i c a l techniques - " c l a s s i c a l " atomic 
absorption analysis and x-ray microanalysis. X-ray microanalysis 
of t h i n samples using scanning transmission electron microscopy has 
become an effective quantitative technique i n the la s t few 
years(86), as opposed to the well-known electron microprobe 
analyses of bulk specimens(87). 

A l l the work described below was carried out on a Vacuum 
Generators HB501 instrument with an accelerating voltage of lOOkV, 
and at a t y p i c a l magnification of 1 m i l l i o n . Powdered samples 
were dispersed onto carbon coated 3mm copper grids from a 
suspension i n water, which led to a satisfactory dispersion over 
the grid. Particles analyzed measured no more than 1000A i n size 
whenever possible, to minimize absorption effects, and those 
particles lying near the center of grid-squares were selected to 
minimize the intensity of the background CuKa emission peaks due 
to the grid. The chromium, iron and molybdenum K a lines were 
used i n the analysis, their average energies being 5«^3, 6.̂ 3 and 
17.50 KeV respectively. The MoLa l i n e was not selected for the 
quantitative analysis due to the high Bremsstrahlung background at 
low energy, and hence the d i f f i c u l t y i n estimating an accurate 
background subtraction. At low energy, there are also absorption 
effects due to the beryllium detector window, and for th i s reason, 
the r e l a t i v e l y feeble Α1Κα peak may give unreliable quantitative 
results when only a small quantity of A l i s present. Thus, i n th i s 
study, the Fe/Al and Cr/Al molybdates were not examined by x-ray 
microanalysis. For each sample investigated, at least 30 
cr y s t a l l i t e s were examined, and the resulting x-ray emission 
spectra were analyzed using standard Kevex software; background 
subtractions were made automatically, and peak intensity ratios 
were calculated. For each sample, a histogram of the Fe:Mo and 
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Cr:Mo ratios was plotted to ensure that the material was 
homogeneous and of single phase(86). There was a remarkable lack 
of impurity phases; i n particular, M0O3 was notable by i t s absence. 
F i n a l l y , Cliff-Lorimer K^y values were determined for the pure iron 
and chromium molybdates, and the Fe:Mo and Cr:Mo ratios across the 
series were obtained. The x-ray microanalysis results are plotted 
i n Figure 2. 

Atomic absorption measurements were carried out by Galbraith 
Laboratories, Inc. These are plotted i n Figure 3. In general, 
both methods are i n excellent agreement with the predicted results. 
The x-ray results show that a s o l i d solution exists across the 
whole range of composition of χ i n Fe2-xCrx(Mo0l+)3, rather than any 
mixture of phases. Independent comparison of both sets of results 
with the theoretical values for each compound shows the x-ray 
results to be the closest to the predicted values, with a t y p i c a l 
accuracy of + 1 per cent compared to an estimated + 3 per cent for 
the atomic absorption measurements. 

The par t i c l e size of some of the mixed molybdates produced by 
the c i t r i c acid technique were determined using a Micromeritics 
"Sedigraph" instrument. The average p a r t i c l e size i s quite large -
in each case, the median pa r t i c l e size i s about 20pm. Scanning 
electron micrographs of gold-coated samples suggest that this i s a 
good approximation, many of these larger particles being 
agglomerates. 

Surface areas were recorded for the whole series of each s o l i d 
solution by the standard N2 B.E.T. method. The results are l i s t e d 
i n Table I . Especially notable are the r e l a t i v e l y high surface 
area of those compounds r i c h i n aluminum and Al2(Mo0i|)3 i t s e l f . 
Such values are considerably higher than by previously attempted 
methods. 

Table I 
gurfaçg Areag of MoXybdateg 

n 2 / g 

Fe2(MoO]+)3 7 
Al2(Mo0lÔ3 lh 
Cr2(Mo04)3 Τ 
Fe 2 - X A 1 X ( Μο01+ ) 3 2-17 
Fe 2- xCr x ( MoOl! ) 3 k-13 
Cr2-xAlx(Mo04)3 8-l6 

x=0.0 - 0.2 - O.k 2.0 

A l l these molybdates are isostructural with f e r r i c molybdate 
with an open 3-dimensional network of MO5 octahedra and MoOi| 
tetrahedra. A ferroelastic t r a n s i t i o n exists from the low 
temperature monoclinic form to the high temperature orthorhombic 
form. The tr a n s i t i o n temperature varies from 200 C for pure 
aluminum molybdate to 385 C for pure chromium molybdate and 500 C 
for pure f e r r i c molybdate. For the mixed molybdates, the t r a n s i t i o n 
temperature was found to be a linear function of composition as i s 
i l l u s t r a t e d i n Figure k for the mixed iron-aluminum molybdates. 
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Na2W04 . 2 H 20 
AQUEOUS SOLUTION 

YELLOW PRECIPITATE I Τ 
DRY 
WASH 
DRY 
WASH 
DRY 

AMORPHOUS POWDER 

I Calcination 

CRYSTALLINE Fe 2 (W04)3 

F i g u r e 1. P r e p a r a t i o n Steps of F e r r i c Tungstate Phase, 

0.7 ρ 1 1 1 1 1 1 1 1 r 

Mol Percent Cr 

F i g u r e 2 . X-ray M i c r o a n a l y s i s f o r Fe/Cr Molybdate 
Samples* 

Fe 2 (N0 3) 3 . 9 H 20 
AQUEOUS SOLUTION 
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20 ι 1 1 1 1 1 1 1 ι 

0 20 40 60 80 100 
Mol Percent Cr 

F i g u r e 3 . A t o m i c A b s o r p t i o n f o r F e / C r M o l y b d a t e 
S a m p l e s . 

DSC TRANSITION TEMPERATURES 

Monoclinic — Orthorhombic 

°C 

25 50 76 
Ft 2(Mo0 4) 3 AI2(Mo04)3 

F i g u r e 4 . P h a s e T r a n s i t i o n T e m p e r a t u r e f o r F e / A l 
M o l y b d a t e S a m p l e s , 
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Methanol Oxidation 

The three pure molybdates, the f e r r i c tungstate, and the mixed 
molybdates with a 1/1 cation r a t i o were tested as catalysts for 
methanol oxidation i n a continuous flow reactor with external 
recycle. The equipment and technique were described previously(6); 
d i f f e r e n t i a l rate and s e l e c t i v i t y data were obtained. The mixed 
chromium-aluminum sample had very poor mechanical properties ; no 
recycle could be used as a result of excessive pressure drop over 
the catalyst bed. The f e r r i c tungstate sample showed behavior 
quite different from that of the molybdate, results are shown i n 
d e t a i l elsewhere(T). The rate of reaction of methanol to 
dimethylether was the same over both the tungstate and the 
molybdate phases, but the reaction rate to formaldehyde was twenty 
times larger over the molybdate than over the tungstate. As a 
res u l t , the product di s t r i b u t i o n was different for the tungstate 
with dimethylether being the main product. Product distributions 
for the three pure molybdates and the mixed molybdates were a l l 
similar to those obtained previously for the commercial methanol 
oxidation catalyst and various other molybdate phases(6h Figures 
5 and 6 i l l u s t r a t e this product di s t r i b u t i o n for the mixed iron-
aluminum phase, s e l e c t i v i t i e s are plotted over a range of methanol 
conversion of 20-90%. S e l e c t i v i t y to formaldehyde can be increased 
to over 90% by running at higher temperature, i n a single pass 
configuration and by adding water to the feed. 

Kinetics of the reaction were determined by varying the 
p a r t i a l pressures of oxygen, water, and methanol as well as the 
temperature. Other p a r t i a l pressures were kept nearly constant; 
nitrogen was the diluent. Kinetic observations also were similar 
as previously reported(6} as i s i l l u s t r a t e d i n Figures 7, 8 and 9 
for different phases. The methanol reaction rate was nearly 
independent of the oxygen p a r t i a l pressure, except at very low 
oxygen pressures i n the reactor i n which case the catalyst begins 
to be reduced. I t was shown previously^) that a reduced catalyst 
i s much less active. The reaction rate has a positive 
dependence on methanol p a r t i a l pressure, but the reaction i s 
inhibited by the addition of water. Water does however increase 
s e l e c t i v i t y to formaldehyde at the expense of dimethoxymethane, 
methylformate and dimethylether. 

The kinetic data are f i t t e d well by a power rate expression, 
parameters are shown i n Table I I . They are i n the expected ranges 
with apparent activation energies ranging from 18 to 20 kcal/mol. 
In order to compare the a c t i v i t y of the various phases, turnover 
numbers were calculated at the following conditions: 250 C, 
150 t o r r oxygen and hO t o r r methanol p a r t i a l pressure. These 
turnover numbers are expressed as molecules of methanol reacting 
per surface molybdenum atom and per second; they are l i s t e d i n 
Table I I I . Clearly there i s l i t t l e difference i n a c t i v i t y between 
the pure and mixed phases studied here and their a c t i v i t y i s about 
equal to that of a commercial mixture of f e r r i c molybdate and 
molybdenum tri o x i d e . Pure molybdenum trioxide i s less active by 
about a factor 3, but we have shown by TPD studies that the 
predominant (010) phase of molybdenum trio x i d e does not chemisorb 
methanol(Q). In comparison, various bismuth molybdate phases that 
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.80 I 1 1 1 1 1 1 1 —τ r 

MeOH Conversion 

DMM = dimethoxymethane 

DME = dimethylether 
MF = methyl formate 

F i g u r e 5&6. Product D i s t r i b u t i o n v e r s u s F r a c t i o n a l 
Methanol C o n v e r s i o n f o r FeAl(Mo04)3« 
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6.0 ι 1 1 1 Γ 

0.o « 1 —I 1 " » 
0 85 170 255 340 425 

0 2 Partial Pressure (torr) 

F i g u r e 7. R e a c t i o n Rate of Methanol (10"~ 6 moles/sec, 
g. c a t a l y s t ) v e r s u s Oxygen P a r t i a l P r e s s u r e f o r 
Fe2(Mo04)3, 

MeOH Partial Pressure (torr) 

F i g u r e 8. R e a c t i o n Rate of Methanol v e r s u s Methanol 
P a r t i a l P r e s s u r e f o r FeAl(Mo04)3* 
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are well known selective oxidation catalysts for other reactions 
are much less active for methanol oxidation. 

Table I I . Power Rate Law Parameters 

E a Apparent Reaction Orders 
kcal/mol [02] [MeOH] [H20] 

Fe2(Mo0l|)3 19.0 0.17 0.58 
Al2(MoOl+)3 18.U 0.26 0.U0 
Cr^MoO^h 17.9 0.20 0.U7 
FeAltMoOl^ 20.3 0.16 0Λ9 -0.58 
FeCr(Mo04)3 19.2 0.15 O.hl -0.55 

Table I I I . Turnover Numbers 

Molecules of MeOH Reacted Per Second, Per Surface 
Molybdenum Atom at: 250°C 

150 t o r r 0 2 

kO t o r r MeOH 

Fe2(Mo0i^)3 0.05 
Al 2 ( M o 0 l ^ ) 3 0.03 
Cr2(Mo0lJ3 0.08 
FeAliMoOi!^ 0.06 
FeCr(Mo0l|)3 0.06 

M0O3 0.02 
Mo03/Fe2(MoOl^3 0.06 
Bi2Mo0£ 0.003 
Bi2Mo209 0.009 
Bi2(Mo04)3 0.007 
Bi^ ( M o 0 i l ) 2 ( F e 0 i + ) 0.01 

Figure 10 shows a schematic representation of the reaction 
mechanism over molybdenum tri o x i d e . There i s competitive 
dissociative adsorption of methanol and water on molybdenum s i t e s . 
The slow step i n the sequence i s the breaking of a carbon-hydrogen 
bond i n the methyl group of the surface methoxy(5) . Dimethylether 
when fed over the catalyst with water does not react either to 
methanol or other products up to 300 C. This implies that the 
ether does not adsorb dissociatively as methoxy groups. 
Dimethoxymethane and methyl formate when fed over the catalyst with 
water react quantitatively at temperatures as low as 150 C. 
Dimethoxymethane gives methanol and formaldehyde i n a 2/1 r a t i o 
with this r a t i o decreasing at higher temperature. Methylformate 
gives methanol and CO i n a 1/1 r a t i o with the methanol reacting 
further at temperatures above 200 C. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

13
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
27

9.
ch

00
7

In Solid State Chemistry in Catalysis; Grasselli, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



MACHIELS ET AL. Molybdate and Tungstate Catalysts 

F i g u r e 9. R e a c t i o n Rate of Methanol v e r s u s Water 
P a r t i a l P r e s s u r e f o r FeCr^004)3. 

H 
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DME 

H 
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Mo — 0 ~ Mo 
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F i g u r e 10. Schematic R e p r e s e n t a t i o n of the R e a c t i o n 
Mechanism , 
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8 
Characterization of Vanadium Oxide Catalysts 
in Relation to Activities and Selectivities for Oxidation 
and Ammoxidation of Alkylpyridines 

ARNE ANDERSSON and S. LARS T. ANDERSSON 
Department of Chemical Technology, Chemical Center, Lund Institute of Technology, 
P.O. Box 124, S-221 00 Lund, Sweden 

ESCA, XRD, IR, SEM and ESR were used to characterize 
the composition and structure of V-Ti-O catalysts, in 
both precursors and activated forms. Precursors 
consist at low V/Ti ratios of non-stoichiometric 
rutil e containing Ti3+ and V4+ and with VO2+ on the 
surface. With increasing V/Ti ratios V i s dissolved up 
to 6 atom % and V4+ clusters are formed in the r u t i l e . 
Excess vanadium forms non-stoichiometric V2O5 crystals 
on the surface of the 25 µm r u t i l e particles, which at 
higher concentrations are completely embedded. Cata
lysts activated by reduction additionally contain 
non-stoichiometric V6O13 and V2O4 in amounts increas
ing with decreasing V/Ti ratios. Isolated V4+ ions in 
the vanadium oxides also increase in concentration. 
The catalytic performance of these catalysts in 
oxidation and ammoxidation of some alkylpyridines i s 
discussed. 

The V-Ti-0 system has been extensively studied in connection with 
catalytic oxidation and ammoxidation reactions of aromatic hydrocar
bons. Two principally different types of catalysts can be dis
tinguished. One type of catalyst is prepared by impregnation, 
precipitation or mixing of the vanadium and titanium phases followed 
by calcination in air below the melting point of Vo°s (1-4). The 
simultaneous reduction of ν ?0 and transformation of AIO^ (anatase) 
into r u t i l e when heating Below the V 20^ melting point has been 
demonstrated to be due to topotactic reactions (5). The formation of 
lower vanadium oxides can be of importance, because i t has been 
found that reduced phases determine the activity and selectivity of 
catalysts (6,7). 

Another type of V-Ti-0 catalyst is prepared by mixing V ^ and 
TiO ? (anatase) phases, followed by heating the mixture above the 
melting point of V 20 (8,9). Clauws and Vennik (10) have found a 
defect, associated with oxygen vacancies, by studying the optical 
absorption of V O. crystals. The same defect was found in TiO^-pro-
moted V 20 5 crystals (11), but the intensity was greatly enhanced. 

0097-6156/85/0279-0121$06.25/0 
© 1985 American Chemical Society 
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T h i s shows the importance of the i n c o r p o r a t i o n of T i i n c r e a t i n g 
oxygen v a c a n c i e s . 

The c a t a l y s t s d e a l t w i t h i n t h i s p r e s e n t a t i o n belong to the 
second type of c a t a l y s t s desc r ibed above. They have been c h a r a c t e r 
i z e d by means of XRD, ESCA, ESR, SEM and IR methods. 

I t has been desc r ibed i n patents tha t ammoxidation c a t a l y s t s 
can be a c t i v a t e d by treatment w i t h ammonia and/or hydrogen (12) or 
w i t h carbon monoxide (13) . There fo re , both p recur so r s and reduced 
c a t a l y s t s w i l l be cons idered i n t h i s p r e s e n t a t i o n . I t w i l l be shown 
tha t the performance of the c a t a l y s t s are r e l a t e d to t h e i r cha rac 
t e r i s t i c s . The adsorbed s t a t e of r eac tan t s w i l l a l s o be d i s c u s s e d . 

Methods 

A c t i v i t y measurements. The measurements were performed at atmos
p h e r i c pressure i n a g l a s s r e a c t o r . A thermocouple was p o s i t i o n e d i n 
the center of the r e a c t o r . In the ammoxidation of 3 - p i c o l i n e , the 
i n l e t r e a c t i o n mix tu re was admit ted at a r a t e of 32 l i t e r s / h r and 
conta ined 232-254 moles of a i r , 13-14 moles of ammonia, and 56-62 
moles of water vapor fo r each mole of 3 - p i c o l i n e . The r e a c t i o n was 
u s u a l l y performed i n the temperature i n t e r v a l 300-400 C. In the 
o x i d a t i o n of MEP ( 2 - m e t h y l - 5 - e t h y l p y r i d i n e ) the molar r a t i o s of 
O^/MEP and steam/MEP^ were 75 and 175 r e s p e c t i v e l y , and the space 
v e l o c i t y was 7000 h . In ammoxidation s t ud i e s prereduced c a t a l y s t s 
were used and the measurements e x t r a p o l a t e d i n time to g ive da ta at 
the s t a r t of the r e a c t i o n . In o x i d a t i o n s tud i e s unreduced c a t a l y s t s 
were used and the da ta were obta ined at the steady s t a t e . 

XRD. X-Ray d i f f r a c t i o n ana lyses were c a r r i e d out on c a t a l y s t s by a 
P h i l i p s X - r a y d i f f r a c t i o n instrument u s i n g a PW 1310/01/01 generator 
and Cu Κα r a d i a t i o n . 

IR . The i n f r a r e d spec t r a were recorded on a P e r k i n - E l m e r 580B 
spectrophotometer connected to a da ta s t a t i o n from the same manufac
t u r e r . The KBr d i s c method was used . The spec t r a were s to red on 
d i s k s and t r a n s f e r r e d to a T e k t r o n i x 4051 computer f o r e v a l u a t i o n . 

ESCA. ESCA measurements were performed on an ΑΕΙ ES 200B e l e c t r o n 
spectrometer equipped w i t h an Al-anode (1486.6 e V ) . The f u l l w i d t h 
a t h a l f maximum (FWHM) of the Au 4 f y 2 l i n e was 1.8 eV. Sample 
charg ing was c o r r e c t e d f o r w i t h the 0 Is l i n e at 529.6 eV, which has 
been shown to be a s u i t a b l e method i n t h i s system (14 ) . 

For the q u a n t i t a t i v e a n a l y s i s c a l i b r a t e d s e n s i t i v i t y f a c t o r s , 
ob ta ined from pure o x i d e s , were used . These were 0 Is s 1, T i 
2 p 3 / 2 = 1.37 and V 2 p 3 / 2 = 2 .17 . 

ESR. A V a r i a n E-3 spectrometer was used f o r the ESR s t u d i e s . In the 
q u a n t i t a t i v e measurements a c a l i b r a t e d V 2 0 / T i 0 2 sample was run 
between each c a t a l y s t . The e r r o r i n these r e l a t i v e measurements was 
l e s s than 10 %. For the c a l i b r a t e d V

2

( \ / T i 0 2 s a m P l e t n e s P i n concen
t r a t i o n was determined to w i t h i n 3Ό % accuracy by c a l i b r a t i o n 
aga ins t a CuS0^ e 5H 0 s i n g l e c r y s t a l . T h i s measurement, and measure
ments f o r some or the samples, were performed on a V a r i a n E9 
equipped w i t h a d u a l c a v i t y . The g-va lues were measured w i t h i n 
±O.002 . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

13
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
27

9.
ch

00
8

In Solid State Chemistry in Catalysis; Grasselli, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



8. A N D E R S S O N A N D A N D E R S S O N Characterization of Vanadium Oxide Catalysts 123 

SEM. Scanning e l e c t r o n m i c r o s c o p i c i n v e s t i g a t i o n s were performed 
w i t h a J e o l JSM-U3 o r an ISI-100A ins t rument . 

C a t a l y s t p r e p a r a t i o n . The c a t a l y s t s were prepared by hea t i ng V^O^ 
and TiO^ (anatase) powders i n a Q q u a r t z c r u c i b l e i n a h i g h tempera
tu re oven f o r 3 h r s at 1150-1250°C. The fused c a t a l y s t s were d i v i d e d 
i n t o s m a l l p a r t i c l e s , and the O.71-1.41 mm f r a c t i o n was used i n the 
a c t i v i t y measurements. A c t i v a t e d c a t a l y s t s were prepared bv r e 
d u c t i o n of the p recur so r s i n 1 atm of hydrogen f o r 1 h r at 450 C . 

R e s u l t s and D i s c u s s i o n 

C a t a l y s t P recu r so r 

XRD. X-Ray d i f f r a c t i o n pa t t e rns of the p recur so r s were composed of 
the pa t t e rns of V 2 0 and TiO ( r u t i l e ) , except f o r the O.5 and 1.0 
mole % V^O^ c a t a l y s t s f o r which o n ly T iO^ l i n e s were observed (15) . 
P recu r so r s w i t h more than 50 mole % V^O. a l s o conta ined ve ry s m a l l 
amounts of T i O ? (ana tase) . Scanning of the l i n e s i n the b a c k - r e f l e c 
t i o n r e g i o n , ΖΘ = 115-142 degrees , showed tha t there was a s m a l l 
s h i f t of the T iO^ l i n e s . The l a t t i c e constants of the r u t i l e phase 
of T iO^ were c a l c u l a t e d . Cohen's l e a s t - squa re s method o f e l i m i n a t i n g 
e r r o r s was used (16) . The r e s u l t s are g iven i n Table I . The u n i t 
c e l l dimensions of the c a t a l y s t r u t i l e phase has changed ma in ly i n 
the a d i r e c t i o n . The l eng th of the u n i t c e l l i n the ĉ  d i r e c t i o n was 
p r a c t i c a l l y the same as tha t of pure r u t i l e . Bond and coworkers have 
ob ta ined the same r e s u l t ( 4 ) ^ The c o n t r a c t i o n o f the u n i t c e l l can 
be due to i n c o r p o r a t i o n of V i n the T iO^ phase. No changes of the 
l a t t i c e parameters of the vanadium p e n t o x i d e + phase cou ld be de
t e c t e d , a l though i t has been repor ted tha t T i can be d i s s o l v e d i n 

V 2 ° 5 (11.). T h i s m i g h t be due to d e t e c t a b i l i t y problems. V 0 does 
not have any l i n e s i n the b a c k - r e f l e c t i o n r e g i o n , where s h i f t s are 
most e a s i l y seen. 

Table I . L a t t i c e constants of T i 0 2 ( r u t i l e ) 

Phase 
C e l l 

a (A) 
dimensions 

c (Â) Ref . 

T i 0 2 , pure 
VO , pure 
T i 6 2 , c a t a l y s t 

4.594 
4.530 
4.583 

2.959 
2.869 
2.958 

(17) 
(18) 
t h i s work 

ESCA. In the ESCA measurements on the fused V ^ / T i O ^ c a t a l y s t s the 
0 I s , V 2p«y« and T i 2p~ core l i n e s were observed . The b i n d i n g 
energ ies ( B . E . ) indicate 'Ibhe presence of V^O- and TiO^ f o r a l l 
samples and the va lues were 529 .6 , 516.6 and 457.9 eV, r e s p e c t i v e l y 
(See Table I I ) . For the powder mix tures (un-fused) the va lues were 
529 .6 , 516.6 and 458.5 eV, r e s p e c t i v e l y . Thus there i s a d i f f e r e n c e 
i n the T i 2p . B . E . which can be exp la ined by the format ion of 
r u t i l e du r ing h e a t i n g of the samples i n a d d i t i o n to the doping of 
the r u t i l e phase w i t h V . 
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124 SOLID STATE C H E M I S T R Y IN CATALYSIS 

Table I I . B i n d i n g energ ies and h a l f wid ths (eV) of the V 2 p ^ 2 and 
T i 2 p « / 9 core l i n e s 

Sample V 2 ' 3 / 2 T i 2 P 3 / 2 

T i 0 o , anatase 458.5 
(1 .7) 

T i 0 o , r u t i l e 458.2 
ζ (1 .9) 

V o 0 c 516.6 
2 5 (1 .6) 

V 2 0 5 / T i 0 2 , c a t a l y s t 516.6 457.9 V 2 0 5 / T i 0 2 , c a t a l y s t 
(1 .6) (1 .7) 

Same a f t e r H oS0,+NH„ treatment 516.1 458.1 
2 4 3 (2 .8) (1 .9) 

V 2 0 5 / T i 0 2 ( 70 /30) , a f t e r 1100°C i n 516.2 457.9 
vacuum f o r 15 h r . (3 .2) (2 .2) 

In an attempt to study t h i s e f f e c t a V 0 « / T i 0 ? (70/30) sample which 
appears to be a s o l i d s o l u t i o n from XKD data (only r u t i l e l i n e s 
appear i n spec t ra ) was measured. The sanje^ T i 2p^# 2 B . E . as f o r the 
c a t a l y s t s was o b t a i n e d . To measure the V i n the r u t i l e phase some 
samples were t r e a t e d w i t h s u l p h u r i c a c i d fo l l owed by ammonia to 
d i s s o l v e the vanadium ox ide phase. The ESCA a n a l y s i s of the 10 
mole % V 0 c a t a l y s t t r e a t ed i n t h i s manner showed the presence of 6 
atom % V w i t h a B . E . of 516.1 eV, obta ined a f t e r s u b t r a c t i o n of the 
0 l s ( K a ^ (i) ^ * n e f r o m s p e c t r a . No vanadium oxides are de t ec t ab l e by 
XRD on t n i s sample. Thus, approximate ly 6 atom % V seems to be 
d i s s o l v e d i n the r u t i l e phase of the c a t a l y s t s . The compos i t ion 
V 0 4 T i Q 9 6 0 has been suggested i n the l i t e r a t u r e ( 4 ) . That i t i s 
probably*present as V i s i n d i c a t e d by the lower V 2 p 3 * 2 B . E . and 
i n correspondence w i t h the V 0 2 / T i 0 2 sample. 

I t i s i n t e r e s t i n g to note tha t sample charg ing phenomena occur 
fo r samples w i t h low vanadium l o a d i n g . For powder mix tures these are 
observed at l e s s than 50 atom % V and f o r fused samples at l e s s than 
6 atom % V . Pure V 0 g ives almost no charg ing whereas pure T i O -
g ives a charg ing of %-i V . With enough V 2^5 s o ^ a t there i s contac t 
between V o ° 5 P a r t i c l e s there should be a low charg ing e f f e c t . At low 
V 2 0 ^ l o a d i n g s , however, there i s a c o n s i d e r a b l y worsened contac t 
between the V 2 0 ^ p a r t i c l e s throughout the b u l k of the sample, and as 
f o r pure T i 0 2 a l a r g e charg ing e f f e c t a r i s e s . What i s ve ry i n t e r e s t 
i n g i s tha t f o r the fused samples t h i s occurs a t a much lower 
vanadium con ten t . T h i s i n d i c a t e s the e x c e l l e n t coverage of the V O. 
on the TiO~ p a r t i c l e s . I t i s f u r t h e r noteworthy tha t the 50 atom % V 
powder mix ture and the 6 atom % V fused sample c o n t a i n approximate ly 
the same atom % V as analysed by ESCA, keeping i n mind the h i g h 
sur face s e n s i t i v i t y . 

I n F i g u r e 1 the V content o f the v a r i o u s V-0 / T i O - samples as 
r evea led by ESCA i s p l o t t e d aga ins t the nominal v - con ten t . P o i n t s 
f o r ν ο 0 ς / δ η 0 2 c a t a l y s t s a r e a l s o i n c l u d e d and i t i s ev ident tha t 
these t îénave s i m i l a r l y . The l i n e f o r the powder mix tures f a l l s c l o s e 
to the t h e o r e t i c a l l i n e (dashed l i n e ) . An almost p e r f e c t match c o u l d 
be obta ined by changing the s e n s i t i v i t y f a c t o r s . However, s i nce t h i s 
d e v i a t i o n might be due to p a r t i c l e s i z e e f f e c t s , s e n s i t i v i t y f a c t o r s 
from pure oxides were used i n s t e a d . For the fused samples a much 
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8. ANDERSSON AND ANDERSSON Characterization of Vanadium Oxide Catalysts 125 

h ighe r atom % of V i s ob ta ined by ESCA than was expected . E v i d e n t l y 
the V^O^ phase comple te ly covers the r u t i l e p a r t i c l e s . Th i s was a l s o 
i n d i c a t e d by the charg ing phenomena d i scus sed above. 

In c o n c l u s i o n from^ + the ESCA r e s u l t s , the fused V 0JTIO^ 
c a t a l y s t s c o n s i s t of a V doped T i O ? ( r u t i l e ) phase embedded i n the 
V 2 0 5 phase. 

ESR. In F i g u r e 2 the ESR s p e c t r a at R . T . f o r some f r e s h l y prepared 
V 2 ° 5 ^ T i 0 2 c a t a l v s t s a r e s n o w n « Even a f t e r r e d u c t i o n i n H JL£ 450 C 
fo r 1 hour pure T iO^ showed on ly ve ry weak bands from T i which 
t j je jefore does not i n t e r f e r e w i t h the q u a n t i t a t i v e measurements of 
V d i scussed below. For O.05 mole % V 2 ° 5 a w e a ^ band showing some 
hype r f ine s p l i t t i n g was observed . T h i s was i n t e r p r e t e d as VO ions 
on the r u t i l e surface i n accord w i t h the assignments of some 
s l i g h t l y d i f f e r e n t s p e c t r a (19 ,20 ) . These seem to broaden and 
disaç j j iear on i n c r e a s i n g the v

2 ° 5 c o n t e n t a n < * a broad s i n g l e band due 
to V i n V 2?5 a P P e a r s « Thus, almost no f i n e s t r u c t u r e i s seen f o r 
10 mole % v ^ ^ » a ^ d i s comple te ly absent f o r the samples 30-100 mole 
% ^ 2 ^ 5 ' The g-va lue f o r the broad resonance was 1.972. The l i n e 
w i d t h inc reases from 100 to 150 Gauss w i t h i n c r e a s i n g V 9 ° 5 c o n t e n t 

from 10 to 100 %. The 10 % sample showed no s i g n a l a f t e r the remova^. 
of the vanadium o x i d e s . T h i s f ac t s t r o n g l y i n d i c a t e s that the V 
ions i n the r u t i l e phase are not seen at R . T . due to s t rong s p i n -
l a t t i c e coupling>4 +and thus do not c o n t r i b u t e to the q u a n t i t a t i v e 
measurements of V 

In F i g u r e 3 the ESR s p e c t r a at 7Ί& are shown. The reduced T i 0 2 

sample shows a spec t r a ass igned to T i (21) . The i n t e n s i t y of the 
T i s i g n a l i s comple te ly n e g l i g i b l e compared to the i n t e n s i t y of 
the other samples at 77K. The inc rease i n i n t e n s i t y w i t h the de
crease i n temperature ( r e l a t i v e i n t e n s i t y 7 7 K / R . T . ) i s ve ry l a r g e 
f o r a l l samples except f o r V 2 0 . Here a 3.6 f o l d inc rease i s ob
se rved , which corresponds to tne normal change i n s p i n p o p u l a t i o n 
w i t h decreased temperature. Es t imates from instrument g a i n s e t t i n g s 
p o i n t to an approximate ly 10 -10 f o l d i nc rease f o r the fused 
V 2 0 / T i O samples. The i n t e n s i t y at 77K f o r the pure V 0 sample i s 
n e g l i g i b l e - a few per cent a t the most - compared w i t h tha t o f the 
T i 0 2 c o n t a i n i n g samples. The most s i g n i f i c a n t e f f e c t i s observed f o r 
the H-SO^ and NH^ t r ea t ed samples which show no s i g n a l at a l l at 
R . T . but one of s i m i l a r magnitude as f o r a l l V 2 0 - / T i O « samples at 
77K. E v i d e n t l y the low temperature s i g n a l i s almost e n t i r e l y due to 
the r u t i l e phase. I t i s p o s s i b l e tha t the temperature e f f e c t may J>£ 
due to a s p i n - l a t t i c e r e l a x a t i o n e f f e c t whereby s u b s t i t u t i o n a l V 
would not be observable a t R . T . (22) . I t i s known tha t V-V bonds are 
formed i n t h e ^ + V 0 2 - T i 0 system, apparen t ly by p a i r i n g of randomly 
d i s t r i b u t e d V ions at low concen t ra t ions of V (23 ) . These would 
undoubtedly g i v e temperature dependent s p i n - s p i n r e l a x a t i o n e f f e c t s . 
The c a l c u l a t i o n s of s p i n concen t ra t ions from measurements at 77K do , 
however, g i v e absurd ly h i g h v a l u e s . I t i s t he re fo re suggested tha t a 
l a r g e pa r t o f the inc rease i n s i g n a l i n t e n s i t y i s due to a ferromag
n e t i c phase t r a n s i t i o n , ^ t h ighe r concen t ra t ions i t seems ve ry 
l i k e l y tha t c l u s t e r s of V or V 0 2 i s l a n d s are formed i n the r u t i l e 
phase. Anatase doped w i t h up to 2 atom % V was suggested to c o n t a i n 
a l a r g e p r o p o r t i o n of V 0 2 i s l a n d s (24 ) . Pure V 0 2 does not g i v e any 
s i g n a l s i n the ESR s p e c t r a . I t i s w e l l known tha t temperature 
dependent phase t r a n s i t i o n s do occur i n V 0 ? and tha t these are 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

13
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
27

9.
ch

00
8

In Solid State Chemistry in Catalysis; Grasselli, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



126 SOLID STATE C H E M I S T R Y IN CATALYSIS 

V*Ti.Sn 

τ 
50 

Nominal (Atom%) 

F i g u r e 1. Atom % vanadium by ESCA versus nominal da ta f o r mixed 
V 0 and TiO or SnO powders, fused and unfused. 
V205/TiO : . unfused, ο fused , χ 10 mole % t r ea t ed w i t h 
cone. H^SO^ and cone. NH^ (aq.). V00^/SnO0: m unfused, • fused . 

2~5' 

MOLE 'K V2OA R.T. 

0 (Reduced) 

O.05 

30-100 

10 
( H 2 S 0 4 , NH 3 ) 

. V e r y 
Weak 

-NO PEAK 

200 G 
3400 G 

F i g u r e 2 . ESR s p e c t r a at room temperature ( R . T . ) f o r some 
V 2 0 ^ / T i 0 2 fused powder m i x t u r e s . 
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F i g u r e 3 . ESR spec t r a at 77K f o r some V 2 0 5 / T i 0 2 fused powder 
m i x t u r e s . 
Reproduced w i t h pe rmis s ion from Ref . 32 . Copyr igh t 1982 Academic 
P r e s s , I n c . 
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a f fec t ed by contaminants . For example, ^ ^ T i Q Q4°2 g i v e s a ^ a r S e 

i nc rease i n magnetic s u s c e p t i b i l i t y a t low* temperatures (25) . I t £ s 
t e n t a t i v e l y suggested tha t i n our c a t a l y s t s i n the r u t i l e phase T i 
doped VC>2 c l u s t e r s g i v e fer romagnet ic spec ies at lower temperatures . 

Concerning the curve forms i t i s seen tha t f o r the O.05 mole % 
V«0 sample there i s ,a hype r f i ne s p l i t t i n g i n d i c a t i v e of a s u b s t i t u 
t i o n a l s o l u t i o n of V i n r u t i l e ( 22 ,26 ) . I t i s q u i t e c l e a r tha t on 
i n c r e a s i n g the content from O.05 to O.5 mole %, the ESR spec
trum i s s t r o n g l y broadened, probably due to l a r g e s p i n - s p i n r e l a x 
a t i o n e f f e c t s f o r V i n the r u t i l e phase. Any t r aces of hyper f i ne 
s p l i t t i n g have almost disappeared at 1 mole % V 2 ° 5 * A ^ s a m P ^ - e s f r o m 

10 to 90 mole % showed i d e n t i c a l s i g n a l s , which was a l s o the 
case f o r the 10 % H ^ O ^ and NH^ t r ea t ed sample. The g-va lue f o r the 
broad resonance was 1.934 f o r the 30 mole % V«0 sample and i n 
creased con t i nuous ly to 1.957 fo r the 90 mole Τ v^O^ sample which 
d i f f e r s from the va lues at R . T . S imu l t aneous ly , the l i n e w i d t h 
inc reased from 180 to 210 Gauss. 

SEM. The p recur so r s w i t h 50 to 10 mole % V 0^ t r e a t ed Η SO^ and NH^ 
were s t u d i e d . F igu re s 4(a) and 4(b) show tne T iO^ p a r t i c l e s i z e i n 
these samples, which i s about 25ym i n both cases . F i g u r e 4(c) shows 
s i n t e r e d T i O ^ . By comparing t h i s w i t h F igu re s 4(a) and 4 ( b ) , i t can 
be concluded tha t t h é T iO^ p a r t i c l e s become l a r g e r w h e n ^ i n t e r e d i n 
the presence of V ^ O - . The reason f o r t h i s can be tha t V i s i n c o r 
pora ted i n t o the T iO^ l a t t i c e , which leads to a decrease of the 
m e l t i n g p o i n t of T i O . . T h i s decrease i s then r e f l e c t e d i n a g rea te r 
l a t t i c e m o v a b i l i t y . T h e f a c t tha t the Ti0« p a r t i c l e s i z e i s the samê  
i n p recu r so r s w i t h both 50 and 10 mole % *<ρ* i n d i c a t e s tha t the V 
content i n the T iO^ phase i s the same i n bofn c a s e s ^ A r u t i l e phase 
V 0 0 6 T i 0 94°2 w a s s u S 8 e s t e d f r o m t h e E S C A d a t a . V ions are w e l l 
known to*be inco rpora t ed i n TiO (22 ,26 ) . F i g u r e 4(b) shows tha t the 
TiO^ p a r t i c l e s are agglomerated when the vanadium ox ide content i s 
low. The agglomerat ion can be caused by a vanadium ox ide monolayer 
on the TiO« p a r t i c l e s . Acco rd ing to the ESR study t h i s monolayer can 
expose (V=O) u n i t s . When the vanadium ox ide content i s l ow , the 
monolayer b inds the T K ^ p a r t i c l e s toge the r . I t has been repor ted 
tha t a monolayer c a t a l y s t can be obta ined by treatment w i t h an 
ammoniacal s o l u t i o n (27 ) . Dur ing t h i s t rea tment , V 2 ° 5 i s d i s s o l v e d 
and the monolayer of vanadium ox ide remains on the c a r r i e r . 

F i g u r e 5 shows the fused 10 mole % V^O precurso r both f r e s h l y 
p repared , a f t e r r e d u c t i o n w i t h at 450°C and a f t e r treatment w i t h 
H^SO^ and NH^ , r e s p e c t i v e l y . From the f a c t tha t n e e d l e - l i k e c r y s t a l s 
appear on the TiO„ sur face a f t e r r e d u c t i o n , i t can be concluded tha t 
the vanadium ox ide phase i n the p recur so r s covers the T iO^ p a r 
t i c l e s . T h i s was a l s o the c o n c l u s i o n drawn from q u a n t i t a t i v e ESCA 
d a t a . 

A c t i v a t e d C a t a l y s t s 

ESCA. A c t i v a t i o n of the c a t a l y s t occurs i n the i n i t i a l p e r i o d at 
the s t a r t up of the r e a c t o r . A l t e r n a t i v e l y , the c a t a l y s t may be 
pre-reduced to the same s t a t e as i s present i n the steady s t a t e of 
the r e a c t i o n . ESCA s t u d i e s of a c t i v a t e d c a t a l y s t s r e v e a l changes i n 
the 0 Is and V 2 p ~ ^ core l i n e s , a l though the e f f e c t s apparen t ly are 
not g r e a t . In F i g u r e 6 spec t r a of f r e s h , reduced and once used 
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8. ANDERSSON AND ANDERSSON Characterization of Vanadium Oxide Catalysts 129 

F i g u r e 4 . SEM micrographs of V 0 / T i O fused powder m i x t u r e s , 
a) 50 mole % V O , 200x, b) 10 mole 2 % V O , 200x, c) TiO , 
3000x. 1 * Z D 

F i g u r e 5 . SEM micrographs of 10 mole % c a t a l y s t . lOOOx. 
a) F r e s h l y prepared , b) A f t e r H - r e d u c t i o n at 450 C f o r 1 hour , 
c) A f t e r treatment w i t h cone. H 9 s 0 . and cone. N H q ( a q . ) . 
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130 SOLID STATE CHEMISTRY IN CATALYSIS 

c a t a l y s t are shown. The s i g n i f i c a n t d i f f e r e n c e s i n the s p e c t r a are 
the inc reased i n t e n s i t y of the h i g h B . E . s i d e of the 0 Is core l i n e 
and the asymmetric broadening and s h i f t towards lower B . E . of the 
V 2 p c o r e l i n e f o r both used and reduced c a t a l y s t s . E v i d e n t l y the 
c a t a l y s t s are reduced and adsorbed oxygen spec ies are formed. One 
i n t e r e s t i n g fea ture i s the s i g n i f i c a n t l y l a r g e r amount of adsorbed 
oxygen spec ies on the used c a t a l y s t s than on the reduced c a t a 
l y s t s . The l a t t e r may c o n t a i n v a r i o u s adsorbed oxygen s p e c i e s , such 
as -OH and H^O, which are formed i n the r e d u c t i o n . For the used 
c a t a l y s t s , however, one has to cons ide r adsorbed oxygen c o n t a i n i n g 
in te rmedia tes or accumulated p roduc t s . 

I t i s r e l a t i v e l y d i f f i c u l t to r e s o l v e such s p e c t r a as presented 
i n F i g u r e 6. T h i s i s ma in ly due to not knowing which components 
should be p re sen t , the s lope of the b a s e l i n e and the presence of the 
0 Is Κα ^ s a t e l l i t e l i n e s . However, such an attempt i s shown i n 
F i g u r e èl T h i s i s an unopt imised s i m u l a t i o n of the spec t r a w i t h 8 
Gaussian components and a base l i n e due t o i n e l a s t i c s c a t t e r i n g . The 
p o s i t i o n of .the two V 2p , components corresponds to V 0 and V - 0 , 
(14 ) . The ν / V r a t i o J / c a l c u l a t e d from these i s O.5T. The f i r s ? 
step i n the refinement of the curve r e s o l u t i o n would perhaps be to 
i n c l u d e a t h i r d V 2p^ y 2 peak f o r V ^ O ^ a n d p o s s i b l y a f o u r t h 0 Is 
peak f o r some adsorbed s p e c i e s . T h i s ve ry t ed ious procedure i s not 
a p p l i c a b l e i n l a r g e r s c a l e q u a n t i t a t i v e e v a l u a t i o n s . A much s imp le r 
method of measuring the degree of r e d u c t i o n i s to measure the 
decrease i n peak B . E . and inc rease i n FWHM. In F i g u r e 7 the V 2 p - , 2 

B . E . and FWHM are shown f o r a 50 mole % c a t a l y s t reduced i n 
hydrogen at 450 C f o r v a r i o u s pe r iods of t ime . I t can be seen tha t 
a f t e r 1 hour the B . E . has decreased at around 516.3 eV and the h a l f 
w i d t h has inc reased to around 2.7 eV, both va lues i n good agreement 
w i t h da ta f o r V O ^ (14) . 

In F i g u r e Β a s i m i l a r p l o t i s shown f o r c a t a l y s t s w i t h d i f f e r 
i n g mole % V 2 ° 5 * r e d u c e d f o r 1 hour i n hydrogen at 450 C . Here 
there i s q u i t e a c l e a r t rend of i n c r e a s i n g degree of r e d u c t i o n w i t h 
decreas ing V 0 content o f the o r i g i n a l sample. I t appears tha t from 
roughly 100-70Γ mole % V-0, . the sur face con ta ins n o n - s t o i c h i o m e t r i c 
V 2 0 and V 6 0 . , w h i l e from 70-40 mole % V 0 i t seems as i f V 6 0 . 3 i s 
predominant. F i n a l l y , from 40 to 10 mole % the data i n d i c a t e s 
the a d d i t i o n a l presence of V ^ O , . In c o n c l u s i o n , o r i g i n a l samples 
w i t h composi t ions around 50 mole % V„0 c o n t a i n a f t e r r e d u c t i o n 
predominant ly Vç®^ and i n the sur face l a y e r . 

XRD. In ground c a t a l y s t samples, w i t h a compos i t ion between 30 and 
100 mole % V 0 , l i n e s cor responding to V 0 , V 6 0 , V 0 and TiO 
( r u t i l e ) cou ld be i d e n t i f i e d . The number of discernibT-e l i n e s of 
vanadium oxides diminshed w i t h i n c r e a s i n g amount of T i 0 « . I n the 
c a t a l y s t w i t h 10 mole % V 0 on ly T i 0 2 ( r u t i l e ) and V 2 0 were found. 
For the i d e n t i f i c a t i o n of V g O ^ the da ta g iven by m l h e l m i and 
coworkers (28) was used . The presence of the o ther ox ides was 
a s c e r t a i n e d by comparison w i t h ASTM data (15) . 

To o b t a i n r e l a t i v e l y more i n f o r m a t i o n on the compos i t ion of the 
outer p a r t s o f the c a t a l y s t p a r t i c l e s , the a n a l y s i s was c a r r i e d out 
on und iv ided p a r t i c l e s i n a r o t a t i n g sample h o l d e r . The compos i t ion 
of the vanadium oxide phase as a f u n c t i o n of the TiO content i s 
g iven i n F i g u r e 9. The compos i t ion i s expressed as r e l a t i v e i n t e n 
s i t i e s o f the s t ronges t X - r a y r e f l e c t i o n of the phases, I ( i ) / E I ( i ) χ 
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Ois 

U S E D J \ 
V 2 R 3 / 2 

H 2-red J Λ \ 

F R E S H y A \ 

U S E D / V ( \ 

ι ι ι 
535 530 

BINDING 
525 520 515 
ENERGY CeV) 

F i g u r e 6 . 0 Is and V 2p e l e c t r o n s p e c t r a f o r some V^O^ c a t a 
l y s t s . 

REDUCTION TIME (h) 

F i g u r e 7. V 2p , 9 b i n d i n g energy and h a l f w id th versus Η - r e 
d u c t i o n time at J 450°C f o r a 50 mole % V 9 0 - / T i 0 9 c a t a l y s t . 
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0 50 100 
M o l e % V 2 0 5 

F i g u r e 8. V 2p^y 2 b i n d i n g energy and h a l f w i d t h versus mole % 
V 9 0 . i n o r i g i n a l p r e p a r a t i o n f o r V ? 0 - / T i 0 9 c a t a l y s t s reduced 
w i t h H 2 at 450°C f o r 1 hour . ^ 

30 50 70 90 100 
mole % V 2 0 5 

F i g u r e 9. Vanadium oxide compos i t ion i n V - T i - 0 c a t a l y s t s a f t e r 
r e d u c t i o n i n H 2 at 450°C f o r 1 hour measured by XRD on unground 
samples, ο V ? 0 , • V , O . ~ and . V 0 0 . . 
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100. The l i n e s w i t h the d-va lues 4 . 3 8 , 3.32 and 3.20 were used f o r 
V^O , V £ ° j 3 and V 2,°4* r e s p e c t i v e l y . I t was found tha t t h i s compo
s i t i o n approximate ly corresponds to the compos i t ion i n mole %. I t 
can be seen tha t v ^ ° ^ o i s the major vanadium oxide phase at the 
outer p a r t s o f the c a t a l y s t p a r t i c l e s . 

I R . The i n f r a r e d spec t r a of the pre-reduced c a t a l y s t s i n the range 
950-1050 cm are shown i n F i g u r e 10. A shoulder can be seen on the 
low wavenumber s i d e of the V 0 peak. No s i g n i f i c a n t change i n 
p o s i t i o n of the V 9 0 peak at 1(T2J cm" can be observed , i n c o n t r a s t 
to the case i n the V^O - M o 0 3 (29) and the V 2 0 - S n 0 2 (30,31) systems. 
In F i g u r e 10(a) the vJ3^ peak has been n o r m a l i z e d . A f t e r s u b t r a c t i o n 
of t h i s peak, the d i f r e r e n c e spec t r a presented i n F i g u r e 10(b) were 
ob t a ined . Th i s f i g u r e c l e a r l y i l l u s t r a t e s the e x i s t e n c e o f a band 
between 960 and 1020 cm" w i t h a maximum around 995 cm" . The 10 
mole % V 2 0 c a t a l y s t a l s o e x h i b i t s the same band, but no V 0 peak. 
The on ly pnases i n the c a t a l y s t s which cou ld be i d e n t i f i e d x>y XRÇ 
were ν „ 0 , V ^ O ^ , and Τ 1 0 2 . However, the band around 995 cm"" 
has not been found t o be due to any of these phases (32 ) . N e i t h e r 
has i t appeared i n the s p e c t r a f o r V 0 9 ( A ) , V 0 9 ( B ) , V , 0 Q or vanadium 
ox ide hydra tes (33 ) . 1 y 

The band at 995 cm" has a l s o been found i n an i n t i m a t e 
V 0 / V 0 mix tu re (32) as w e l l as i n an i n t i m a t e V ^ 0 ^ / ^ ^ m i x t u r e 

(34) , both obta ined by decomposi t ion of NH^VO^. From these r e s u l t s 
i t seems most probable tha t the band observed i s connected w i t h the 
presence of VJ ^ i o - Pure V . O . ^ c r y s t a l s , however, do not absorb i n 
t h i s r e g i o n (Ύλ) . The re fo re , i t has been suggested tha t the 995 cm" 
band can be due to a defec t s t r u c t u r e o f V A) « ( 34 ) . I n c o n t r a s t to 
pure V 6 ° j o this defec t s t r u c t u r e must have V=o bonds i n i t s l a t t i c e . 
T h i s c o n c l u s i o n i s based on the f ac t tha t peaks i n the range 900-
1100 cm have been a s c r i b e d to s t r e t c h i n g v i b r a t i o n s of Me*0 bonds 
(35) . The defect s t r u c t u r e s of n o n - s t o i c h i o m e t r i c t r a n s i t i o n meta l 
ox ides can be d i v i d e d i n t o four b a s i c types (36 ) . These are c r y s t a l s 
w i t h an excess of m e t a l , r e s u l t i n g from the presence of e i t h e r 
a n i o n i c vacanc ies or i n t e r s t i t i a l c a t i o n s , c r y s t a l s w i t h a de
f i c i e n c y of meta l due to the presence of e i t h e r excess anions i n 
i n t e r s t i t i a l p o s i t i o n s or c a t i o n i c v a c a n c i e s . When c o n s i d e r i n g the 
V 6 ° 1 3 s t r u c t u r e » t l i e l a s t mentioned type o f defec t would most e a s i l y 
r e s u l t i n the format ion of V=0 u n i t s i f the c a t i o n i c vacanc ies were 
l o c a l i z e d to the p o s i t i o n s of vanadium ions surrounded by 2 - c o o r d i -
nated an ions . Such c a t i o n p o s i t i o n s e x i s t between the shear planes 
i n V ^ O j ^ (37) . Extended defec t s of t h i s type would r e s u l t i n an 
"amorphous" l i k e v ^ ° ^ o s t r u c t u r e . Amorphous v ^ ° j 3 h a s ^ e e n imaged 
by HRTEM and has been round to be ve ry s e l e c t i v e In the ammoxidation 
of 3 - p i c o l i n e (38) . 

ESR. These measurements were performed on the reduced c a t a l y s t s 
w i t h 10-100 mole % V^O^ i n the o r i g i n a l sample. A l l samples showed 
the same s i n g l e broaa resonance as f o r the unreduced c a t a l y s t s . The 
s p i n c o n c e n t r a t i o n was c a l c u l a t e d from the spec t r a a t R . T . and i s 
presented i n F i g u r e ^ as the mole % of the t o t a l vanadium content 
tha t i s p r e s e n t as V . I t i s necessary to add tha t t h i s i s paramag
n e t i c V i n the vanadium oxide phase as shown above. The XRD 
r e s u l t s showed tha t V^O and V 2 0 ^ were formed upon r e d u c t i o n . I t 
has been mentioned e a r l i e r tha t pure V 9 0 A does not g ive any ESR 
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ο ζ 
< 
m ce Ο 
CO 
m < 

O.6. 

O.4-

O.2 

O. 

Expansion 
V 2 ° 5 3.1 
0 mole % T i 0 2 13.6 

10 5.1 
30 12.5 
50 44.0 
70 24.3 
90 . - N 180.6 

- ζ*-..-" Λ********* -. . 

— ' V ^ ^ 

T" I 
1020 980 1000 

WAVENUMBER ( c m - 1 ) 

—ι— 
1040 

F i g u r e 10. A : In f r a red s p e c t r a of V^0^ and pre-reduced c a t a 
l y s t s . 1 mg sample. The s t ronges t peak has been expanded so tha t 
the absorbance i s equal to 1.O. B : R e s u l t i n g absorbance a f t e r 
s u b t r a c t i o n of the V 0 absorbance. (Reproduced w i t h pe rmiss ion 
from Ref . 29. C o p y r i g h t 1982, Academic Press I n c . ) . 

151 

M o l e 
100 

v 2o 5 

F i g u r e 11. V"* ' c o n c e n t r a t i o n versus mole % vo°5 "*"n or^8^nal 
p r e p a r a t i o n of V ^ ^ / T i O - c a t a l y s t s measured by ESR. ο a f t e r 
r e d u c t i o n i n at 4*>0°C T o r 1 hour , χ before r e d u c t i o n . 
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s p e c t r a . Fur thermore, we have found tha t the s i g n a l f o r ^>ure V ^ O ^ 
i s much weaker than expected . E v i d e n t l y , at h ighe r V concen
t r a t i o n s the s i g n a l s d isappear from the s p e c t r a , probably due to 
s p i n - s p i n r e ^ x a t i o n e f f e c t s . Consequent ly , the observed s p e c t r a 
a r i s e from V i n the vanadium p e n t o x i d e ^ h a s e and to some extent 
from the v ^ ° ^ q phase. Any format ion of V to account f o r the l o s s 
i n i n t e n s i t y f o r reduced VJD^ (39) seems to be an unreasonable and 
unnecessary assumpti^jp. By T.ooking i n F i g u r e 11 i t can be seen tha t 
the % paramagnetic V inc reases w i t h decreas ing V«0^ content of the 
i n i t i a l m i x t u r e . T h i s i s the same A +trend as obta ined by ESCA, a l 
though i n tha t case the t o t a l V c o n c e n t r a t i o n i n the sur face 
l a y e r s i s ob t a ined . 

A d s o r p t i o n . To study the adso rp t ion of 3 - p i c o l i n e w i t h ESCA, the Ν 
Is core l i n e i s the most u s e f u l core l i n e from the 3 - p i c o l i n e to 
observe s i n c e both the C Is and 0 Is l i n e s are obscured by core 
l i n e s from the subs t r a t e and pump o i l con tamina t ion . One would 
expect the 3 - p i c o l i n e molecule to adsorb i n at l e a s t two d i f f e r e n t 
modes: one π-bonded p l ana r a d s o r p t i o n , and one n i t r o g e n lone p a i r 
bonded e i t h e r pe rpend icu l a r o r at an angle to the s u r f a c e . The 
former has been shown to be the more s t r o n g l y r e t a i n e d spec ies i n 
p y r i d i n e adso rp t ion on the Ag (111) sur face at l e a s t (40 ) . A t h i r d 
p o s s i b i l i t y i s tha t an a b s t r a c t i o n of hydrogen from the methyl group 
r e s u l t s i n the format ion of a σ-bonded s p e c i e s , which cou ld be 
preceded by a weaker a d s o r p t i o n as mentioned above. In obse rv ing the 
Ν Is B . E . i t i s p o s s i b l e to determine whether the n i t r o g e n atom i s 
i n v o l v e d i n any bonding of the adsorbed s p e c i e s . 

In F i g u r e 12 Ν Is core l i n e spec t r a are shown f o r adsorbed 
3 - p i c o l i n e on Pt and on a V 2 0 c a t a l y s t . A Ν Is B . E . of 399 eV i s 
ob ta ined f o r pure 3 - p i c o l i n e condensed i n a t h i c k l a y e r on Pt at 
140K. At 673K a l l 3 - p i c o l i n e has desorbed from the P t su r f ace . To 
i n v e s t i g a t e the e f f e c t of hydrogen bonding of the Ν atom on the Ν Is 
B . E . , H 2 0 and 3 - p i c o l i n e were condensed a t 190K on the c a t a l y s t , 
forming a t h i c k l a y e r . No subs t ra te core l i n e s cou ld then be ob
se rved . From the spec t r a i t i s ev ident tha t a second spec ies w i t h a 
Ν Is B . E . of 401 eV has appeared which most l i k e l y i s 3 - p i c o l i n e 
w i t h water hydrogen bonded to the Ν atom. Hea t ing t h i s sample to 
298K r e s u l t s i n a decreased i n t e n s i t y f o r both peaks and a s i m u l 
taneous appearance of the subs t r a t e core l i n e s i n the s p e c t r a . A t 
h ighe r temperatures the 401 eV spec ies almost d i sappea r . 

For 3 - p i c o l i n e adsorbed on the V^O c a t a l y s t at 250K wi thou t 
H^O a d d i t i o n a sma l l e r peak at 401 eV ana a s t ronger one at 399 eV 
are observed. The h ighe r B . E . spec ies may be caused by adso rp t ion on 
a vanadium c a t i o n or -OH groups through the Ν lone p a i r . T h i s 
spec ies d isappear upon hea t i ng whereas the lower B . E . spec ies i s 
r e t a i n e d to a s i g n i f i c a n t ex tent even at 673K i n vacuum. The s t r o n g 
l y r e t a i n e d spec ies w i t h a Ν Is B . E . o f 399 eV i s e i t h e r the π -
bonded or d i s s o c i a t i v e l y bonded 3 - p i c o l i n e . From measurements on the 
a d s o r p t i o n of p y r i d i n e i t was observed tha t on ly a few per cent was 
r e t a i n e d compared to the amounts found f o r 3 - p i c o l i n e at h i g h tem
p e r a t u r e s . Thus i t i s concluded that i t i s the d i s s o c i a t i v e l y bonded 
spec ies tha t are observed at 673K. On the P t sur face a l l 3 - p i c o l i n e 
was desorbed at 673K, but not on the c a t a l y s t , which p o i n t s to some 
s p e c i f i c i n t e r a c t i o n forming the d i s s o c i a t i o n on the vanadium ox ide 
s u r f a c e . I t i s t e n t a t i v e l y suggested tha t through a Η a b s t r a c t i o n 
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136 SOLID STATE C H E M I S T R Y IN CATALYSIS 

from the methyl group a σ-bond between the carbon atom and a t e r 
m i n a l oxygen of the vanadium oxide may be formed. I t i s p o s s i b l e 
tha t i t i s a homoly t i c process^whereby a hydroxide group i s formed 
s imul t aneous ly as w e l l as two V i o n s . T h i s spec ies would be bonded 
ra the r s t r o n g l y to the sur face and would be r e t a i n e d at h i g h tem
p e r a t u r e s . By r epea t ing the same H a b s t r a c t i o n mechanism, p y r i d i n e -
carbaldehyde w i l l be formed and^ + s imul taneous ly desorb from the 
su r f ace . The i n i t i a l l y formed V c a t i o n would probably have a 
s t rong tendency to adsorb an oxygen i n a d i s s o c i a t i v e process 
reforming the o r i g i n a l s t r u c t u r e . Measurements o f the V 2p^y^ a n < * 0 
Is core l i n e s r e v e a l the format ion of V and the appearance of h i g h 
0 Is B . E . oxygen spec ies on these c a t a l y s t s , which supports the 
above mentioned model . 

P u l s e chromatographic s t ud i e s of the adso rp t i on of benzene, 
p y r i d i n e and 3 - p i c o l i n e at 250°C on a V ^ O ^ c a t a l y s t showed tha t the 
amount adsorbed decreaed i n the order 3 - p i c o l i n e > p y r i d i n e » b e n z e n e 
(34) . Thus i t i s obvious tha t the p r i n c i p a l modes of adso rp t ion of 
3 - p i c o l i n e are e i t h e r an adso rp t i on to the n i t r o g e n atom or a 
chemisorp t ion of the methyl group a f t e r a b s t r a c t i o n of hydrogen. 
These r e s u l t s are i n l i n e w i t h those obta ined from the ESCA s t u d i e s . 

C a t a l y t i c Performance 

Ammoxidation of 3 - p i c o l i n e . ESCA r e s u l t s i n d i c a t e d tha t the s u r 
faces of the c a t a l y s t s were composed ma in ly of V 2 ° 5 a n ( * V 6 ° 1 3 a t * ° W 

TiO^ con ten t s . The X - r a y d i f f r a c t i o n pa t t e rns or these c a t a l y s t s 
a l s o r evea led the presence of V^O, which may be present as separate 
s m a l l c r y s t a l l i t e s on the ^ 5 ^ 1 3 s u r f a c e , s i n c e no coherent 
i n t e r f a c e can e x i s t between V^O^ and ν«0^ or q because of t h e i r 
d i f f e r e n t s t r u c t u r e s . Thus a r e l a t i v e l y s m a l l VVu, area w i l l con 
t r i b u t e to the ESCA a n a l y s i s . 

F i g u r e 13 shows the a c t i v i t y , the b i n d i n g energy of the V 2p , 
l i n e , and the FWHM as a f u n c t i o n of the compos i t i on . The f o l l o w i n g 
statements can be made: i ) at a h i g h vanadium oxide content the 
a c t i v i t y i s r e l a t i v e l y low and the sur face compos i t ion i s c l o s e to 
V^O i i ) around 30-50 mole % the a c t i v i t y i s h i g h and the 
sur race compos i t ion i s c l o s e to V , O . q i i i ) at low vanadium oxide 
contents the a c t i v i t y i s ve ry low and the V^O, content on the 
surface i n c r e a s e s . These conc lus ions agree w i t h the pub l i shed 
r e s u l t s tha t V £ ° j ^ i s more a c t i v e than v

2 0 i n the ammoxidation of 
3 - p i c o l i n e . V«u A was found to have a r e l a t i v e l y low a c t i v i t y (7). 

F i g u r e Γ4 i l l u s t r a t e s the v a r i a t i o n of the s e l e c t i v i t y f o r 
format ion of n i c o t i n o n i t r i l e w i t h c a t a l y s t compos i t i on . The s e l e c 
t i v i t y inc reases w i t h decreas ing vanadium oxide con ten t , but a l s o 
has a l o c a l maximum at 90 mole % V 9 ° r » D a t £ + obta ined from ESR 
measurements are a l s o g iven i n F i g u r e Ά. The V /V^ ^ r a t i o p l o t t e d 
i s a b u l k p roper ty , A - J but i t seems tha t i n genera? an i n c r e a s i n g 
amount o f i s o l a t e d V ions can be c o r r e l a t e d to i n c r e a s i n g s e l e c 
t i v i t y . I t i s reasonable to suggest tha t a great amount of i s o l a t e d 
V spec ies i n the b u l k a l s o i m p l i e s a r e l a t i v e l y h i g h c o n c e n t r a t i o n 
of oxygen vacanc ies on the c a t a l y s t s u r f a c e . I t has been found (32) 
tha t a c o r r e l a t i o n e x i s t s between s e l e c t i v i t y and the sur face 
c o n c e n t r a t i o n of oxygen vacanc ies on these c a t a l y s t s . Oxygen vacan 
c i e s on the sur face are thought to be b e n e f i c i a l f o r the s e l e c t i v i t y 
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J7 J \ 
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F i g u r e 12. Ν Is e l e c t r o n s p e c t r a from 3 - p i c o l i n e adsorbed on 
P t - f o i l and V 0 c a t a l y s t a t v a r i o u s temperatures . 

MOLE 7. V205 

Figure 13. Activity in ammoxidation of 3-picoline, V 2p^2 

binding energy and half width as a function of catalyst compo
sition. Reaction parameters: mole ratio air/3-picoline/NH /H20 = 
245 /1 /14 /60 ; 320°C.; 101 k P a . 
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because the p o s s i b i l i t y o f complete o x i d a t i o n to carbon oxides 
d i m i n i s h e s . 

O x i d a t i o n of 3 - m e t h y l - 5 - e t h y l p y r i d i n e . As was shown i n F i g u r e 6, 
the used c a t a l y s t s show s i g n i f i c a n t i nc rease i n the h i g h B . E . s i d e 
of the 0 Is l i n e . T h i s i s i n t e r p r e t e d as be ing due main ly to an 
accumula t ion of adsorbed in te rmedia tes o r products on the sur face of 
the c a t a l y s t . Measurements on the inc rease i n the C Is and Ν Is core 
l i n e s a f t e r use of the c a t a l y s t g ive atom r a t i o s of C :N:0 of ap
p rox ima te ly 7 : 1 : 1 . The B . E . of the Ν Is l i n e f o r the used c a t a l y s t 
i s 399.3 eV equal to tha t obta ined i n the adso rp t ion measurements 
a f t e r h e a t i n g as shown above. I t was then suggested that 3 - p i c o l i n e 
i s adsorbed through the s u b s t i t u e n t . 

In F i g u r e 15 the r e l a t i v e inc rease of the C Is and 0 Is of 
adsorbed spec ies on used c a t a l y s t s are shown as a f u n c t i o n of the 
compos i t ion of the c a t a l y s t s i n mole % V 0 . A maximum i s obta ined 
around 70 mole % of the i n i t i a l c a t a l y s t f o r m u l a t i o n . The h a l f 
w i d t h of the V 2p^y^ c o r e l i n e a l s o appears to have a maximum at 
roughly the same p o s i t i o n . A p p a r e n t l y , the more adsorbed s p e c i e s , 
the more reduced c a t a l y s t and v i c e v e r s ^ . The inc rease i n the h a l f 
w i d t h i s caused by the presence of V i n inc reased amounts i n 
a d d i t i o n to V and these l i n e s are too c l o s e i n B . E . f o r separate 
peaks to appear i n the s p e c t r a . F i n a l l y , a comparison w i t h the 
s e l e c t i v i t y and conver s ion r e v e a l s tha t maxima i n these are a l s o 
obta ined at the same c a t a l y s t compos i t i on . Y i e l d data on the o x i 
d a t i o n of MEP was a l s o g iven e a r l i e r (41 ) . E v i d e n t l y , under s i m i l a r 
process c o n d i t i o n s , the h ighe r convers ion and s e l e c t i v i t y obta ined 
around 70 mole % V ? 0 leads t o a more reduced c a t a l y s t w i t h l a r g e r 
amounts of adsorbed^ i n t e r m e d i a t e s . The FWHM at the maximum i s about 
2.5 eV i n correspondence w i t h measurements on V . O . ^ . 

In F i g u r e 16 the s e l e c t i v i t y i n the o x i d a t i o n of MEP ( c a l c u 
l a t e d from y i e l d da ta presented e a r l i e r (14)) over a 67 mole % V^O^ 
c a t a l y s t (which corresponds to the maximum i n F igu re 15) i s shown as 
a f u n c t i o n of the r e a c t i o n temperature a t o therwise i d e n t i c a l 
process c o n d i t i o n s . The degree of conve r s ion would then n a t u r a l l y 
i nc rease w i t h the temperature. A l s o shown are the V 2 ρ ^ , ^ c o r e l i n e 
B . E . and FWHM measured on the used c a t a l y s t s . There i s a minimum i n 
the B . E . and a maximum i n the h a l f w i d t h , both i n combinat ion 
cor responding to V^O , a t the same p o s i t i o n as the maximum i n the 
s e l e c t i v i t y . A p p a r e n t l y , t h i s phase g ives the h ighes t s e l e c t i v i t y . 
At lower and h ighe r temperatures w i t h a low s e l e c t i v i t y the compo
s i t i o n corresponds to V 2 ° 5 * T n e r e seems to be a dynamic r e l a t i o n 
between the s e l e c t i v i t y and the o x i d a t i o n s t a t e of the c a t a l y s t . As 
was d i scussed elsewhere (14) a c a t a l y s t may be c y c l e d between, f o r 
example, in te rmedia te and h i g h temperatures r e p e a t e d l y , g i v i n g the 
same steady s t a t e s e l e c t i v i t y and compos i t ion changes. 

Conc lus ions 

C a t a l y s t p recu r so r s prepared by hea t i ng V 0 and T i O - powder m i x 
tu res at 1150-1250°C., i n t e rmed ia te between the m e l t i n g p o i n t o f both 
components, were found to c o n t a i n two phases at h ighe r concen
t r a t i o n s of V ^ O n e i s £ £ 0 ( r u t i l e ) , s l i g h t l y n o n - s t o i c h i ^ m e t r i c and 
c o n t a i n i n g T i and V i o n s . At low V concen t ra t ions V ions a j £ 
found ma in ly i n s u b s t i t u t i o n a l p o s i t i o n s , but a l s o occur as VO 
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Figu re 14. S e l e c t i v i t y i n ammoxidation of 3 - p i c o l i n e (320°C., 
90 % conv . ) and V / V as a f u n c t i o n of c a t a l y s t compos i t i on . 

MOLE 7. V 20 5 

Figu re 15. Convers ion and s e l e c t i v i t y i n o x i d a t i o n of MEP at 
400°C and FWHM of V 2 p 3 ^ and r e l a t i v e i nc rea se of the C Is and 
0 Is l i n e s from adsorbed spec ies as a f u n c t i o n of c a t a l y s t 
compos i t i on . 
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TEMPERATURE (eC) 

F i g u r e 16. S e l e c t i v i t y i n o x i d a t i o n of MEP over the 67 mole % 
V 2 0 5 c a t a l y s t and B . E . and FWHM of the V 2p . core l i n e as a 
f u n c t i o n of r e a c t i o n temperature. 
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ions on the surface of the TiO^ part ic les . The size of these are 
approximately 25 pm for V containing catalysts, whereas the^jpure 
T i 0 2 particles are much smaller indicating the effect of V on 
sintering. At 10 mole % an agglomeration of the ru t i l e par
t ic les is observed, a phenomenon which is absent at higher V / T i 
ratios . At increasing V 2 0 concentrations of the i n i t i a l mixtures V 
is dissolved ^ to 6 atom % in the rut i l e la t t ice after fusion. 
Clusters of V or VO islands are then formed in the rut i l e l a t 
t ice . Excess vanadium rorms V^O^ crystals on the surface. At higher 
V«0^ concentrations the ru t i l e particles are completely embedded 
tne V 20^ phase, which is non-stoichiometric with a maximum in V 
concentration when the i n i t i a l mixture contains 50 mole % V 2 ° 5 ' A t 

high V / T i ratios a small quantity of anatase is also present. 
Activated catalysts are obtained by H or upon stream reduction of 
the V 2 0 5 phase, whereby V ^ O ^ and V 20^ appear in the catalysts. The 
degree of reduction increases with decreasing V / T i rat ios , giving 
more v

2 ° 4 a t ^ o w V / T i r a t i o s and predominantly V . O ^ at intermediate 
values. Also the concentration of isolated V Ions in the vanadium 
oxides increases with decreasing V / T i rat ios . The formed is 
non-stoichiometric, probably containing cation vacancies between 
shear planes giving r ise to adjacent V=0 bonds in the V £ ° ] q l a t t i ce . 
The act iv i ty at the i n i t i a l state of the reduced catalysts in the 
ammoxidation of 3-picoline has a maximum at intermediate V / T i 
rat ios , where a maximal amount of defective V^Ojo * s obtained in the 
H 2 reduced^atalysts. The select ivi ty seems to be more dependent on 
isolated V centers, reflecting oxygen vacancies. In the oxidation 
of MEP at steady state, both conversion and select ivi ty are maximal 
with intermediate V / T i ratios giving dominantly defective V 0 . 
Adsorption studies reveal strongly bound species which are probably 
bonded through the methyl group after an i n i t i a l H-abstraction. 
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9 
The Synthesis and Electrocatalytic Properties 
of Nonstoichiometric Ruthenate Pyrochlores 

H. S. HOROWITZ1, J. M. LONGO2, H. H. HOROWITZ3, and J. T. LEWANDOWSKI 

Corporate Research Science Laboratories, Exxon Research & Engineering Company, Annandale, 
NJ 08801 

A new series of conductive, mixed metal oxides with the 
pyrochlore structure has been discovered and tested as 
electrocatalysts. They can be described by the general 
formula A2[Ru2-xAx]O7-y where A = Pb or Bi, 0 < x < 1 and 
0<y<0.5. These oxides are prepared by precipitation/ 
crystall ization in an aqueous alkaline 
reaction medium, and a detailed discussion of the 
pertinent synthesis parameters is given. In aqueous 
alkaline electrolyte, near ambient temperature, these 
materials display significantly lower polarizations than 
any other catalyst for O2 evolution and are among the best 
for O2 reduction. These same materials are found to 
catalyze the selective electro-oxidative cleavage of 
olefinic and secondary oxygenated organic compounds. It is 
suggested that the reaction path for both oxygen electro-
catalysis and electro-oxidative cleavage of organics 
involves a cyclic oxygen-ruthenium intermediate on the 
surface similar to those formed with osmium tetroxide. 

While metal o x i d e s and mixed metal o x i d e s have o f t e n been c o n s i d e r e d 
f o r v a r i o u s e l e c t r o c a t a l y t i c a p p l i c a t i o n s , t h e y are o f t e n l i m i t e d by 
low e l e c t r o n i c c o n d u c t i v i t y and/or low s u r f a c e a r e a . One s e r i e s o f 
m i x e d m e t a l o x i d e s w i t h the p y r o c h l o r e s t r u c t u r e has been d i s c o v e r e d 
{I) t h a t has d e m o n s t r a t e d h i g h c a t a l y t i c a c t i v i t y f o r e l e c t r o -
r e d u c t i o n and e l e c t r o e v o l u t i o n o f oxygen {2) and t h e s e l e c t i v e 
e l e c t r o o x i d a t i o n of c e r t a i n o r g a n i c s (3). These m a t e r i a l s , which are 
c h a r a c t e r i z e d by h i g h e l e c t r o n i c c o n d u c t i v i t y and can be prepared i n 
high s u r f a c e area form, are d e s c r i b e d by the general f o r m u l a : 

1Current address: Experimental Station, Ε. I. du Pont de Nemours and Company, Wilmington, 
DE 19898 

2Current address: Exxon Production Research, P.O. Box 2189, Houston, TX 77001 
3Current address: Exxon Research & Engineering Company, Florham Park, NJ 07932 

0097-6156/85/0279-0143$06.25/0 
© 1985 American Chemical Society 
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Α 2 [ ^ 2 - χ Α χ ] θ 7 ν (1) 

where A = Pb o r B i , 0 < χ < 1 and 0 <̂  y < O.5. The f a c e - c e n t e r e d 
c u b i c o x i d e p y r o c h l o r e s t r u c t u r e can c r y s t a l l o g r a p h i c a l l y b e s t be 
d e s c r i b e d by the general f o r m u l a : 

where A and Β r e p r e s e n t the two c a t i o n s i t e s i n t h e s t r u c t u r e . The 
B - c a t i o n s a r e l o c a t e d a t t h e c e n t e r o f oxygen (0) o c t a h e d r a which 
share o n l y c o r n e r s so as t o form i n t e r c o n n e c t e d c a g e - l i k e h o l e s . The 
Α - c a t i o n s a r e l o c a t e d a t t h e i n t e r s e c t i o n of the c a g e s , and the 0* 
oxygen s i t e s a r e l o c a t e d a t t h e c e n t e r o f t h e s e c a g e s . These 
" s p e c i a l " oxygens ( 0 1 ) may be p a r t i a l l y or t o t a l l y absent and are the 
b a s i s f o r t h e a n i o n n o n s t o i c h i o m e t r y o b s e r v e d i n p y r o c h l o r e s . 
E x c e l l e n t d e s c r i p t i o n s o f t h i s s t r u c t u r e have been given by S l e i g h t 
(4) and McCauley (J5). 

Experimental 

The s y n t h e s i s method ( 6 , 7 ) i n v o l v e s r e a c t i n g t h e a p p r o p r i a t e c a t i o n s 
t o y i e l d a p y r o c h l o r e o x i d e by p r e c i p i t a t i o n , and subsequent c r y s t a l 
l i z a t i o n o f t h e p r e c i p i t a t e i n a l i q u i d a l k a l i n e medium i n t h e 
p r e s e n c e o f o x y g e n . The a l k a l i n e s o l u t i o n s e r v e s b o t h as a p r e 
c i p i t a t i n g agent and as a r e a c t i o n medium f o r c r y s t a l l i z i n g t h e 
amorphous p r e c i p i t a t e t o p y r o c h l o r e , t h u s o b v i a t i n g the need f o r 
subsequent heat t r e a t m e n t . 

The r e a c t a n t s used were t h e more s o l u b l e c a t i o n s o u r c e s , g e n e r a l l y 
the n i t r a t e s . The aqueous s o l u t i o n s o f t h e s e c a t i o n s o u r c e s were 
c o m b i n e d i n a post t r a n s i t i o n metal t o noble metal r a t i o a p p r o p r i a t e 
f o r t h e u l t i m a t e l y d e s i r e d p y r o c h l o r e s t o i c h i o m e t r y . F o r l e a d 
r u t h e n a t e s y n t h e s e s t h e r e a c t a n t P b : R u r a t i o was r e q u i r e d t o be 
s l i g h t l y h i g h e r than the intended f i n a l P b : R u r a t i o b e c a u s e o f t h e 
h i g h s o l u b i l i t y of l e a d r e l a t i v e t o ruthenium. For bismuth r u t h e n a t e 
syntheses the B i : R u r a t i o was r e q u i r e d t o be s l i g h t l y lower t h a n t h e 
i n t e n d e d f i n a l B i : R u r a t i o b e c a u s e o f t h e h i g h e r s o l u b i l i t y o f 
r u t h e n i u m . 

The combined c a t i o n s o l u t i o n s were s t i r r e d f o r 10 minutes and then 
added t o the a l k a l i n e r e a c t i o n medium ( u s u a l l y Κ 0 Η o r NaOH) where 
p r e c i p i t a t i o n o c c u r r e d . The pH o f the r e a c t i o n m i x t u r e was a d j u s t e d 
t o be between 10.0 and 14.O. C r y s t a l l i z a t i o n o f t h e p r e c i p i t a t e t o 
t h e p y r o c h l o r e s t r u c t u r e was a c h i e v e d i n a p e r i o d r a n g i n g from 8 
hours t o 5 days by m a i n t a i n i n g the s t i r r e d , oxygen s p a r g e d r e a c t i o n 
medium a t a t e m p e r a t u r e o f 5 0 - 8 0 ° C The r e a c t i o n s were c a r r i e d out 
i n p o l y m e t h y l p e n t e n e b e a k e r s t o a v o i d c o r r o s i o n by t h e a l k a l i n e 
s y n t h e s i s medium. 

In some c a s e s t h e p r e c i p i t a t e was recovered by c o n v e n t i o n a l f i l 
t r a t i o n . S e p a r a t i o n o f t h e s o l i d f r o m t h e a l k a l i n e p r e c i p i t a t e 
medium by t h i s method was f o l l o w e d by r e p e a t e d washings w i t h hot 
d i s t i l l e d w a t e r . In o t h e r i n s t a n c e s , t h e p r e c i p i t a t e d s o l i d was 
f r e e z e d r i e d . When t h i s method was employed, the p r e c i p i t a t e d s o l i d 
was a l l o w e d t o s e t t l e o v e r n i g h t , and t h e a l k a l i n e p r e c i p i t a t i o n 
medium was removed by vacuum p i p e t t e , l e a v i n g b e h i n d o n l y enough 

A 2 [ B 2 ] 0 6 0 ' (2) 
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l i q u i d t o keep t h e s o l i d t o t a l l y submerged. The removed l i q u i d was 
then r e p l a c e d w i t h f r e s h d i s t i l l e d w a t e r , and t h e p r e c i p i t a t e was 
a g a i n a l l o w e d t o s e t t l e . T h i s procedure was repeated t h r e e or f o u r 
t imes w i t h the p r e c i p i t a t e kept c o m p l e t e l y submerged t h r o u g h o u t t h e 
e n t i r e p r o c e d u r e . The r e s u l t a n t aqueous s l u r r y was then sprayed i n t o 
a v e s s e l o f l i q u i d n i t r o g e n by means o f a p n e u m a t i c a t o m i z a t i o n 
n o z z l e . The e x t r e m e l y f i n e d r o p l e t s c o n s t i t u t i n g t h e a t o m i z e d 
s o l u t i o n were i m m e d i a t e l y f r o z e n i n t o f i n e p a r t i c l e s as t h e y 
c o n t a c t e d t h e l i q u i d n i t r o g e n . The i c e was subsequently sublimed 
f r o m t h i s f i n e l y d i v i d e d f r o z e n powder u s i n g a f r e e z e d r y e r . 
C h a r a c t e r i z a t i o n p r o c e d u r e s f o r d e t e r m i n i n g p h y s i c a l and chemical 
p r o p e r t i e s o f these m a t e r i a l s have been d e s c r i b e d i n r e f e r e n c e (I). 

Oxygen e l e c t r o c a t a l y s i s p r o p e r t i e s were measured on Tef lon-bonded 
p o r o u s e l e c t r o d e s (5 cm i n a r e a ) . The e l e c t r o d e s always c o n t a i n e d 
20 w e i g h t p e r c e n t T e f k m and t h e c a t a l y s t l o a d i n g employed was 
a p p r o x i m a t e l y 60 mg/cm . The Teflon-bonded m a t e r i a l was hot pressed 
onto a g o l d screen which served as the c u r r e n t c o l l e c t o r . The T e f l o n 
c o n t e n t p r o v i d e d s u f f i c i e n t h y d r o p h o b i c i t y so t h a t the e l e c t r o d e , 
when p l a c e d i n t h e e l e c t r o c h e m i c a l c e l l f o r t e s t i n g , was a b l e t o 
m a i n t a i n an i n t e r f a c e between t h e l i q u i d and gas p h a s e s . F u r t h e r 
d e t a i l s o f t h e e x p e r i m e n t a l methods f o r e v a l u a t i n g t h e e l e c t r o 
c a t a l y t i c o x i d a t i o n and r e d u c t i o n o f oxygen i n aqueous a l k a l i n e 
e l e c t r o l y t e s are g iven i n r e f e r e n c e ( 2 ) . 

E l e c t r o o r g a n i c o x i d a t i o n r e a c t i o n s were monitored on e l e c t r o d e s 
t h a t were f u l l y immersed i n the e l e c t r o l y t e . The o r g a n i c r e a c t a n t s 
were d i r e c t l y added t o t h e e l e c t r o l y t e . In some o f t h e s e 
e x p e r i m e n t s , t h e e l e c t r o d e s d e s c r i b e d above were u s e d . In o t h e r 
e x p e r i m e n t s , n o n - T e f l o n - b o n d e d c a t a l y t s were used by employing a 
s p e c i a l l y c o n s t r u c t e d T e f l o n c e l l . The s a m p l e was p l a c e d i n t h i s 
c e l l between a p i e c e o f g o l d f o i l and a p i e c e of g o l d s c r e e n . The 
g o l d s c r e e n s e r v e d as t h e c u r r e n t c o l l e c t o r . An o u t e r l a y e r o f 
C e l g a r d microporous f i l m , p l a c e d over the s c r e e n , was used t o prevent 
l o s s of sample i n t o the s o l u t i o n . A d d i t i o n a l exper imental d e t a i l s may 
be found i n r e f e r e n c e (3). 

R e s u l t s 

G e n e r a l C h e m i c a l and P h y s i c a l C h a r a c t e r i z a t i o n . The x - r a y 
d i f f r a c t i o n d a t a , c h e m i c a l a n a l y s e s by x - r a y f l u o r e s c e n c e and the 
e f f e c t s of v a r i o u s s y n t h e s i s parameters e x p l o r e d i n t h i s s t u d y l e a d 
t o t h e c o n c l u s i o n t h a t a new s e r i e s o f p y r o c h l o r e s r e p r e s e n t e d by 
f o r m u l a 1 has been s y n t h e s i z e d . The s u b s t i t u t i o n o f t h e l a r g e r p o s t 
t r a n s i t i o n e l e m e n t c a t i o n f o r t h e n o b l e m e t a l c a t i o n on t h e 
o c t a h e d r a l l y c o o r d i n a t e d B - s i t e l e a d s t o a c o n s i d e r a b l e e n l a r g e m e n t 
o f t h e p y r o c h l o r e ' s c u b i c u n i t c e l l d i m e n s i o n . The r e l a t i o n s h i p 
between l a t t i c e p a r a m e t e r ( a 0 ) and e x t e n t o f s u b s t i t u t i o n o f 
ruthenium by e i t h e r l e a d or bismuth i s l i n e a r as shown i n F i g u r e 1. 

X - r a y d i f f r a c t i o n p a t t e r n s of the l e a d - s u b s t i t u t e d l e a d r u t h e n a t e s 
support the c o n c l u s i o n t h a t they are p y r o c h l o r e s o f c u b i c s y m m e t r y . 
I t must be n o t e d , however, t h a t s i n c e t h e s e m a t e r i a l s were prepared 
at r e l a t i v e l y low t e m p e r a t u r e s , the peaks i n t h e i r x - r a y s p e c t r a were 
b r o a d e n e d . X - r a y l i n e broadening was s i g n i f i c a n t [ h a l f - h e i g h t peak 
w i d t h a t 5 0 - 6 0 ° ( 2 Θ ) was e q u a l t o O.5-O.8β(2θ)]; thus any s u b t l e 
evidence of d i s t o r t i o n t o l o w e r s y m m e t r i e s w o u l d be d i f f i c u l t t o 
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o b s e r v e . The x - r a y d i f f r a c t i o n i n t e n s i t y d a t a i s a l s o c o n s i s t e n t 
w i t h s u b s t i t u t i o n o f t h e Β s i t e ruthenium c a t i o n s by P b 4 + . As the 
degree of l a t t i c e e x p a n s i o n i n c r e a s e s t h e a l l - o d d h k l r e f l e c t i o n s 
d e c r e a s e m a r k e d l y i n i n t e n s i t y s i n c e t h e i r i n t e n s i t i e s a r e p r o 
p o r t i o n a l t o the d i f f e r e n c e i n s c a t t e r i n g between t h e A and Β s i t e 
c a t i o n s . 

A n i o n s t o i c h i o m e t r y measurements made by t h e r m o g r a v i m e t r i c 
r e d u c t i o n i n h y d r o g e n show h a l f o c c u p a n c y o f t h e 0' ( o r s e v e n t h 
a n i o n ) s i t e i n d e p e n d e n t of the extent of lead s u b s t i t u t i o n on the Β 
s i t e . Thus, the a p p r o p r i a t e general f o r m u l a f o r these lead r u t h e n a t e 
p h a s e s may be e x p r e s s e d as P b 2 [ R u 2 - x P b $ + ] 0 6 e 5 ± o . i where GK χ < 1. 
R e c e n t n e u t r o n d i f f r a c t i o n r e s u l t s (8) c o n f i r m * t h e * h a l f - o c c u p a n c y of 
t h e s e v e n t h a n i o n s i t e f o r t h e p h a s e , P b 2 R u 2 0 6 . 5 . T h i s oxygen 
s t o i c h i o m e t r y suggests t h a t h a l f o f t h e r u t h e n i u r n ' c a n be f o r m a l l y 
c o n s i d e r e d as 5+ and the o t h e r h a l f as 4+. T h i s i s c o n s i s t e n t w i t h 
t h e i n a b i l i t y t o s u b s t i t u t e more than h a l f of the ruthenium by P b 4 + 

and o b t a i n a s i n g l e phase p y r o c h l o r e . 
In t h e c a s e o f t h e B i 2 [ R u 2 - x B i x ] 0 7 y s e r i e s , i t i s p o s s i b l e t o 

e x p l a i n the bismuth s u b s t i t u t e d p y r o c h l o r e e i t h e r as r e s u l t i n g f r o m 
t h e s u b s t i t u t i o n o f r u t h e n i u m by B i 3 + , w i t h s u b s e q u e n t v a c a n c y 
f o r m a t i o n on the anion l a t t i c e , or by s u b s t i t u t i o n o f r u t h e n i u m by 
p a i r s o f B i 3 + and B i 5 + , w i t h no anion vacancy f o r m a t i o n n e c e s s a r y . 
Any of the above v a l e n c e d i s t r i b u t i o n s f o r t h e b i s m u t h r u t h e n a t e s 
c o u l d a c c o u n t f o r t h e e x p a n d e d l a t t i c e p a r a m e t e r s i n c e t h e y a l l 
i n v o l v e average B - s i t e i o n i c r a d i i l a r g e r than R u 4 + . 

The thermal s t a b i l i t y o f a l l o f t h e s e n o n s t o i c h i o m e t r i c p y r o -
c h l o r e s i s l i m i t e d and i s i n v e r s e l y d e p e n d e n t upon the e x t e n t of 
s u b s t i t u t i o n of noble metal c a t i o n s on the B - s i t e by post t r a n s i t i o n 
element c a t i o n s ( 1 ) . For example, Pb2[Ru2]06.5 i s s t a b l e t o 850°C i n 
a i r w h i l e P b 2 [ R u P ï ï ] 0 6 # 5 i s o n l y s t a b l e t o about 4 0 0 ° C . 

The A l k a l i n e S o l u t i o n S y n t h e s i s Route. The p r e c i p i t a t i o n / r e a c t i o n t o 
f o r m p y r o c h l o r e s w i t h i n t h e a l k a l i n e r e a c t i o n medium a p p e a r s to 
i n v o l v e the g r a d u a l e v o l u t i o n o f a c r y s t a l l i n e p y r o c h l o r e f r o m a 
l a r g e l y amorphous p r e c i p i t a t e . The x - r a y d i f f r a c t i o n p a t t e r n of t h i s 
" i n c i p i e n t p y r o c h l o r e , " immediately f o l l o w i n g p r e c i p i t a t i o n , shows 
o n l y one d i s c e r n i b l e f e a t u r e : a very b r o a d , d i f f u s e peak c e n t e r e d at 
~30° ( 2 Θ ) . W i t h i n c r e a s e d t i m e i n t h e r e a c t i o n medium, the major 
peaks of the p y r o c h l o r e begin t o become e v i d e n t i n the x - r a y p a t t e r n 
o f t h e p r e c i p i t a t e , w i t h t h e o r i g i n a l d i f f u s e peak at 30° ( 2 Θ ) 
g r a d u a l l y e v o l v i n g i n t o the (222) r e f l e c t i o n of t h e p y r o c h l o r e . An 
a l t e r n a t i v e , low temperature s o l i d s t a t e approach t o s y n t h e s i z i n g the 
s u b s t i t u t e d , c r y s t a l l i n e p y r o c h l o r e i s t o r e c o v e r t h e p r e c i p i t a t e 
w h i l e s t i l l i n t h e amorphous s t a t e and s u b j e c t i t t o a m i l d heat 
t r e a t m e n t . F i g u r e 2 shows the e v o l u t i o n of x - r a y d i f f r a c t i o n p a t t e r n s 
f o r s u c h a h e a t t r e a t m e n t c a r r i e d o u t at 3 0 0 ° C . F i g u r e 3 i s a DTA 
t r a c e , r u n i n a i r , on an amorphous o r " i n c i p i e n t p y r o c h l o r e " 
p r e c i p i t a t e . The v e r y d i s t i n c t i v e exotherm accompanying c r y s t a l 
l i z a t i o n r e i n f o r c e s the concept t h a t t h e i n c i p i e n t p y r o c h l o r e i s a 
v e r y e f f e c t i v e p r e c u r s o r w h i c h , w i t h s u f f i c i e n t thermal a c t i v a t i o n , 
can undergo a r a p i d , c o o p e r a t i v e t r a n s f o r m a t i o n t o a s t r u c t u r a l l y 
w e l l - r e s o l v e d p y r o c h l o r e . 

S i n c e o u r i n t e r e s t was i n maximizing s u r f a c e a r e a , a t t e n t i o n was 
d i r e c t e d p r i m a r i l y a t t h e e v o l u t i o n o f c r y s t a l l i n e p y r o c h l o r e 
d i r e c t l y from the a l k a l i n e s o l u t i o n media. 
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O.2 O.4 O.6 O.8 1.0 

INPb 2 [Ru 2 . x PbJ + ]0 6 5 

O.2 O.4 O.6 O.81.0 

IN Bi2[Ru2.xBix]07.y 

F i g u r e 1. L a t t i c e parameter v s . c o m p o s i t i o n . Reproduced w i t h 
p e r m i s s i o n from " P r e p a r a t i o n and C h a r a c t e r i z a t i o n of M a t e r i a l s " ; 
J . M. H o n i g and C Ν . R. R a o , e d s . ; Academic P r e s s I n c . , New 
York, 1981, p. 38 and 4 4 . 

3 0 0 ° C / 2 8 H R S . 

LJUL^x-
300°C/1 HR. 

FROM SOL'N 

F i g u r e 2 . T r a n s f o r m a t i o n o f amorphous l e a d r u t h e n a t e i n t o 
c r y s t a l l i n e p y r o c h l o r e . 

Society Library 
1155 16th St. N. W. 

Washington, O. C. 20036 
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One of the important parameters c o n t r o l l i n g the a l k a l i n e s o l u t i o n 
s y n t h e s i s i s s o l u b i l i t y . The p y r o c h l o r e s of the present study are 
f o u n d t o have a f i n i t e s o l u b i l i t y i n a l k a l i . E x p e r i m e n t a l 
o b s e r v a t i o n s s u g g e s t t h a t t h e l e a d - s u b s t i t u t e d l e a d r u t h e n a t e w i l l 
always remain i n e q u i l i b r i u m w i t h a c e r t a i n c o n c e n t r a t i o n o f l e a d i n 
a l k a l i n e s o l u t i o n . I f t h e c o n c e n t r a t i o n o f l e a d i n s o l u t i o n i s 
i n c r e a s e d , t h e r e b y e x c e e d i n g t h e e q u i l i b r i u m c o n c e n t r a t i o n , t h e 
s y s t e m r e s p o n d s by i n c o r p o r a t i n g more l e a d i n t o the s o l i d , r e s u l t i n g 
i n an i n c r e a s e d l a t t i c e p a r a m e t e r f o r t h e p y r o c h l o r e . I f t h e 
c o n c e n t r a t i o n of l e a d i n s o l u t i o n drops below the e q u i l i b r i u m l e v e l , 
the system responds by g i v i n g up more l e a d t o the s o l u t i o n r e s u l t i n g 
i n a p y r o c h l o r e w i t h a s m a l l e r l a t t i c e parameter. Thus, t h e r e i s 
observed t o be a f a c i l e t r a n s f e r of l e a d between t h e s o l i d and t h e 
s o l u t i o n a i d i n g the s y n t h e s i s . 

The [0H~] must be m a i n t a i n e d at a c e r t a i n minimum value (pH 10) i n 
o r d e r t o s y n t h e s i z e c r y s t a l l i n e p y r o c h l o r e f r o m s o l u t i o n . T h i s 
i m p l i e s t h a t a minimum s o l u b i l i t y i s r e q u i r e d f o r c r y s t a l l i z a t i o n and 
t h a t t h i s c r y s t a l l i z a t i o n of the p y r o c h l o r e d i r e c t l y out of a l k a l i n e 
s o l u t i o n may i n v o l v e a s o l u t i o n - r e p r e c i p i t a t i o n mechanism. Once the 
r e s t r i c t i o n of minimum pH has been s a t i s f i e d , [OH*] does not seem t o 
have a s i g n i f i c a n t e f f e c t on c r y s t a l l i n i t y as l o n g as o x i d i z i n g 
c o n d i t i o n s a r e m a i n t a i n e d . The s o l u b i l i t y of l e a d r a p i d l y i n c r e a s e s 
w i t h h y d r o x i d e c o n c e n t r a t i o n ; t h e r e f o r e , when a l l e l s e i s h e l d 
c o n s t a n t , t h e l a t t i c e parameter of the product p y r o c h l o r e decreases 
as the pH of the s y n t h e s i s medium i n c r e a s e s . 

I n c r e a s i n g t h e t e m p e r a t u r e o f s y n t h e s i s r e s u l t s i n e n h a n c e d 
c r y s t a l l i n i t y as would be a n t i c i p a t e d b e c a u s e o f i m p r o v e d r e a c t i o n 
k i n e t i c s . However, t h i s o b s e r v a t i o n i s a l s o c o n s i s t e n t w i t h a 
c r y s t a l l i z a t i o n mechanism i n v o l v i n g s o l u b i l i t y . F u r t h e r m o r e , as t h e 
t e m p e r a t u r e i n c r e a s e s so does the e q u i l i b r i u m c o n c e n t r a t i o n of l e a d 
i n s o l u t i o n ; thus w i t h a l l e l s e h e l d c o n s t a n t , i n c r e a s e d t e m p e r a t u r e 
o f r e a c t i o n r e s u l t s i n a s m a l l e r l a t t i c e parameter f o r the product 
l e a d r u t h e n a t e p y r o c h l o r e . 

One a d d i t i o n a l p a r a m e t e r t h a t a f f e c t s t h e s o l u b i l i t y o f l e a d 
r u t h e n a t e p y r o c h l o r e s i n a l k a l i i s the e x t e n t of l e a d s u b s t i t u t i o n on 
t h e B - s i t e . The g r e a t e r t h e s u b s t i t u t i o n ( i . e . the l a r g e r χ i s i n 
f o r m u l a 1 ) , the h i g h e r the s o l u b i l i t y of the p y r o c h l o r e s i s i n a l k a l i 
(2^). I f i t i s assumed t h a t a s o l u t i o n - r e p r e c i p i t a t i o n mechanism of 
s y n t h e s i s i s o p e r a t i v e , the s t o i c h i o m e t r y - d e p e n d e n t s o l u b i l i t y c o u l d 
e x p l a i n why i t becomes s i g n i f i c a n t l y more d i f f i c u l t t o c r y s t a l l i z e 
l e a d r u t h e n a t e d i r e c t l y out of a l k a l i n e s o l u t i o n when χ <O.3. 

P e r h a p s t h e most i m p o r t a n t s y n t h e s i s p a r a m e t e r a f f e c t i n g t h e 
c r y s t a l l i z a t i o n of p y r o c h l o r e from a l k a l i n e s o l u t i o n i s the o x i d i z i n g 
p o t e n t i a l w i t h i n t h e r e a c t i o n medium. I t i s o b s e r v e d t h a t t h i s 
p a r a m e t e r has d r a m a t i c e f f e c t s on both c r y s t a l l i n i t y and e x t e n t of 
ruthenium s u b s t i t u t i o n by P b 4 + . For example, a s y n t h e s i s i n which 0 2 

i s bubbled i n t o the r e a c t i o n medium w i l l y i e l d a w e l l c r y s t a l l i z e d 
p y r o c h l o r e 2-3 t imes f a s t e r than a s y n t h e s i s where O2 s p a r g i n g i s not 
p r o v i d e d . C r y s t a l l i n e p y r o c h l o r e s c a n n o t be o b t a i n e d under any 
s y n t h e s i s c o n d i t i o n s ( e x c e p t t h o s e t h a t a r e e l e c t r o c h e m i c a l l y 
a s s i s t e d ) when N2 s p a r g i n g i s u s e d . The n e c e s s i t y f o r r e l a t i v e l y 
o x i d i z i n g c o n d i t i o n s i n o r d e r t o y i e l d c r y s t a l l i n e expanded p y r o -
c h l o r e s i s c o n s i s t e n t w i t h the h y p o t h e s i s t h a t t h e s e p y r o c h l o r e s do 
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c o n t a i n P b 4 + , as w e l l as R u 4 + and R u 5 + c a t i o n s on the B - s i t e . Thus, 
o x i d a t i o n o f t h e d i v a l e n t l e a d and t r i v a l e n t r u t h e n i u m s t a r t i n g 
s p e c i e s i s r e q u i r e d . 

H i g h l y o x i d i z i n g p o t e n t i a l s can a l s o be achieved by employing an 
a n o d i c e l e c t r o d e w i t h i n t h e r e a c t i o n v e s s e l . F o r e x a m p l e , t h e 
s o l u t i o n s y n t h e s i s o f c r y s t a l l i n e expanded p y r o c h l o r e can be done 
u n d e r c o n d i t i o n s (16 h o u r s , 5 0 e C , O.72M KOH, N 2 s p a r g i n g ) t h a t would 
not y i e l d c r y s t a l l i n e p y r o c h l o r e i f t h e r e were no a n o d i c e l e c t r o d e 
p r e s e n t . E m p l o y i n g a P b 4 + s o u r c e (such as Pb02 or Pb(Ac)4) r a t h e r 
t h a n a P b 2 + source has much the same e f f e c t , the k i n e t i c s of p y r o c h 
l o r e f o r m a t i o n being measurably q u i c k e r even though t h e l e a d s o u r c e 
may have been added as a s o l i d powder. I t appears t h a t a minimum 
e l e c t r o c h e m i c a l p o t e n t i a l of 1.0V v s . a r e v e r s i b l e hydrogen e l e c t r o d e 
i n t h e same e l e c t r o l y t e (RHE) i s r e q u i r e d f o r t h e s y n t h e s i s o f 
c r y s t a l l i n e p y r o c h l o r e . I f t h e p o t e n t i a l o f t h e s y s t e m i s 
a p p r e c i a b l y lower than 1.0V RHE an amorphous product r e s u l t s . I f the 
p o t e n t i a l i s h i g h e r t h a n 1.1V RHE, s i g n i f i c a n t amounts of P b 0 2 are 
p r o d u c e d a l o n g w i t h p y r o c h l o r e . The s p a r g i n g o f 0 2 t h r o u g h an 
a l k a l i n e r e a c t i o n medium (pH = 13) a t 7 5 ° C d e v e l o p s a n a t u r a l open 
c i r c u i t p o t e n t i a l (OCV) of 1.0V RHE, thus a l l o w i n g f o r the f o r m a t i o n 
of c r y s t a l l i n e p y r o c h l o r e . N i t r o g e n s p a r g i n g o f t h e same s o l u t i o n 
d e v e l o p s an OCV o f l e s s than O.9 V RHE which e x p l a i n s the amorphous 
product o b t a i n e d under these c o n d i t i o n s . A i r s p a r g i n g at pH 13 g i v e s 
an OCV w e l l b e l o w 1.0V RHE and an amorphous p r o d u c t . However a i r 
s p a r g i n g at g r e a t e r than pH 14 i n c r e a s e s the o x i d i z i n g p o t e n t i a l o f 
the r e a c t i o n medium high enough t o g i v e c r y s t a l l i n e p y r o c h l o r e . 

The above o b s e r v a t i o n s are c o n s i s t e n t w i t h t h e P o u r b a i x (pH v s . 
p o t e n t i a l ) phase diagram f o r the system l e a d - w a t e r (9). T h i s phase 
d i a g r a m , shown i n F i g u r e 4 , i n d i c a t e s t h a t i n an aqueous a l k a l i n e 
e n v i r o n m e n t o f pH 1 3 - 1 4 ( t h e optimum r a n g e s f o r p y r o c h l o r e s y n 
t h e s i s ) , P b 3 Û 4 i s s t a b i l i z e d i n t h e p o t e n t i a l range of O.9 - 1.0V 
RHE. Thus, t h i s f a i r l y narrow e l e c t r o c h e m i c a l p o t e n t i a l range, which 
c o i n c i d e s w i t h t h e p o t e n t i a l r a n g e r e q u i r e d t o o b t a i n c r y s t a l l i n e 
p y r o c h l o r e d i r e c t l y o u t o f s o l u t i o n , i s where P b 2 + and P b 4 + are 
p r e d i c t e d t o c o e x i s t i n t h e s o l i d s t a t e as i s t h e c a s e i n l e a d -
s u b s t i t u t e d l e a d r u t h e n a t e . C o n s i s t e n t w i t h exper imental ev idence 
c i t e d e a r l i e r , p o t e n t i a l s > « 1 . 1 V RHE s t a b i l i z e o n l y P b 4 + , t h e r e b y 
r e s u l t i n g i n t h e f o r m a t i o n of P b 0 2 . 

W h i l e t h e d i s c u s s i o n o f o x i d i z i n g p o t e n t i a l has centered on i t s 
e f f e c t i n terms of l e a d , i t i s i m p o r t a n t t o n o t e t h a t a r e l a t i v e l y 
o x i d i z i n g p o t e n t i a l i s a l s o r e q u i r e d t o c o n v e r t t h e t r i v a l e n t 
r u t h e n i u m o f t h e s t a r t i n g s o l u t i o n t o a h i g h e r ( 4 + / 5 + ) o x i d a t i o n 
s t a t e . The Pourbaix diagram (9) f o r the ruthenium-water system, shown 
i n F i g u r e 5 , i n d i c a t e s t h a t at p o t e n t i a l s lower than O.9V RHE, R u 3 + 

i s t h e o n l y s t a b l e s o l i d s t a t e r u t h e n i u m s p e c i e s . A t h i g h e r 
p o t e n t i a l s R u 4 + i s s t a b l e i n t h e s o l i d s t a t e and i s i n e q u i l i b r i u m 
w i t h t h e r u t h e n a t e ( R u 6 + ) s o l u t i o n s p e c i e s . Although i t i s r e c o g n i z e d 
t h a t P o u r b a i x d i a g r a m s a r e n o t d e s i g n e d t o d e s c r i b e m i x e d m e t a l 
s y s t e m s , i n t h i s p a r t i c u l a r c a s e t h e y h e l p p r o v i d e a r a t i o n a l 
e x p l a n a t i o n f o r the r e q u i r e d s o l u t i o n s y n t h e s i s c o n d i t i o n s o f t h e 
n o n s t o i c h i o m e t r i c p y r o c l o r e s . 

S y n t h e s i s o f t h e b i s m u t h - s u b s t i t u t e d b i s m u t h r u t h e n a t e s i s , i n 
most r e s p e c t s , s i m i l a r t o t h a t o f t h e l e a d r u t h e n a t e s e r i e s . 
P r e c i p i t a t i o n / c r y s t a l l i z a t i o n i s e f f e c t e d i n a r e l a t i v e l y o x i d i z i n g , 
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F i g u r e 3 . DTA T r a c e , run i n a i r at 2 0 ° C / m i n . , on amorphous l e a d 
r u t h e n a t e p r e c i p i t a t e . 
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F i g u r e 4 . P o t e n t i a l - p H diagram f o r the system l e a d - w a t e r at 
25°C., adapted from Pourbaix ( 9 ) . 
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a l k a l i n e medium. As w i t h the l e a d r u t h e n a t e s , low l e v e l s of e l e c t r o 
c h e m i c a l p o t e n t i a l , pH and t e m p e r a t u r e a l l l e a d t o an amorphous 
p r o d u c t . The s y n t h e s i s of these m a t e r i a l s i s f u r t h e r c o m p l i c a t e d by 
t h e e x i s t e n c e o f a c o m p e t i t i v e p h a s e , Bi2RU2O7 β 33, which has the 
KSb03 s t r u c t u r e ( 1 0 ) . F i g u r e 6 shows t h a t s i n g l e phase b i s m u t h -
s u b s t i t u t e d b i s m u T F r u t h e n a t e p y r o c h l o r e s can be s y n t h e s i z e d u s i n g 
the a l k a l i n e s o l u t i o n r o u t e ; however, s i n g l e p h a s e p y r o c h l o r e s a r e 
r e s t r i c t e d t o a f a i r l y n a r r o w p H / t e m p e r a t u r e window. The bismuth 
r u t h e n a t e system a l s o d i f f e r s from the l e a d r u t h e n a t e s y s t e m i n one 
o t h e r r e s p e c t . In t h e l e a d r u t h e n a t e s e r i e s a m i l d heat t reatment 
( e . g . 4 0 0 e C ) i n a i r w i l l c o n v e r t any o f t h e a m o r p h o u s , " i n c i p i e n t 
p y r o c h l o r e " p r e c i p i t a t e s t o p u r e c r y s t a l l i n e p y r o c h l o r e . In the 
bismuth r u t h e n a t e system on the o t h e r hand, o n l y those amorphous p r e 
c i p i t a t e s which have been s u b j e c t e d t o a d i g e s t i o n p e r i o d , w i t h i n the 
a l k a l i n e medium, of adequate d u r a t i o n w i l l y i e l d p u r e p y r o c h l o r e 
upon h e a t t r e a t m e n t . F u r t h e r m o r e , u n l e s s t h e h e a t t r e a t m e n t i s 
c a r r i e d o u t i n a low p 0 2 a t m o s p h e r e ( e . g . f l o w i n g Ar o r He) t h e 
product w i l l c o n t a i n s u b s t a n t i a l amounts of the KSb03 phase. 

The low temperature of s y n t h e s i s a f f o r d e d by the a l k a l i n e s o l u t i o n 
r o u t e has r e s u l t e d i n t h e p y r o c h l o r e o x i d e s o f t h i s study having 
s u r f a c e a r e a s r a n g i n g f r o m 5 0 - 2 0 0 m 2 / g . Thus, one of the pr imary 
r e q u i r e m e n t s f o r m a t e r i a l s b e i n g i n v e s t i g a t e d f o r c a t a l y t i c 
a p p l i c a t i o n s has been a c h i e v e d . However, even w i t h these r e l a t i v e l y 
h i g h s u r f a c e a r e a m a t e r i a l s , we have o b s e r v e d t h a t t h e s t a t e o f 
a g g l o m e r a t i o n can c r i t i c a l l y a f f e c t the e l e c t r o c a t a l y t i c a c t i v i t y . 
F i g u r e 7 i l l u s t r a t e s how a s i m p l e v a r i a t i o n i n t h e s y n t h e s i s 
p r o c e d u r e can d r a s t i c a l l y a f f e c t t h e s t a t e o f a g g l o m e r a t i o n o f 
powders produced v i a the a l k a l i n e s o l u t i o n r o u t e . The b u l k volume of 
t h e powder i s seen t o i n c r e a s e a p p r o x i m a t e l y t e n f o l d when i t i s 
recovered from the a l k a l i n e s y n t h e s i s medium by t h e s p r a y - f r e e z e / 
f r e e z e d r y t e c h n i q u e r e l a t i v e t o the case where c o n v e n t i o n a l vacuum 
f i l t r a t i o n i s e m p l o y e d . E l e c t r o d e s f a b r i c a t e d f r o m t h e h i g h b u l k 
volume powder showed a c l e a r improvement i n c a t a l y t i c a c t i v i t y f o r 
both r e d u c t i o n and e v o l u t i o n of oxygen. 

Oxygen E l e c t r o c a t a l y t i c P r o p e r t i e s : Oxygen R e d u c t i o n . F i g u r e 8 
compares s t e a d y - s t a t e p o l a r i z a t i o n curves f o r t h e e l e c t r o r e d u c t i o n of 
0? on a t y p i c a l p y r o c h l o r e c a t a l y s t , P b 2 ( R u i . 4 2 P b o . 5 8 ) ° 6 . 5 » a n d I 5 

w/o p l a t i n u m on c a r b o n . The l a t t e r was c o n s i d e r e d r e p r e s e n t a t i v e o f 
c o n v e n t i o n a l supported noble metal e l e c t r o c a t a l y s t s . The a c t i v i t i e s 
of both c a t a l y s t s are q u i t e comparable. While the e l e c t r o d e s were not 
f u r t h e r o p t i m i z e d , t h e i r p e r f o r m a n c e was c l o s e t o the s t a t e of the 
a r t , c o n s i d e r i n g t h a t c u r r e n t s of 1000 ma/cm c o u l d be r e c o r d e d , at a 
r e l a t i v e l y moderate temperature (75°C) and a l k a l i c o n c e n t r a t i o n (3M 
Κ 0 Η ) . A l s o , t h e v o l t a g e s were n o t c o r r e c t e d f o r e l e c t r o l y t e 
r e s i s t a n c e . The p a r t i c l e s i z e of the p l a t i n u m on t h e c a r b o n s u p p o r t 
was o f t h e o r d e r o f 2 n a n o m e t e r s , as m e a s u r e d by t r a n s m i s s i o n 
e l e c t r o n m i c r o s c o p y . 

F i g u r e 9 i l l u s t r a t e s the Ο2 e l e c t r o r e d u c t i o n a c t i v i t y of a number 
o f l e a d r u t h e n a t e p y r o c h l o r e s , P b 2 ( R u 2 - x P b x ) 0 6 # 5 , where 0 < χ < 1.O. 
These d a t a demonstrate t h a t c a t a l y s t s of r o u g h l y e q u i v a l e n t a c t i v i t y 
can be s y n t h e s i z e d o v e r t h e e n t i r e c o m p o s i t i o n a l r a n g e . In two 
e x a m p l e s where t h e a c t i v i t y was n o t i c e a b l y lower (x = O.04 and χ = 
O.98), the s y n t h e s i s c o n d i t i o n s were such t h a t t h e s u r f a c e a r e a s o f 
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I ι 1 ι 

t 
til 

1.2 

1.0 CRuor; Ru02'2H20 -
ζ 
κ 
> 

O.8 - Ru(OH)3 

O.6 Ru 
c -

-P
oU

 

O.4 -
I O.2 -

0 

. Ι ι Ι ι I ι I 

1.2 

1.0 

O.8 

O.6 

O.4 

O.2 

Η 2 

11 13 
-pH -

15 

F i g u r e 5 . P o t e n t i a l -pH diagram f o r the system ruthenium-water 
at 25°C., adapted from Pourbaix ( 9 ) . 

NARROW WINDOW FOR SOLUTION SYNTHESIS 
OF Bi 0[Ru„ Bi I O , 2 2-x >c 7-y 

υ 

80 

I 1 \ 1 
ν p + \ 

Xs^KSb03
u \ 

V PYROCHLORE^S. } 

.... j 
Ρ + 

B i 2 ° 3 

B î 2 ° 3 

60 

AMORPHOUS 

-

40 — -

20 

I 1 1 1 
-

10 12 14 

— p H — 

F i g u r e 6 . S y n t h e s i s p r o d u c t s as a f u n c t i o n of temperature and 
pH f o r t h e B i - R u - 0 s y s t e m i n KOH r e a c t i o n m e d i a . Time o f 
r e a c t i o n h e l d c o n s t a n t a t 7 d a y s . "KSbO^" s i g n i f i e s t h e 
K S b 0 3 - r e l a t e d phase, Bi2Ru20ye33. "P" s i g n i f i e s the p y r o c h l o r e 
phase, Bi2[Ru2-xBix]07y. 
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9. HOROWITZ ET AL. Nonstoichiometric Ruthenate Pyrochlores 153 

F i g u r e 7. Equal weights o f Pb2 [Ru1.52Pb.33] 05.5. 
L e f t - Recovered by c o n v e n t i o n a l vacuum'fi l t r a t i o n "and d r y i n g . 
R i g h t - Produced by the s p r a y - f r e e z e / f r e e z e dry t e c h n i q u e . Both 
have s u r f a c e areas of 78 m 2 /g. 
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UJ 
X 1.0 
Û£ 

(Λ 
> O.9 

"5 > O.8 

O.7 

o P b 2 [ R u l t 4 2 P b > 5 8 ] 0 6 > 5 

• 1 5 % Pt on Carbon 
I L 

10 
J L 

100 400 1000 

mA/cm 

F i g u r e 8 . S t e a d y - s t a t e p o l a r i z a t i o n curves f o r O9 r e d u c t i o n i n 
3M Κ 0 Η , 7 5 ° C on P b 2 [ R u i 49Pb0 ç8

4+J°6.5* ,an
9

d ^5 w/o P t on 
carbon. Catalyst lx>adin§? areι 6Ό and 50 mg/cms respectively. 
The surface areas of the pyrochlore and carbon-supported Pt are 
67 m2/g and 25 m 2 / g , r e s p e c t i v e l y . Reproduced w i t h p e r m i s s i o n 
from Ref. ^ C o p y r i g h t 1983, The E l e c t r o c h e m i c a l Soc. I n c . 

1.1 1" 1 1 1 . 

1.0 — 

O.9 X=O.11 (28 rru/g) 
X=O.33 (85 rru/g) 
X=O.58 (67 mVg) 
X=O.82 (60 mi/g) 
X=O.94 (81 mVg) 

O.8 

X=O.11 (28 rru/g) 
X=O.33 (85 rru/g) 
X=O.58 (67 mVg) 
X=O.82 (60 mi/g) 
X=O.94 (81 mVg) 

O.8 

X=O.11 (28 rru/g) 
X=O.33 (85 rru/g) 
X=O.58 (67 mVg) 
X=O.82 (60 mi/g) 
X=O.94 (81 mVg) 

1 1 1 ι — ' J / ι • 1 1 I 
1 10 100 300 

mA/cm 

F i g u r e 9 . 0 2 r e d u c t i o n i n 3M KOH, 75°C on Pb2[Ru2-xPb4x]o6 5 a s 
a f u n c t i o n of x . Scans at O.2 mV/sec. C a t a l y s t l o a d i n g i's 60 
mg/cm 2 . R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 1. C o p y r i g h t 
1983, The E l e c t r o c h e m i c a l S o c . I n c . 
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t h e c a t a l y s t s were q u i t e low (<15 m 2 / g ) . T h u s , t h e q u a l i t a t i v e 
c o n c l u s i o n drawn f r o m t h e s e a c t i v i t y c u r v e s i s t h a t t h e c a t a l y s t 
a c t i v i t y does not a p p e a r t o be s i g n i f i c a n t l y d e p e n d e n t upon 
c o m p o s i t i o n ; s u r f a c e area does appear t o be the dominant f a c t o r . The 
c o n s t a n t p o l a r i z a t i o n at low c u r r e n t d e n s i t i e s observed f o r the p y r o -
c h l o r e s r u n under d y n a m i c s c a n c o n d i t i o n s i s a c o n s e q u e n c e o f 
p s e u d o - c a p a c i t a n c e c h a r g i n g c u r r e n t s ( l e a d r u t h e n a t e w i t h s u r f a c e 
a r e a s o f 6 0 - 8 0 m2/g has a pseudocapacitance i n the range of hundreds 
o f f a r a d s per gram; t h u s , voltammograms under N 2 at O.2 mV/sec showed 
c a p a c i t a n c e c u r r e n t s of 3 - 8 mA/cm2). 

Oxygen E l e c t r o c a t a l y t i c P r o p e r t i e s : Oxygen E v o l u t i o n . F i g u r e 10 
shows p o l a r i z a t i o n c u r v e s f o r oxygen e v o l u t i o n on a number o f 
p y r o c h l o r e s , P b 2 ( R u 2 - x P b x ) 0 6 e 5 , where 0 < χ < 1. I t can be seen from 
these curves t h a t c a t a l y s t s o f r o u g h l y e q u i v a l e n t a c t i v i t y can be 
s y n t h e s i z e d over very n e a r l y the e n t i r e c o m p o s i t i o n a l range; s u r f a c e 
area again appears t o be the primary f a c t o r a f f e c t i n g a c t i v i t y . Note 
a g a i n t h e d o m i n a n t e f f e c t o f p s e u d o c a p a c i t a n c e a t low c u r r e n t 
d e n s i t i e s . 

The d a t a i n F i g u r e 10 i l l u s t r a t e the f a c t t h a t P b 2 ( R u 2 - x P b x ) 0 6 # 5 
p y r o c h l o r e s are even more e f f e c t i v e c a t a l y s t s f o r oxygen e v o l u t i o n 
than t h e y are f o r oxygen r e d u c t i o n . A t y p i c a l good P b 2 ( R u 2 - x P b x ) 0 6 . 5 
c a t a l y s t e v o l v e s oxygen a t 100 mA/cm2 a t a p o l a r i z a t i o n o f 
a p p r o x i m a t e l y 120 mV from the t h e o r e t i c a l p o t e n t i a l ( 1 . 1 8 V v s . RHE, 
3M Κ 0 Η , 7 5 ° C ) as compared t o a p o l a r i z a t i o n of a p p r o x i m a t e l y 260 mV 
from t h e o r y f o r oxygen r e d u c t i o n at the same c u r r e n t d e n s i t y . T h i s 
e x t r a o r d i n a r i l y low a n o d i c p o l a r i z a t i o n i s f u r t h e r demonstrated by 
the oxygen e v o l u t i o n a c t i v i t y comparisons, shown i n F i g . 11 between 
P b 2 ( R u i . 6 7 P b o . 3 3 ) 0 ^ . 5 and some c o m p e t i t o r e l e c t r o c a t a l y s t s . Data f o r 
P t b l a c k , Ru0*2, 1% Mg-doped N1C02O4 s u p p o r t e d on Ni s h e e t , and Ni 
sheet are i n c l u d e d along w i t h t h e p y r o c h l o r e . I t s h o u l d be n o t e d 
t h a t R u 0 2 , w h i l e i n c l u d e d i n t h e c o m p a r i s o n , i s f o u n d not t o be 
s t a b l e i n a l k a l i under anodic p o l a r i z a t i o n . 

The p e r f o r m a n c e o f Ni c o u l d p r o b a b l y have been s u b s t a n t i a l l y 
improved by u s i n g a h i g h e r s u r f a c e area form of the m e t a l , b u t t h e r e 
a r e no r e p o r t s i n t h e l i t e r a t u r e o f a c h i e v i n g oxygen e v o l u t i o n 
a c t i v i t i e s w i t h n i c k e l t h a t are any b e t t e r than can be o b t a i n e d w i t h 
N i C o 2 Û 4 . 

I t has been e s t a b l i s h e d t h a t r e a s o n a b l e a c t i v i t y maintenance i s 
a c h i e v a b l e over r e l a t i v e l y l o n g t e s t i n g p e r i o d s (500-1800 h o u r s ) . The 
d e t a i l s o f t h i s l i f e t e s t i n g a r e g i v e n i n r e f e r e n c e (2). The 
p r i n c i p a l d i f f i c u l t i e s a s s o c i a t e d w i t h a c t i v i t y maintenance appear t o 
be r e l a t e d t o e l e c t r o d e s t r u c t u r e . As n o t e d e a r l i e r , e v i d e n c e o f 
f i n i t e c a t a l y s t s o l u b i l i t y was o b t a i n e d ; however, no i n d i c a t i o n s of 
gross c h e m i c a l / e l e c t r o c h e m i c a l i n s t a b i l i t y were n o t e d . I n t e r e s t 
i n g l y , t h e observed c o r r o s i o n appeared t o have no s i g n i f i c a n t e f f e c t 
on c a t a l y t i c a c t i v i t y . 

In t h e c a s e o f oxygen e l e c t r o - r e d u c t i o n , the i r r e v e r s i b i l i t y (or 
p o l a r i z a t i o n from the t h e o r e t i c a l v o l t a g e ) t h a t one a l m o s t a l w a y s 
e n c o u n t e r s c a n be c o n s i d e r e d t o a r i s e p r i m a r i l y from the e x t r e m e l y 
h i g h a c t i v a t i o n e n e r g y i n v o l v e d i n b r e a k i n g t h e v e r y s t a b l e 0=0 
b o n d . As a r e s u l t , t h e e l e c t r o - r e d u c t i o n of oxygen i s t y p i c a l l y 
r a t e l i m i t e d by the r e d u c t i o n o f an i n t e r m e d i a t e h y d r o g e n p e r o x i d e 
s p e c i e s . The p o t e n t i a l o f t h i s two e l e c t r o n r e d u c t i o n t o t h e 
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Τ 1 1 Γ 

x = .14 (33 ml/g) 
— • — χ = .33 (85 m;/g) 

F i g u r e 1 0 . 0 2 e v o l u t i o n i n 3M KOH, 75°C Pb2[Ru2-xPbx
4+]06e5 as 

a f u n c t i o n o f x . C a t a l y s t l o a d i n g i s 60 mg/cm2. Reproduced 
w i t h p e r m i s s i o n f r o m R é f . 1. C o p y r i g h t 1 9 8 3 , The E l e c t r o 
chemical Soc. I n c . 

— P b 2 [ R u K 6 7 P b 3 3 ] 0 (85 m2/g) 

mA/cm 

F i g u r e 1 1 . Ο2 e v o l u t i o n i n 3M KOH, 75°C on v a r i o u s c a t a l y s t s . 
C a t a l y s t l o a d i n g s were: 60mg/cm2 f o r the p y r o c h l o r e ; 33 mg/cm2 

f o r t h e P t b l a c k ; and 62 mg/cm 2 f o r t h e R u 0 2 » The c a t a l y s t 
l o a d i n g f o r N i C o 2 Û 4 s p i n e l was not r e c o r d e d . Reproduced w i t h 
p e r m i s s i o n f r o m R e f . 1. C o p y r i g h t 1 9 8 3 , The E l e c t r o c h e m i c a l 
S o c . I n c . 
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p e r o x i d e d e c r e a s e s w i t h t h e p e r o x i d e c o n c e n t r a t i o n ; u n l e s s t h i s 
c o n c e n t r a t i o n i s reduced t o the extremely low e q u i l i b r i u m l e v e l ( i . e . 
10"15 Μ ΗΟ2 i n 1 M c a u s t i c ) , a p o t e n t i a l i s o b t a i n e d w h i c h i s 
s i g n i f i c a n t l y lower than t h e t h e o r e t i c a l p o t e n t i a l f o r t h e d i r e c t 
f o u r e l e c t r o n r e d u c t i o n of oxygen t o h y d r o x i d e . 

R o t a t i n g r i n g d i s k e x p e r i m e n t s on t h e l e a d - s u b s t i t u t e d l e a d 
r u t h e n a t e s (2), at p o t e n t i a l s where s i g n i f i c a n t oxygen r e d u c t i o n 
c u r r e n t i s e v i d e n t , f a i l e d t o d e t e c t any s o l u b l e H2O2 as an 
i n t e r m e d i a t e . The d i s k e l e c t r o d e used was a w e l l compacted mass o f 
T e f l o n and l e a d r u t h e n a t e powders w h i c h was r u n u n d e r d i f f u s i o n 
l i m i t e d c o n d i t i o n s t o m i n i m i z e any p e n e t r a t i o n o f H^Op i n t o t h e 
p o s s i b l y porous i n t e r i o r . Under s i m i l a r c o n d i t i o n s c a r b o n p a s t e 
e l e c t r o d e s show s i g n i f i c a n t hydrogen p e r o x i d e p r o d u c t i o n i n a l k a l i n e 
s o l u t i o n s . The a d d i t i o n of hydrogen p e r o x i d e t o an o p e n - c i r c u i t e d 
l e a d r u t h e n a t e e l e c t r o d e , i n a l k a l i n e e l e c t r o l y t e , c a u s e d t h e 
f o r m a t i o n o f Ο2 b u b b l e s and a s m a l l b u t d e f i n i t e r e d u c t i o n i n 
p o t e n t i a l . T h i s suggests t h a t l e a d r u t h e n a t e c a t a l y z e s t h e r a p i d 
d i s p r o p o r t i o n a t e o f p e r o x i d e t o oxygen and OH" t h e r e b y p r e v e n t i n g 
the f o r m a t i o n of s o l u b l e p e r o x i d e and c o n s e q u e n t l y r e d u c i n g the mixed 
p o t e n t i a l e f f e c t . 

W h i l e t h e oxygen e l e c t r o c a t a l y s i s r e s u l t s r e p o r t e d here have been 
those o b t a i n e d s p e c i f i c a l l y on the lead r u t h e n a t e s e r i e s , e s s e n t i a l l y 
e q u i v a l e n t r e s u l t s were o b t a i n e d on the bismuth r u t h e n a t e s e r i e s . 

E l e c t r o - O r g a n i c O x i d a t i o n P r o p e r t i e s . Table I l i s t s some r e s u l t s f o r 
t h e e l e c t r o - o x i d a t i o n o f p r i m a r y a l c o h o l s and p r o p y l e n e on l e a d -
s u b s t i t u t e d l e a d r u t h e n a t e . Propylene was c l e a v e d w i t h n e a r l y 100% 
s e l e c t i v i t y t o a c e t i c a c i d and CO2. In b o r a t e b u f f e r at pH 9 the 
o x i d a t i o n of propylene a l s o o c c u r r e d , and the s e l e c t i v i t y t o a c e t a t e 
and CO2, based on the amount of carbonate i s o l a t e d , was a l s o c l o s e t o 
100%. D i s s o l v e d ethanol and propanol were both c o n v e r t e d w i t h h i g h 
s e l e c t i v i t y t o t h e c o r r e s p o n d i n g c a r b o x y l i c a c i d s a l t s i n a l k a l i n e 
e l e c t r o l y t e . In c o n t r a s t , Pt b l a c k ( a l s o shown i n Table I) o x i d i z e d 
e t h a n o l t o CO2 and then r a p i d l y d e a c t i v a t e d . 

Table I 

LEAD RUTHENATES OXIDIZE ALCOHOLS AND CLEAVE PROPYLENE* 

Coulombic Y i e l d % E l e c t r o n s 
Feed Product Product c o r P e r M o l e c . 

H3CCH=CH2 CH3COO- 100 94 10 
" at pH 9 CH3COO- N.A.+ 100 10 
CH3CH20H CH3COO- >94 0 4 
CH3CH2CH2OH CH 3CH 2C00- 100 0 4 

CH3CH20H CH 3C00-(?) 

On PT 

25,27 48 D e a c t i v a t e d 
At 1 h r . 

* P o t e n t i o s t a t i c Operat ion at 1.2 V RHE, 25 or 50°C.,O.5-1M KOH 
+ N . A . = Not analyzed f o r 
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T a b l e I I shows r e s u l t s f o r t h e e l e c t r o - o x i d a t i o n o f s e c o n d a r y 
a l c o h o l s and k e t o n e s . In a l k a l i n e e l e c t r o l y t e , secondary butanol was 
n o t o x i d i z e d t o m e t h y l e t h y l k e t o n e b u t was c l e a v e d t o a c e t a t e . 
S i m i l a r l y methyl e t h y l ketone was c l e a v e d t o a c e t a t e , a l t h o u g h some 
C 0 2 and p r o p i o n a t e formed, i n d i c a t i v e o f c leavage on the o t h e r s i d e 
o f t h e c a r b o n y l g r o u p . B u t a n e d i o l ( 2 , 3 ) went t o a c e t a t e y i e l d i n g 
l e s s CO2. At pH 9 i n b o r a x b u f f e r 2 - b u t a n o l went e x c l u s i v e l y t o 
methyl e t h y l ketone at 89% c o n v e r s i o n , s u g g e s t i n g t h a t e n o l i z a t i o n i n 
a l k a l i i s a necessary p a r t of the cleavage p r o c e s s . Cyclohexanol and 
c y c l o h e x a n o n e were b o t h c o n v e r t e d t o a d i p i c a c i d . F i g u r e 12 
s u m m a r i z e s the v a r i o u s t y p e s of e l e c t r o - o r g a n i c o x i d a t i o n s , thus f a r 
d i s c u s s e d , which are observed t o occur on l e a d r u t h e n a t e i n a l k a l i n e 
e l e c t r o l y t e . 

In o r d e r t o c o n f i r m t h e r e a c t i v i t y and s e l e c t i v i t y o f l e a d 
r u t h e n a t e s f o r the o x i d a t i o n of i s o l a t e d double b o n d s , two s o l u b l e , 
u n s a t u r a t e d c a r b o x y l i c a c i d s were chosen t h a t c o n t a i n a double bond 
f a r removed f r o m t h e s o l u b i l i z i n g c a r b o x y l a t e g r o u p . The two 
o l e f i n i c compounds, 1 - u n d e c y l e n i c a c i d and 2 - c y c l o p e n t e n e - l - a c e t i c 
a c i d were both c l e a v e d at the double bond as shown i n F i g u r e 13. 

The i n i t i a l r a t e s o f o x i d a t i o n f o r a v a r i e t y of r e a c t a n t s are 
shown as a f u n c t i o n o f t e m p e r a t u r e i n F i g u r e 1 4 . The s o l u b l e 
compounds c o n t a i n i n g o x i d i z a b l e oxygen f u n c t i o n a l i t i e s achieved r a t e s 
o f 100 o r more ma/cm 2 at 50°C whereas the o x i d a t i o n of the o l e f i n i c 
compounds was a f a c t o r o f 5 o r 10 s l o w e r . The d a t a on propylene 
showed a b e n e f i t f o r h i g h e r pH v a l u e s and a d i f f u s i o n l i m i t above 
50°C i n s t r o n g a l k a l i . 

Table II 

SECONDARY ALCOHOLS AND KETONES ARE CLEAVED* 

Coulombic Y i e l d % E l e c t r o n s 
Feed Product Product CO 3= Per M o l e c . 

9H 

CH3CH2Ç-CH3 2CH3COO- 67 8-25 8 
H 

CH3-CH2UCH3 2CH3COO- 81 14-24 6 

CH3-ÇH-ÇH-CH3 2CH3COO- 84 3-4 6 -ÇH-ÇH 
OH OH 

0 = 
CH2CH2COO- 87 1 

CH 2 CH 2 C00-

+ P o t e n t i o s t a t i c O p e r a t i o n at 1.2 V RHE, 2§ or 50° C., 1M KOH 
*Range o f Values Depends on e's/MOL o f COg Assumed 
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R-CH2OH "4e> R-COO" 

R-CH^CH2 "10e> RCOO" + COg= 

Ο 
IL 6 e . . 

R-C|CH2-R' » R-COO + OOC-R' 

F i g u r e 12. T y p i c a l E l e c t r o - O x i d a t i o n s on L e a d R u t h e n a t e 
A l k a l i . 

CH2=CH(CH2)8COO" "10e > "OOC(CH2)8COO" + COg= 

+ 

OOC(CH2)7COO" 7% 

CH2—CH2 

CH2COO -8e > HOO(- CH-CH.COOH 
/ 2 

HOOC 

85% 

D— 

F i g u r e 13. O x i d a t i o n of S o l u b i l i z e d U n s a t u r a t e s . 
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Ι Α ° κ 

F i g u r e 1 4 . R a t e s o f O x i d a t i o n o f V a r i o u s O r g a n i c s on Lead 
Ruthenate. 
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Summary and D i s c u s s i o n of R e s u l t s 

A new f a m i l y o f h i g h c o n d u c t i v i t y , m i x e d m e t a l o x i d e s having the 
p y r o c h l o r e c r y s t a l s t r u c t u r e has been d i s c o v e r e d . These compounds 
d i s p l a y a v a r i a b l e c a t i o n s t o i c h i o m e t r y , as g i v e n by Equation 1. The 
a b i l i t y t o s y n t h e s i z e these m a t e r i a l s i s h i g h l y d e p e n d e n t upon t h e 
l o w t e m p e r a t u r e , a l k a l i n e s o l u t i o n p r e p a r a t i v e t e c h n i q u e t h a t has 
been d e s c r i b e d ; the r e l a t i v e l y low thermal s t a b i l i t y o f t h o s e p h a s e s 
where an a p p r e c i a b l e f r a c t i o n o f t h e B - s i t e s are occupied by post 
t r a n s i t i o n element c a t i o n s p r e c l u d e s t h e i r s y n t h e s i s i n pure f o r m by 
c o n v e n t i o n a l s o l i d s t a t e r e a c t i o n t e c h n i q u e s . 

The d a t a summarized i n t h i s paper have e s t a b l i s h e d t h a t t h e o x i d e 
p y r o c h l o r e s under d i s c u s s i o n s u b s t a n t i a l l y r e d u c e the a c t i v a t i o n 
e n e r g y o v e r v o l t a g e s a s s o c i a t e d w i t h oxygen e l e c t r o c a t a l y s i s . 
S p e c i f i c a l l y , i t i s found t h a t these c a t a l y s t s , i n aqueous a l k a l i n e 
media near ambient t e m p e r a t u r e , a r e s u p e r i o r t o any o t h e r oxygen 
e v o l u t i o n c a t a l y s t and a r e e q u a l i n performance t o the b e s t known 
oxygen r e d u c t i o n c a t a l y s t s . As b i d i r e c t i o n a l oxygen e l e c t r o -
c a t a l y s t s , t h e y appear t o be unmatched. 

I t has been demonstrated t h a t t h e s e same m a t e r i a l s a r e a b l e t o 
p e r f o r m t h e r e l a t i v e l y r a r e r e a c t i o n o f c l e a v a g e o f o l e f i n s and 
s e c o n d a r y a l c o h o l s , k e t o n e s and g l y c o l s t o t h e c o r r e s p o n d i n g 
c a r b o x y l a t e s w i t h h i g h y i e l d s and s e l e c t i v i t i e s . 

There are s e v e r a l p h y s i c a l and chemical c h a r a c t e r i s t i c s o f t h e s e 
o x i d e p y r o c h l o r e s which may c o n t r i b u t e t o t h e i r h i g h e l e c t r o c a t a l y t i c 
a c t i v i t y . The p r e v i o u s l y d e s c r i b e d a l k a l i n e s o l u t i o n s y n t h e s i s 
t e c h n i q u e ( 6 , 7 ) has p r o v i d e d t h e s e m a t e r i a l s w i t h s u r f a c e a r e a s 
t y p i c a l l y r a n g i n g f r o m 50 t o 200 m 2 / g . T h u s , one o f t h e b a s i c 
requirements f o r an e f f e c t i v e e l e c t r o c a t a l y s t has been s a t i s f i e d : the 
e l e c t r o c a t a l y t i c a c t i v i t y i s not l i m i t e d by the u n a v a i l a b i l i t y of 
c a t a l y t i c a l l y a c t i v e s u r f a c e s i t e s , as i s so o f t e n t h e c a s e w i t h 
metal and mixed metal o x i d e s . 

S i n c e a l l t h e c a t a l y s t s i n v e s t i g a t e d i n t h i s s t u d y d i s p l a y 
m e t a l l i c o r n e a r m e t a l l i c c o n d u c t i v i t y , t h e a d d i t i o n a l b a s i c 
r e q u i r e m e n t o f m i n i m i z i n g ohmic l o s s e s w i t h i n t h e c a t a l y s t and 
between the c a t a l y s t and c u r r e n t c o l l e c t o r has a l s o been s a t i s f i e d . 

W h i l e h i g h s u r f a c e a r e a and m e t a l l i c c o n d u c t i v i t y are b e n e f i c i a l 
t o e l e c t r o c a t a l y s i s , they do n o t a l o n e e x p l a i n t h e h i g h c a t a l y t i c 
a c t i v i t y . We s p e c u l a t e t h a t the v a r i a b l e oxygen s t o i c h i o m e t r y of the 
p y r o c h l o r e l a t t i c e , and the m u l t i p l e v a l e n c e s t a t e s o f t h e c a t i o n s , 
p a r t i c u l a r l y the r u t h e n i u m , are e s s e n t i a l t o t h e c a t a l y t i c a c t i v i t i e s 
of t h e s e p y r o c h l o r e s . 

N o b l e m e t a l p y r o c h l o r e s were o r i g i n a l l y c o n s i d e r e d by the authors 
as prime oxygen e l e c t r o c a t a l y s t c a n d i d a t e s because o f t h e i r a b i l i t y 
t o accommodate oxygen v a c a n c i e s i n up t o one seventh of the anion 
s i t e s . Changes i n t h e a v e r a g e v a l e n c e o f t h e r u t h e n i u m can be 
e x p e c t e d t o accommodate any s u c h s t o i c h i o m e t r y c h a n g e s i n 
P b 2 ( R u 2 - x P b x ) 0 6 e 5 . The e x i s t e n c e of h i g h e r and lower v a l e n t o x i d e s 
( e i t h e r s u r f a c e or b u l k ) i n the p o t e n t i a l range o f i n t e r e s t a p p e a r s 
t o be a c h a r a c t e r i s t i c o f many oxygen e l e c t r o c a t a l y s t s such as P t , 
Ag, Ni ( f o r oxygen e v o l u t i o n ) , A u , e t c . The r e a s o n s f o r t h i s have 
n e v e r been e x p l a i n e d e x a c t l y , although the a b i l i t y o f the s u r f a c e t o 
i n t e r a c t w i t h o r a d s o r b t h e p o t e n t i a l i n t e r m e d i a t e p e r o x i d e o r 
hydroperoxide i o n on i t s s u r f a c e i s o f t e n i n v o k e d . 
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In t h e c a s e o f l e a d r u t h e n a t e , t h e oxygen n o n - s t o i c h i o m e t r y 
c o n c e p t can be d e v e l o p e d f u r t h e r by c o m b i n i n g i t w i t h t h e known 
r e a c t i o n s of the v a r i a b l e v a l e n c e r u t h e n i u m . I t has been shown i n 
t h i s work t h a t t h e s e same c a t a l y s t s can c l e a v e carbon-carbon double 
bonds ( 3 ) i n a manner a n a l o g o u s t o t h a t o f osmium and r u t h e n i u m 
t e t r o x i ï ï e ( I I ) . I t i s known (12) t h a t 0$04 (and presumably RUO4) 
c l e a v e o l e f i n s v i a complexes w i t h T h e s t r u c t u r e : 

•C R' 

•C R 

1 
The f a c t t h a t these c a t a l y s t s can c a r r y out the v e r y same c l e a v a g e 

s u g g e s t s t h a t t h e y can f o r m m o i e t i e s s i m i l a r t o t h e t e t r o x i d e on 
t h e i r s u r f a c e s . By analogy, i t i s p o s s i b l e t h a t the r u t h e n i u m atoms 
at the s u r f a c e of the c r y s t a l l a t t i c e can r e a c t w i t h oxygen m o l e c u l e s 
so as t o form these same s u r f a c e complexes: 

—0, 

— 0 ' 

Ru 

h / % 

These c a n be r e d u c e d s t e p w i s e t o regenerate the s t a r t i n g s t r u c t u r e : 

— 0 V .OH — 0 / - O . 0 
\ ^ 2e-R U +2H?0—— 

— 0 N 0 

3 V y c 

Rtj +20H-

—0^ ^ O H — 0 ' 

20H-

T h i s or a s i m i l a r s e t of r e a c t i o n steps would avoid the f o r m a t i o n 
of hydrogen p e r o x i d e c o n s i s t e n t w i t h the r e s u l t s of the r o t a t i n g d i s k 
e l e c t r o d e experiment. 

W h i l e t h e mechanism above i s s p e c u l a t i v e , we p r e f e r i t t o o t h e r 
p o s s i b i l i t i e s i n v o l v i n g -Ru-O-O-Ru- m o i e t i e s , because (1) the e l e c r o -
o r g a n i c o x i d a t i o n s must i n v o l v e s i n g l e Ru atoms, due t o the s t e r i c 
requirements o f the c l e a v a g e r e a c t i o n ; (2) the c a t a l y t i c a c t i v i t y o f 
n o n - s t o i c h i o m e t r i c l e a d r u t h e n a t e s i s s u r p r i s i n g l y i n s e n s i t i v e t o 
d i l u t i o n of the Ru atoms w i t h Pb, whereas h i g h s e n s i t i v i t y would be 
expected i f the mechanism i n v o l v e d p a i r s of n e i g h b o r i n g Ru atoms; and 
( 3 ) t h e n e a r e s t Ru-Ru d i s t a n c e i n t h e l a t t i c e i s about 3 . 5 A - -
p r o b a b l y too l o n g f o r a b r i d g i n g p e r o x i d e group. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

13
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
27

9.
ch

00
9

In Solid State Chemistry in Catalysis; Grasselli, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



9. HOROWITZ ET AL. Nonstoichiometric Ruthenate Pyrochlores 163 

Acknowledgments 

The a u t h o r s w o u l d l i k e t o t h a n k Β . B o w l i n g and H. B r a d y f o r 
a s s i s t a n c e i n the s y n t h e s i s and m a t e r i a l s c h a r a c t e r i z a t i o n o f t h e 
c a t a l y s t s used i n t h i s s t u d y ; J . Haberman, K. S t r o h m a i e r , and L. 
Y a c u l l o f o r the e l e c t r o c h e m i c a l m e a s u r e m e n t s ; and G. Dupre and K. 
Rose f o r o r g a n i c product a n a l y s e s . 

Literature Cited 

1. Horowitz, H.S.; Longo, J.M.; Lewandowski, J.T., Mat. Res. Bull. 
1981, 16, 489-496. 

2. Horowitz, H.S.; Longo; J.M.; Horowitz, H.H., J. Electrochem. 
Soc. 1983, 130, 1851-1859. 

3. Horowitz, H.H.; Horowitz, H.S.; Longo, J.M., In "Proceedings of 
the Symposium on Electrocatalysis" O'Grady, W.E.; Ross, P.N. 
Jr.; Will, F.G., Eds.; The Electrochemical Society, Inc.: 
Pennington, N.J., 1982; pp. 285-290. 

4. Sleight, A.W., Inorg. Chem. 1968, 7, 1704. 

5. McCauley, R.A., J. Appl. Phys. 1980, 51, 290. 

6. Horowitz, H.S.; Longo, J.M.; Lewandowski, J.T., U. S. Patent 
4 129 525, 1978. 

7. Horowitz, H.S.; Longo, J.M.; Lewandowski, J.T., In "Inorganic 
Syntheses"; Holt, S.L. Ed.; Wiley-Interscience: N.Y., 1983; pp. 
69-72. 

8. Beyerlein, R.A.; Horowitz, H.S.; Longo, J.M.; Leonowicz, M.E.; 
Jorgensen, J.D.; Rotella, F.J., J. Solid State Chem. 1984, 51, 
253. 

9. Pourbaix, M.; "Atlas of Electrochemical Equilibria in Aqueous 
Solutions"; Pergamon Press: New York City, 1966. 

10. Abraham, F.; Nowogroki, G.; Thomas, D. C. R. Acad. S. Paris 
1974, 278C, 421. 

11. Djerassi, C.; Engle, R.R., J. Am. Chem. Soc. 1953, 75, 3838. 

12. Criegee, R., Annalen 1936, 522, 75. 

R E C E I V E D December 17, 1984 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

13
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
27

9.
ch

00
9

In Solid State Chemistry in Catalysis; Grasselli, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



10 
Solid State Chemistry of Tungsten Oxide Supported 
on Alumina 

S. SOLED, L. L. MURRELL, I. Ε. WACHS, G. B. McVICKER, L. G. SHERMAN, S. CHAN, 
N. C. DISPENZIERE, and R. T. K. BAKER 

Exxon Research & Engineering Company, Annandale, NJ 08801 

The strong interaction between WO3 and a γ-Αl2O3 

support is monitored under high temperature 
reducing and oxidizing conditions by a combination 
of physical and spectroscopic techniques. Below 
monolayer coverage a difficult to reduce highly 
dispersed surface tungsten oxide complex exists, 
whereas at higher coverages a more easily reduced 
bulk like WO3 species is also present. Dynamic 
structural changes of the supported phase occur 
during high temperature treatment. 

Supports can no longer be considered inert carriers which act 
solely to disperse a metal or metal oxide and thereby increase 
effective surface area. In many cases the reactivity and the 
catalytic properties of supported and bulk phases dif fer 
dramatically. A plethora of work has appeared over the last few 
years describing the strong metal support interaction (SMSI) of 
Group VIII metals with a t i tania support (I). In the "SMSI" 
state, metals display a dramatically reduced H 2 and CO 
chemisorption a b i l i t y . Controversy exists about the basis of SMSI 
and such diverse explanations as electron transfer and T i 0 2 

migration onto the metal are being argued (1,2). 
Examples of supports modifying the properties of transition 

metal oxides have also appeared in the l i terature . Recent work 
points to iron oxide phases as important species in Fischer-
Tropsch synthesis (3). Iron oxide supported on S i0 2 (4) and T i 0 2 

(5) resist reduction under conditions in which bulk iron oxide 
easily reduces. Thus supported iron oxide catalysts are 
potentially interesting Fischer-Tropsch catalysts. The extensive 
studies on ethylene polymerization catalysts suggests that 
chromium (VI) species exist on a S i0 2 surface at temperatures 
above which bulk chromic anhydride (Cr0 3) decomposes (6). 

Recent evidence points to a strong interaction between WO3 
and γ - Α 1 2 0 3 (7-10). The interaction alters the physical and 
chemical properties of both WO3 and γ - Α Ι ^ . In this review, we 

0097-6156/85/0279-0165$06.00/0 
© 1985 American Chemical Society 
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166 SOLID STATE C H E M I S T R Y IN CATALYSIS 

d e s c r i b e s t u d i e s of WO3 on γ - Α 1 2 0 3 u s i n g such d i v e r s e t e c h n i q u e s 
as c o n t r o l l e d atmosphere e l e c t r o n microscopy (CAEM) ( 1 1 ) , x - r a y 
p h o t o e l e c t r o n spectroscopy (XPS or ESCA) ( 1 2 ) , thermaT~gravimetry 
(TG) ( 1 3 , 1 4 ) , and l a s e r Raman spectroscopy~Tl5) t o examine the 
nature of the tungsten o x i d e - a l u m i n a i n t e r a c t i o n . 

Experimental 

In t h e s e s t u d i e s , both powder samples and f i l m s were p r e p a r e d . 
Powder samples of nominal 4 , 6, 10, 25 and 60 wt.% tungsten o x i d e s 
on γ - Α 1 2 0 3 (Engelhard I n c . , reforming grade, 180 nr/gm, 325 mesh) 
were prepared by the i n c i p i e n t wetness impregnation method by 
adding an aqueous s o l u t i o n of ammonium m e t a - t u n g s t a t e t o the 
alumina powder, d r y i n g at 100°C and c a l c i n i n g i n a i r at 500°C f o r 
16 h r s . For the Raman e x p e r i m e n t s , γ - Α ^ Ο ο o b t a i n e d from Harshaw 
(A1-4104E, 220 m /gm) or E n g e l h a r d , I n c . , ( r e f o r m i n g grade, 180 
nr/g) were used as s u p p o r t s . The impact of c a l c i n a t i o n and 
steaming as a f u n c t i o n of temperatures was s y s t e m a t i c a l l y 
s t u d i e d . Samples of pure WO3 and Al 0^0^)3 were o b t a i n e d from 
C e r a c . For the CAEM e x p e r i m e n t s , f i l m specimens of a l u m i n a , 
a p p r o x i m a t e l y 50 nm i n t h i c k n e s s , were prepared a c c o r d i n g t o the 
method d e s c r i b e d p r e v i o u s l y ( 1 6 ) . E l e c t r o n d i f f r a c t i o n 
examination of s e l e c t e d areas of the alumina f i l m showed the 
predominant phase t o be γ-Α1 2 0ο. Tungsten was i n t r o d u c e d onto the 
alumina as an atomized spray of a O.1% aqueous s o l u t i o n of 
ammonium m e t a - t u n g s t a t e . The tungsten l o a d i n g s ranged between 4 -
20 micromoles/nr (which corresponds t o 10 t o 50 wt.% t u n g s t e n on a 
γ - Α 1 2 0 3 of 100 m Z /g). 

TG measurements were conducted on a M e t t l e r TA-2000C as 
d e s c r i b e d elsewhere ( 1 3 ) . For TG r e d u c t i o n s t u d i e s , samples of 
WOo on γ - Α 1 2 0 3 were heated t o 970°C (at 1 0 ° / m i n ) i n He and then 
h e l d i s o t h e r m a l l y u n t i l c o n s t a n t weight was o b t a i n e d . This p r e -
c a l c i n a t i o n step minimizes o v e r l a p p i n g r e d u c t i o n and 
d e h y d r o x y l a t i o n weight l o s s e s . A f t e r c o o l i n g t o room t e m p e r a t u r e , 
H 2 was i n t r o d u c e d , and the samples were reheated t o a temperature 
between 600° and 900°C (at 10°/min) and h e l d i s o t h e r m a l l y f o r two 
h o u r s . The s e n s i t i v i t y and s t a b i l i t y of the thermobalance (O.05 
mg) e s t a b l i s h e s a d e t e c t i o n l i m i t of 1 t o 2% W0j r e d u c t i o n t o W. 
S l i g h t gray d i s c o l o r a t i o n s i n d i c a t e small amounts of WO3 r e d u c t i o n 
below the TG d e t e c t i o n l i m i t . 

In s i t u x - r a y p h o t o e l e c t r o n s p e c t r a (XPS or ESCA) were 
c o l l e c t e d on a m o d i f i e d Leybold Heraeus LHS-10 e l e c t r o n 
s p e c t r o m e t e r . A moveable s t a i n l e s s s t e e l block a l l o w e d sample 
t r a n s f e r i n vacuum from a r e a c t o r chamber t o the ESCA chamber. 
The i n t e n s i t i e s and b i n d i n g e n e r g i e s of the 
W 4 f 5 / 2 7/0 s i g n a l s ( Α Ι Κ α r a d i a t i o n ) were monitored and 
r e f e r è n d e d t o the A l 2p peak at 74.5 eV. The 10% W0o and 60% WO3 
on γ - Α 1 2 0 3 powder samples were c a l c i n e d i n a i r at 500°C and at 
950°C r e s p e c t i v e l y f o r 16 hrs and then pressed (at 30 Mpa) onto a 
gold s c r e e n , which i n t u r n was mounted on a moveable s t a i n l e s s 
s t e e l b l o c k . These samples were c a l c i n e d i n s i t u at 500°C t o 
c l e a n the s u r f a c e s p r i o r t o a n a l y s i s . For the r e d u c t i o n 
t r e a t m e n t s , the samples were heated f o r f i v e minutes at the 
d e s i r e d temperature i n f l o w i n g H 9 (25 c c / m i n . ) , c o o l e d t o 250°C i n 
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10. SOLED ET AL. Tungsten Oxide Supported on Alumina 167 

H 2 , evacuated and then t r a n s f e r r e d i n t o the ESCA chamber. Three 
samples were i n v e s t i g a t e d ; a bulk W03 f o i l , 60 wt.% WO3 on γ -
A1 2 0 3 , and 10 wt.% WO3 on γ - Α 1 2 0 3 . 

The Raman spectrometer c o n s i s t e d of a t r i p l e monochromator 
(Instruments SA, Model DL203) equipped w i t h h o l o g r a p h i c g r a t i n g s 
and F4 o p t i c s . The spectrometer was coupled t o an o p t i c a l 
m u l t i c h a n n e l a n a l y z e r ( P r i n c e t o n A p p l i e d Reseach, Model 0MA2) 
equipped w i t h an i n t e n s i f i e d photodiode array d e t e c t o r c o o l e d t o 
1 5 ° C . Each spectrum r e p o r t e d here was accumulated f o r about 100 
sec or l e s s . The d i g i t a l d i s p l a y of the spectrum was c a l i b r a t e d 
t o g ive 1.7 cm" 1 /channel w i t h the o v e r a l l s p e c t r a l r e s o l u t i o n at 
about 6 c m " 1 . An argon i o n l a s e r ( S p e c t r a P h y s i c s , Model 165) was 
tuned t o the 514.5 nm l i n e f o r e x c i t a t i o n . A p r i s m monochromator 
(Anaspec Model 300S) w i t h a t y p i c a l band width o f O.3 nm removed 
t h e l a s e r plasma l i n e s ( 1 6 ) . A O.2 gm sample was p e l l e t i z e d under 
60 MPa p r e s s u r e i n t o a lTlnm diameter wafer f o r mounting on a 
s p i n n i n g sample h o l d e r . The l a s e r power at the sample l o c a t i o n 
was set i n the range o f 1-40 mW. The s c a t t e r e d l i g h t was 
c o l l e c t e d by a l e n s ( F / 1 . 2 , f/55 mm) h e l d at about 45° w i t h 
r e s p e c t t o the e x c i t a t i o n . 

R e s u l t s 

CAEM. C o n t r o l l e d atmosphere e l e c t r o n microscopy (11) was used t o 
observe the behavior of tungsten oxide p a r t i c l e s supported on χ. 
A1 2 0 3 f i l m s when heated at temperatures up t o 1150°C i n O.7 kPa 
oxygen. The two specimens d e s c r i b e d i n the Experimental s e c t i o n 
were heated at i n c r e a s i n g temperatures and the specimen changes 
were recorded i n r e a l t ime on video tape ( 1 5 ) . The d e t a i l e d 
o b s e r v a t i o n s of the dynamic behavior of the d i f f e r e n t tungsten 
o x i d e phases on t h e γ - Α 1 2 0 3 f i l m as a f u n c t i o n of temperature and 
t u n g s t e n ox ide content w i l l be d e s c r i b e d i n the D i s c u s s i o n 
s e c t i o n . 

Thermal g r a v i m e t r y . γ-Α1ο0 3 on programmed h e a t i n g ( 1 0 ° / m i n ) t o 
1100°C i n the presence o f oxygen, c o n t i n u o u s l y l o s t weight as a 
r e s u l t of d e h y d r o x y l a t i o n : t h e weight l o s t between 200 and 1100°C 
equaled about 3 . 5 % . In a d d i t i o n , a weak exotherm w i t h an onset 
near 1050°C o c c u r r e d d u r i n g the t r a n s i t i o n of γ-Α1 2 03 t o or 
A1 2 0 3 . A 10% W03 on .γ-Α1 2 0 3 sample showed d i f f e r e n t b e h a v i o r . 
When t h i s sample was heated i n an oxygen atmosphere, a l a r g e r 
exotherm o c c u r r e d at 1050°C as a f r a c t i o n of the A1 2 0 3 support 
r e a c t e d w i t h W03 t o form A1 2 ( W 0 4 ) 3 . The f o r m a t i o n of A l 2 ( W 0 4 ) j was 
confirmed by X-ray d i f f r a c t i o n measurements. Alumina not u t i l i z e d 
i n t u n g s t a t e f o r m a t i o n t r a n s f o r m e d predominantly t o θ -Α1 2 0 3 : only 
a t r a c e o f o r A l 2 0 3 was p r o d u c e d . Thus, the presence of the 
t u n g s t e n oxide s u r f a c e phase i n h i b i t s the t r a n s i t i o n of θ-Α1 2 0 3 t o 
α - A i 2 0 3 . 
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168 SOLID STATE C H E M I S T R Y IN CATALYSIS 

TG experiments i n d i c a t e t h a t a s u r f a c e t u n g s t e n oxide phase 
on alumina i s d i f f i c u l t t o r e d u c e . Table I shows the degree of 
r e d u c t i o n (expressed as percent WO3 reduced t o W°) as a f u n c t i o n 
of WO3 l o a d i n g a f t e r two hour r e d u c t i o n s at 600 or 9 0 0 ° C A 10% 
WO3 on alumina sample was reduced at s e v e r a l i n t e r m e d i a t e 
temperatures as w e l l . A m b i g u i t i e s r e s u l t i n g from simultaneous 
weight l o s s due t o water were minimized by i n i t i a l l y c a l c i n i n g 
these samples i n He t o 9 7 0 ° C This p r e - t r e a t m e n t y i e l d s t u n g s t e n 
o x i d e on a t r a n s i t i o n a l alumina (mostly θ) p o s s e s s i n g a s u r f a c e 
area o f -30 m /gm. The r e t a r d a t i o n of WO3 r e d u c t i o n depends on 
l o a d i n g l e v e l s . At low l o a d i n g l e v e l s (<o%), l i t t l e or no 
r e d u c t i o n o c c u r s . The 10% WO3 on Al 20o showed the f i r s t s i g n o f 
r e d u c t i o n at 8 0 0 ° C . Although no weight l o s s was d e t e c t e d by TG, a 
s l i g h t g r e y i s h d i s c o l o r a t i o n i n d i c a t e d some r e d u c t i o n had 
o c c u r e d . In c o n t r a s t , bulk WO3 i s completely reduced a f t e r 2 
hours at 6 0 0 ° C . F o l l o w i n g 850 and 900°C r e d u c t i o n s , 10% WO3 on 
A l w a s e x t e n s i v e l y reduced and the presence of tungsten metal 
was confirmed by x - r a y d i f f r a c t i o n measurements. 

ESCA. ESCA measurements a l s o reveal the r e d u c t i o n r e s i s t a n c e of 
the tungsten ox ide s u r f a c e phase on A l 2 ° 3 « A n o x i d i z e d t u n g s t e n 
f o i l serves as a standard f o r the ESCA r e d u c t i o n e x p e r i m e n t s . The 
ESCA W 4 f 5 / 2 η 12 s p e c t r a f o r the o x i d i z e d , p a r t i a l l y reduced and 
f u l l y reduced tungsten f o i l are presented i n F i g u r e 1. The ESCA W 
4fy/2 b i n d i n g energy f o r the o x i d i z e d f o i l occurs a t -36 eV and 
corresponds t o tungsten i n the +6 o x i d a t i o n s t a t e ( 1 7 - 1 9 ) . The 
c o m p l e t e l y reduced f o i l e x h i b i t s an ESCA W 4 ^ 2 peak a t -32 eV 
c o r r e s p o n d i n g t o m e t a l l i c t u n g s t e n ( 1 7 - 1 9 ) . the p a r t i a l l y reduced 
tungsten f o i l d i s p l a y s a very broad W 4 f 5 / 2 7/2 E S C A spectrum. 
Deconvolut ion of the ESCA W 4f s i g n a l from the p a r t i a l l y reduced 
sample r e v e a l s the presence of f i v e o x i d a t i o n s t a t e s of t u n g s t e n 
(W+t), W + b , W + 4 , W"̂  and W°) ( 1 7 , 2 0 ) . Thus, the r e d u c t i o n of bulk 
tungsten o x i d e t o m e t a l l i c tungsten proceeds through ESCA 
o b s e r v a b l e i n t e r m e d i a t e o x i d a t i o n s t a t e s of W , W , and W . 

The r e d u c t i o n behavior of a 60% WO3 on A l 2 0 3 sample as shown 
i n F i g u r e 2 was very s i m i l a r t o t h a t observed f o r the o x i d i z e d 
tungsten f o i l . The ESCA W 4 f 7 / 2 b i n d i n g energy f o r the o x i d i z e d 
sample occurs at ~36eV and r e v e a l s t h a t tungsten i s present as 
W + b . During p a r t i a l r e d u c t i o n of the 60% WO3 on AI2O3 sample t h e 
ESCA W 4f s i g n a l broadens i n d i c a t i n g t h a t i n a d d i t i o n t o W+b and 
W° o t h e r o x i d a t i o n s t a t e s are p r e s e n t . However, the tungsten 
o x i d e i n the 60% WO3 on A l 2 0 3 sample r e q u i r e s h i g h e r temperatures 
t o c o m p l e t e l y reduce the tungsten oxide than tungsten oxide on t h e 
f o i l . 

F i g u r e 3 presents the ESCA W 4f s p e c t r a f o r t h e 10% WO3 on 
AI0O3 sample. Note the h i g h e r temperatures r e q u i r e d t o i n i t i a t e 
r e d u c t i o n f o r the supported tungsten oxide compared t o the 
o x i d i z e d tungsten f o i l or the 60% WOo on A l 2 0 3 sample. The W 
4 f 7 / 2 b i n d i n g energy f o r the o x i d i z e a sample occurs at -36 eV and 
r e v e a l s t h a t tungsten i s present as W . The t u n g s t e n oxide 
c o m p l e t e l y reduces t o m e t a l l i c tungsten at 9 0 0 ° C . F o l l o w i n g t h i s 
r e d u c t i o n the t o t a l i n t e n s i t y of the ESCA W 4f s i g n a l decreases by 
about 70%. X-ray d i f f r a c t i o n shows the growth of l a r g e tungsten 
metal p a r t i c l e s c o n s i s t e n t w i t h the decrease i n the ESCA s i g n a l 
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Table I. Reduction Behavior of Tungsten Oxide on Alumina 

A f t e r 9ÛÛÔC H 9 Treatment (2 h r ) 
% W03

 ά 4 6 10 100 
% Reduction -0- 2.5% 49%a 85%b B l a c k 
(W03 + W) 
C o l o r White L t . Gray Bla c k Bla c k Bla c k 

A f t e r 6ÛÛ°C H 9 Treatment (2 h r ) 
t WO. * 4 6 10 25 100 
% Reduction 
(W03 + W) 
C o l o r 

-0- -0-

White White 

-0-

White 

~22%a 

Black 

-100-

B l a c k 

10% WO 3 /Y-AI 2 O 3 

Temperature ^C 
(2 hr at Reduction Temperature) 

% Reduction W0o > W C o l o r 
~m ^ 3 CTHTti 
700 -0- White 
800 - 0 - c T i n t of G r a y - S l i g h t 

D i s c o l o r a t i o n 
850 17%a Gray 
900 49%a Black 

a . Reduction s t i l l c o n t i n u i n g a f t e r 2 h r . 
b. Some α-Α1 2 0 3 p r e s e n t . 
c . D e t e c t i o n l i m i t of 1 t o 2%. 
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F i g u r e 1. ESCA W 4f§/o 7/? s p e c t r a f o r a tungsten f o i l , o x i d i z e d 
and r e d u c e d . X i n d i c a t e s n a i f width of o x i d i z e d sample; X* 
i n d i c a t e s h a l f width of p a r t i a l l y reduced sample. 

INTENSITY 

BINDING ENERGY (eV) 

F i g u r e 2 . ESCA s p e c t r a f o r 60 Wt.% WOo on γ - Α ^ Ο ο , o x i d i z e d and 
r e d u c e d . X i n d i c a t e s h a l f width of o x i d i z e d sample; X' i n d i c a t e s 
h a l f width of p a r t i a l l y reduced sample. 
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i n t e n s i t y . For the p a r t i a l l y reduced 10% W03 on AI0O3 sample the 
ESCA W 4 f7 /2 peak does not broaden s u g g e s t i n g the absence of 
W + b , W + 4 , and W + z s t a t e s . Deconvolution of the ESCA W 4f s p e c t r a 
f o r the p a r t i a l l y reduced 10% WO3 on A l 2 0 3 sample only r e v e a l s the 
presence of W + b and W ° . Thus, the high temperature r e d u c t i o n of 
10% WO3 on A l d o e s not proceed through ESCA o b s e r v a b l e 
i n t e r m e d i a t e tungsten o x i d a t i o n s t a t e of W , W + 4 and W . 

RAMAN. The Raman s p e c t r a of WO3, A 1 2 ( W 0 4 ) 3 , and 10% WO3 on A 1 2 0 3 

are presented i n F i g u r e 4 . C r y s t a l l i n e WO3 c o n t a i n s a d i s t o r t e d 
o c t a h e d r a l W0g network w i t h the major v i b r a t i o n a l modes at 808, 
714 and 276 c m ' 1 . These modes have been a s s i g n e d t o W=0 
s t r e t c h i n g , W=0 bending and W-0-W d e f o r m a t i o n , r e s p e c t i v e l y 
(21). Minor bands appear at 6 0 8 , 327, 243, 218, 185 and 136 
cm . A 1 2 ( W 0 4 ) 3 ( d e f e c t CaWO^ s t r u c t u r e ) c o n t a i n s d i s t o r t e d , 
i s o l a t e d t e t r a h e d r a l tungsten groups. The major Raman peaks of 
A l 2 ( W 0 4 ) o were assigned by comparison w i t h t e t r a h e d r a l l y 
c o o r d i n a t e d t u n g s t e n i n a aqueous s o l u t i o n of W0^ z" as w e l l as 
w i t h s o l i d Na2W0^ ( 2 2 ) . In Na 2 W0 4 , the WO42" groups are r e q u i r e d 
t o s i t at £ r y s t a T l o g c a p h i c a l l y c o n s t r a i n e d t e t r a h e d r a l s i t e s 
(symmetry 42m). WO42" ( a q . ) and NaoWO* e x h i b i t major v i b r a t i o n a l 
modes at 933 and 928 cm" 1 (symmetric W=0 s t r e t c h ) . 830 and 813 
cm" 1 ( a n t i s y m m e t r i c W=0 s t r e t c h ) , 324 and 312 cm" 1 iW=0 b e n d i n g ) , 
r e s p e c t i v e l y . Thus, the A 1 2 ( W 0 4 ) 3 peak at 1052 cm" 1 i s a t t r i b u t e d 
t o the W=0 s t r e t c h i n g mode and the doublet at 378-394 cm" 1 i s 
a s s i g n e d t o the W=0 bending mode. D i s t o r t i o n i n the t e t r a h e d r a 
d r a m a t i c a l l y a f f e c t s the p o s i t i o n of the bands. 

The major Raman peak f o r 10% WO3 on AI9O3 o c c u r s around 970 
c m " 1 , and has been assigned t o the W=0 symmetrical s t r e t c h of the 
s u r f a c e t u n g s t e n oxide s p e c i e s ( 1 9 , 2 3 ) . The i n t e n s i t i e s of the 
major Raman band f o r WO3 {808 c m " 1 ) , A 1 2 ( W 0 4 ) 3 (1052 c m " 1 ) , and 
10% W0o on A l 2 0 o (970 cm" 1 ) were compared a f t e r n o r m a l i z a t i o n w i t h 
respect t o the Taser power a p p l i e d . The r e l a t i v e Raman i n t e n s i t y 
r a t i o s f o r t h e s e peaks are 1600:40:1 f o r n o r m a l i z e d l a s e r power. 
These Raman i n t e n s i t y r a t i o s were f u r t h e r s c a l e d f o r the d i f f e r e n t 
t u n g s t e n oxide contents and y i e l d e d r e l a t i v e r a t i o s of 1 6 0 : 5 : 1 
( 1 5 ) . 

The s t a t e s of tungsten oxide on alumina depend on the 
tungsten ox ide content and the temperature of c a l c i n a t i o n . The 
e f f e c t of tungsten oxide content i s shown i n F i g u r e s 5 and 6 f o r 
15 and 25% WO3 on AI9O3, whereas the e f f e c t of changing 
temperatures w i t h constant WO3 content i s shown i n F i g u r e 7. 
F i g u r e s 5a and b show Raman s p e c t r a of 15% and 25% WO3 on A l 2 0 j 
c a l c i n e d (with 8% steam p r e s e n t ) at 7 6 0 ° C . Both m a t e r i a l s e x h i b i t 
s u r f a c e areas of 120 m2/gm. The 15% WO3 on A ^ O ^ sample, F i g u r e 
5 a , e x h i b i t s Raman bands of both a s u r f a c e t u n g s t e n oxide s p e c i e s 
on the alumina support and a t r a c e amount of c r y s t a l l i n e WO3. The 
25% W0j on AI0O3 sample, F i g u r e 5b, however, shows very i n t e n s e 
c r y s t a l l i n e WO3 Raman bands which dominate the spectrum due t o t h e 
l a r g e Raman c r o s s - s e c t i o n of t h i s phase. The i n t e n s i t i e s of the 
Raman bands r e s u l t i n g from s u r f a c e tungsten oxide s p e c i e s are 
s i m i l a r f o r both of t h e s e samples as shown i n F i g u r e 6 a f t e r 
s c a l i n g f o r the d i f f e r e n t a p p l i e d l a s e r powers over the r e g i o n 
850-1150 cm" 1 ( 1 5 ) . 
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INTENSITY 

. . i W î t 
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— X — H 
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BINDING ENERGY (eV) 

F i g u r e 3 . ESCA s p e c t r a f o r 10 Wt.% W03 on γ - Α 1 2 0 ο , o x i d i z e d and 
r e d u c e d . X i n d i c a t e s h a l f width of o x i d i z e d sample; X' i n d i c a t e s 
h a l f width of p a r t i a l l y reduced sample. 

10% W03/Al203 

40 mW 

0 200 400 600 800 1000 1200 

Freq Shift ( c m 1 ) 

F i g u r e 4 . Laser Raman s p e c t r a of 10% W03 on A l 2 0 3 , aluminum 
t u n g s t a t e and tungsten o x i d e . 
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10. S O L E D E T A L . Tungsten Oxide Supported on Alumina 

F i g u r e 6. Laser Raman s p e c t r a from 850 t o 1150 c m ' 1 of 25 Wt.% 
W03 on γ - Α 1 2 0 3 and 15 Wt.% W03 on γ - Α 1 2 0 3 d e - s u r f a c e d t o 120 nT/g 
s u r f a c e a r e a . 
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v(cm-1) 

F i g u r e 7. Laser Raman s p e c t r a of 10% W03 on γ-ΑΙοΟο c a l c i n e d at 
450, 800, 950, 1000 and 1050°C. 
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The s t a t e s of tungsten oxide on alumina were i n v e s t i g a t e d 
over a wide temperature range ( 6 5 0 - 1 0 5 0 ° C ) f o r 10% W03 on A l 2 0 3 . 
The 10% WOo on AI0O3 sample c a l c i n e d at 650°C e x h i b i t s Raman peaks 
at 972, 809 and 718 c m " 1 . The peak near 970 cm" 1 i s a s s o c i a t e d 
w i t h a tungsten oxide s u r f a c e complex ( 8 , 1 9 , 2 3 ) . The p o s i t i o n of 
t h i s Raman peak s h i f t s m o n o t o n i c a l l y from 970 t o about 1000 cm" 
as the c a l c i n a t i o n temperature i s i n c r e a s e d t o 9 5 0 ° C . S i m i l a r 
s h i f t s are observed when tungsten oxide l o a d i n g i s i n c r e a s e d f o r 
samples c a l c i n e d at 500°C ( 7 , 1 9 ) . 

Samples c a l c i n e d at 1000 and 1050°C d i s p l a y bulk t u n g s t e n 
o x i d e WO3 and A l 2 ( W 0 4 ) j p h a s e s . Raman peaks at 8 1 1 , 717, 273 and 
137 cm" 1 are c h a r a c t e r i s t i c of c r y s t a l l i n e WO3. These peaks 
decrease i n i n t e n s i t y as the c a l c i n a t i o n temperature i n c r e a s e s 
from 650-950°C., so t h a t at 950°C the c r y s t a l l i n e WO3 Raman peaks 
at 8 1 1 , 717 and 273 cm" 1 are a b s e n t . At 1000°C t h e s e peaks appear 
a g a i n , and then d i s a p p e a r f o l l o w i n g a c a l c i n a t i o n at 1050°C. 

The major Raman peak of the Al 2 (W0J.)o at 1055 cm" 1 i s f i r s t 
observed f o l l o w i n g a c a l c i n a t i o n at 100U°C and dominates the Raman 
s p e c t r a a f t e r a 1050°C c a l c i n a t i o n . The θ - Α 1 2 0 3 Raman peak at 253 
cm" 1 i s present i n the s p e c t r a of samples c a l c i n e d at 9 5 0 - 1 0 5 0 ° C 
and agrees w i t h X-ray d i f f r a c t i o n . This s e r i e s of Raman s p e c t r a 
r e v e a l s the dynamic nature of the WO3 on AI9O3 system and i t s 
dependence upon c a l c i n a t i o n t e m p e r a t u r e . 

D i s c u s s i o n 

The s t r o n g i n t e r a c t i o n of WO3 w i t h a γ - Α 1 2 0 3 s u r f a c e m o d i f i e s the 
behavior of both tungsten o x i d e and a l u m i n a . 7-AI0O3 w i l l 
t r a n s f o r m from a s e r i e s of c l o s e l y r e l a t e d t r a n s i t i o n a l alumina 
phases p o s s e s s i n g a d e f e c t s p i n e l s t r u c t u r e , c o n t a i n i n g both 
t e t r a h e d r a l and o c t a h e d r a l aluminum i o n s , t o or-Al 2 Oo, a corundum 
s t r u c t u r e c o n t a i n i n g only o c t a h e d r a l aluminum i o n s ( 2 4 ) . The γ t o 
o r A l 2 Û 3 t r a n s f o r m a t i o n occurs by the condensation of s u r f a c e 
hydroxyl groups and the e l i m i n a t i o n of H 2 0 . TG s t u d i e s on powder 
samples, as w e l l a s , CAEM s t u d i e s on model f i l m systems i n d i c a t e 
t h a t WO3 i n h i b i t s t h e γ t o crAloOo phase t r a n s f o r m a t i o n . The 
presumed bonding of WO3 w i t h the hydroxy1 s u r f a c e of γ - Α 1 2 0 ο 
b l o c k s the t r a n s f o r m a t i o n t o o r A l ^ ( 8 ) . At s u f f i c i e n t l y n igh 
temperatures (~1150°C) and high WO3 c o n c e n t r a t i o n s , approximately 
3X monolayer coverage ( 1 9 ) , CAEM d e t e c t s the r e a c t i o n of 
t u n g s t e n oxide w i t h alumina forming A l ^ W O ^ . Monolayer coverage 
i s d e f i n e d as 4 . 3 x l 0 1 8 W atoms/m2 or 7 micromoles/m . A monolayer 
of WOo on y - A l o O j s imply r e f e r s t o the s u r f a c e phase oxide 
s t r u c t u r e at maximum p a c k i n g of the alumina s u r f a c e b e f o r e 
c r y s t a l l i t e s of WO3 are formed ( 1 5 , 1 9 ) . The o b s e r v a t i o n of the 
s e q u e n t i a l f o r m a t i o n of WO3 f o l l o w e d by A l 3^04 )3 i s supported by 
t h e Raman s t u d i e s ( 1 0 , 1 5 , 1 9 ) . 

Bulk WOo c r y s t a l l i z e s i n a d i s t o r t e d v e r s i o n of the ReÛ3 
s t r u c t u r e w i t h W06 octahedra l i n k e d v i a c o r n e r - s h a r i n g w i t h 
n e i g h b o r i n g W0^ o c t a h e d r a . Some t h i r t y y e a r s ago, Magneli 
d i s c o v e r e d t h a t d u r i n g r e d u c t i o n , WO3 behaves i n a n o n c l a s s i c a l 
manner. As oxygens are removed, the WO3 s t r u c t u r e rearranges 
m a i n t a i n i n g the metal c o o r d i n a t i o n at s i x . During t h i s p r o c e s s , 
t h e octahedra r e s t r u c t u r e along c r y s t a l l o g r a p h i c shear planes t o 
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share edges i n p l a c e of c o r n e r s . This t i g h t e n e d p a c k i n g a l l o w s 
the s t r u c t u r e t o r e t a i n i t s metal c o o r d i n a t i o n number at s i x even 
though the c a t i o n - t o - a n i o n r a t i o i n c r e a s e s . In t h i s way, 
p a r t i a l l y - r e d u c e d WO3 e x i s t s over a wide c o m p o s i t i o n a l range (25) 
w i t h formal tungsten o x i d a t i o n s t a t e s of 5 and 6 and tungsten 
c o o r d i n a t i o n of 6. F u r t h e r r e d u c t i o n produces a d i s c r e t e (WOo) 
phase which d i s p l a y s a d i s t o r t e d r u t i l e s t r u c t u r e . W0 2 , whicn 
c o n t a i n s a d i s t o r t e d o c t a h e d r a l c o o r d i n a t i o n about tungsten a l s o 
reduces v i a a s e r i e s of shear planes w i t h tungsten assuming formal 
valence s t a t e s of 3 and 4 . Thus d u r i n g the r e d u c t i o n of bulk WO3, 
i n t e r m e d i a t e o x i d a t i o n s t a t e s o c c u r . C o n s i s t e n t w i t h t h i s 
mechanism ( 2 0 ) , ESCA observes s e v e r a l i n t e r m e d i a t e o x i d a t i o n 
s t a t e s (+5, +4 and +2) d u r i n g the r e d u c t i o n of bulk WOo, see F i g . 
1. 

The r e d u c t i o n behavior of tungsten ox ide supported on γ - Α Ι ^ 
d i f f e r s s i g n i f i c a n t l y from t h a t of bulk WOo. TG s t u d i e s of WO3 on 
γ - Α 1 2 0 3 show t h a t below a coverage of 6% WO3, the s u r f a c e tungsten 
oxide phase i s e s s e n t i a l l y i r r e d u c i b l e ( 1 0 ) . At i n t e r m e d i a t e 
l o a d i n g s ( - 1 0 % ) , WO3 p a r t i a l l y r e d u c e s ; wFTile, at h i g h e r l o a d i n g s 
(25%), the a d d i t i o n a l WO3 behaves l i k e bulk WO3, see Table I. We 
would suggest t h a t the i s o l a t e d s u r f a c e t u n g s t a t e groups 
( 8 , 1 6 , 1 9 , 2 6 ) on the low loaded samples do not reduce through 
i n t e r m e d i a t e s t r u c t u r e s b u t , as our ESCA r e s u l t s i n d i c a t e , the 
r e d u c t i o n proceeds d i r e c t l y t o tungsten m e t a l . S i n c e r e d u c t i o n 
a l s o occurs only at high t e m p e r a t u r e , the t u n g s t e n metal formed 
r a p i d l y s i n t e r s i n t o l a r g e p a r t i c l e s . 

Our high temperature r e d u c t i o n experiments u s i n g ESCA agree 
w i t h both our TG s t u d i e s and the recent low temperature r e d u c t i o n 
experiments reported by S a l v a t i , et a l . ( 1 9 ) . S a l v a t i and c o 
workers found a l o a d i n g l e v e l dependence on r e d u c t i o n and the 
presence of b u l k - l i k e WO3 s p e c i e s above a c r i t i c a l coverage. Our 
study (see F i g . 3) i n d i c a t e s t h a t at the temperature necessary t o 
reduce the s u r f a c e phase of tungsten oxide on AI0O0 t h e reduced 
tungsten r a p i d l y s i n t e r s t o m e t a l l i c p a r t i c l e s ( 1 0 ) . A p p a r e n t l y , 
t h e h i g h l y - d i s p e r s e d s t a t e of the tungsten oxide complex on the 
alumina s u r f a c e ( 8 , 1 9 , 2 6 ) p r e c l u d e s the f o r m a t i o n of 
n o n s t o i c h i o m e t r i c tungsten oxide phases which form d u r i n g the 
r e d u c t i o n of unsupported WO3. 

For WOo on AI0O3 samples c o n t a i n i n g more than a monolayer the 
a d d i t i o n a l tungsten o x i d e i s present as WO3 c r y s t a l l i t e s . These 
WO3 c r y s t a l l i t e s are not i n d i r e c t c o n t a c t w i t h the alumina 
support and are i n d i s t i n g u i s h a b l e from bulk WO3 i n t h e i r r e d u c t i o n 
b e h a v i o r ( 1 9 , 2 0 ) . The WOo c r y s t a l l i t e s reduce at m i l d 
temperatures and e x h i b i t tSCA o b s e r v a b l e i n t e r m e d i a t e 
t u n g s t e n o x i d a t i o n s t a t e s . D e t a i l e d a n a l y s i s (20) of the 10% 
WO3 on AI0O3 ESCA W 4 f 5 y 2 η,2 s p e c t r a i n Figure~T only r e v e a l s t h e 
presence of W b and W° on'tne alumina support a f t e r p a r t i a l 
r e d u c t i o n . W i t h i n the experimental l i m i t s of ESCA, the high 
temperature r e d u c t i o n of the tungsten oxide s u r f a c e complex on the 
alumina support does not proceed through o b s e r v a b l e i n t e r m e d i a t e 
t u n g s t e n o x i d a t i o n s t a t e s of W + b , W + 4 and W , but r a t h e r d i r e c t l y 
from W b t o W ° . The d i f f e r e n t r e d u c t i o n behavior of the WO3 
c r y s t a l l i t e s and the t u n g s t e n oxide monolayer can be used t o 
d i s t i n g u i s h between these two forms of tungsten oxide on 
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a l u m i n a . S a l v a t i et a l . a l s o used t h i s approach t o d i s t i n g u i s h 
between the tungsten ox ide s u r f a c e complex and the WO3 
c r y s t a l l i t e s ( 1 9 ) . Below monolayer coverage, t u n g s t e n oxide on 
alumina i s not reduced a f t e r 12 hours at 550°C., but above 
monolayer coverage r e d u c t i o n of W + b t o W° at t h i s temperature i s 
observed w i t h ESCA. 

The TG and ESCA t e c h n i q u e have shown evidence f o r a s t r o n g 
metal o x i d e - s u p p o r t i n t e r a c t i o n between WOo and under high 
temperature reducing c o n d i t i o n s . As we w i l l now d i s c u s s CAEM and 
Raman spectroscopy suggest a s t r o n g i n t e r a c t i o n between WO3 and y 
A l u n d e r high temperature o x i d i z i n g c o n d i t i o n s , as w e l l . 
Dynamic s t u d i e s by CAEM of WO3 on γ - Α Ι ^ at high temperature have 
been c a r r i e d out f o r o n e - h a l f and 3X monolayer l o a d i n g s (19) of 
WO3 on a model γ - Α Ι ^ f i l m s u p p o r t . F o l l o w i n g an i n s i t u 
decomposit ion i n oxygen of the ammonium m e t a - t u n g s t a t e at 500°C on 
the 4 micromole/m loaded f i l m (about o n e - h a l f monolayer) e l e c t r o n 
d i f f r a c t i o n confirmed t h e presence of only t r a n s i t i o n a l alumina 
phases (no α-phase was p r e s e n t ) . Heating t h i s f i l m t o 1050°C 
shows no c r y s t a l l i z a t i o n of the s u p p o r t ; whereas w i t h pure alumina 
f i l m s CAEM d e t e c t s r e s t r u c t u r i n g of the f i l m t o form o r - A l ^ at 
t h i s t e m p e r a t u r e . The p a r t i c l e s i z e of the t u n g s t e n oxide phase 
f o r the o n e - h a l f monolayer covered f i l m at 500°C l i e s below t h e 
r e s o l u t i o n l i m i t ( 2 . 5 nm) of the m i c r o s c o p e . Even upon c o n t i n u e d 
h e a t i n g t o 1050°C WO3 p a r t i c l e s are s t i l l not v i s i b l e , and the 
support does not t r a n s f o r m t o o-AloOo. This r e s u l t suggests the 
presence of a h i g h l y - d i s p e r s e d WOo phase s t a b i l i z e s the alumina 
support from r e s t r u c t u r i n g t o 0ΓΑΤ0Ο3. 

When the more h i g h l y loaded WO3 on alumina specimen, i . e . 3X 
monolayer coverage, was heated i n oxygen, p a r t i c l e s were d e t e c t e d 
by CAEM at 5 0 0 ° C . Because the s i z e of these p a r t i c l e s (3 nm) are 
near the r e s o l u t i o n l i m i t of the CAEM, we c o u l d not determine a 
d e t a i l e d p a r t i c l e s i z e a n a l y s i s . As the temperature was r a i s e d t o 
700°C the WO3 p a r t i c l e s grow i n diameter t o between 5 and 10 nm. 
D e t a i l e d examination shows a n e a r l y uniform d i s t r i b u t i o n of t h e 
p a r t i c l e s across the s u p p o r t . The p a r t i c l e s have i r r e g u l a r 
a n g u l a r shapes, but i n many cases remained t h i n enough t o a v o i d 
masking the s t r u c t u r a l f e a t u r e s of the u n d e r l y i n g s u p p o r t . T h i s 
morphology i s s i m i l a r t o t h a t proposed f o r FeO " r a f t " s t r u c t u r e s 
on S i 0 2 ( 2 7 ) . The p a r t i c l e s do not change s i z e , shape or p o s i t i o n 
upon f u r t h e r h e a t i n g at 1050°C f o r 1 h r . Maintenance of p a r t i c l e 
i d e n t i t y i n d i c a t e s a s t r o n g i n t e r a c t i o n between p a r t i c l e s and 
support ( 2 7 , 2 8 ) . 

As the temperature was r a i s e d from 1050°C t o 1150°C the 
specimen w i t h the h i g h e r WO3 l o a d i n g changes d r a m a t i c a l l y i n 
appearance. I n i t i a l l y , the e l e c t r o n s c a t t e r i n g d e n s i t y of the 
p a r t i c l e s i n c r e a s e s . While m a i n t a i n i n g t h e i r 5 t o 10 nm l a t e r a l 
d i m e n s i o n s , the p a r t i c l e s a p p a r e n t l y become t h i c k e r . As the 
change p r o c e e d s , the area of the alumina support s u r r o u n d i n g the 
t u n g s t e n ox ide p a r t i c l e s becomes p r o g r e s s i v e l y more t r a n s p a r e n t t o 
the e l e c t r o n beam, s u g g e s t i n g t h a t A I0O3 p r e f e r e n t i a l l y l e a v e s 
t h e s e areas and forms A l o ^ W O ^ . Subsequent examination of 
specimens i n the high r e s o l u t i o n t r a n s m i s s i o n e l e c t r o n microscope 
(where d e f o c u s i n g and t i l t i n g experiments were performed) c o n f i r m 
t h i s phenomena and e l i m i n a t e any q u e s t i o n of o v e r - f o c u s or phase 
c o n t r a s t a r t i f a c t s ( 2 9 , 3 0 ) . 
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In summary, at s u f f i c i e n t l y high temperatures and high WO3 
c o n c e n t r a t i o n s , the CAEM f o l l o w s the agglomeration of WO3 i n t o 
t h i n ox ide c l u s t e r s t r u c t u r e s (26,27), which subsequently r e a c t 
w i t h A l f o r m i n g A1 2 (W0 4 ) 3 . F i g u r e 8 o u t l i n e s the proposed 
s t e p w i s e i n t e r a c t i o n of t u n g s t e n oxide w i t h t r a n s i t i o n a l γ - Α Ι ^ 
f i l m s . 

L a s e r Raman s p e c t r o s c o p i c s t u d i e s of a l u m i n a - s u p p o r t e d WO3 
c a t a l y s t s have shown t h a t t h r e e d i f f e r e n t tungsten oxide phases 
are p r e s e n t : WO3, Alo^WO^, and a s u r f a c e tungsten oxide s p e c i e s 
(8,19), F i g u r e 4. The c o n c e n t r a t i o n s of these phases i n WO3 on 
Al2^3 c a t a l y s t s depend on t u n g s t e n oxide l o a d i n g and temperature 
of c a l c i n a t i o n (8). P r e v i o u s s t u d i e s have shown t h a t Raman 
s p e c t r o s c o p y i s more s e n s i t i v e t o WOo and A12(W04)3 than t o the 
s u r f a c e tungsten oxide complex (8,19). No a t t e m p t , however, had 
been made t o e s t i m a t e the r e l a t i v e Raman c r o s s s e c t i o n s of t h e s e 
tungsten oxide p h a s e s . This i n f o r m a t i o n would be u s e f u l t o 
develop a model f o r the WOo on AI0O3 system (15). 

The dynamic changes of tungsten ox ide t h a t occur on the 
s u r f a c e of γ - Α Ι ^ as a f u n c t i o n of c a l c i n a t i o n temperature and 
tungsten ox ide content were f o l l o w e d by Raman spectroscopy f o r 
10%, 15% and 25% W03 on γ - Α 1 2 0 3 as d e s c r i b e d i n the R e s u l t s 
s e c t i o n . The Raman s p e c t r a of 15% WO3 and 25% WO3 on yAlo03 
c a l c i n e d at 760°C., F i g u r e 5 and 6 e x h i b i t s s i m i l a r i n t e n s i t i e s f o r 
the bands of the s u r f a c e t u n g s t e n oxide complex although the band 
i n t e n s i t i e s f o r c r y s t a l l i n e WOo d i f f e r d r a m a t i c a l l y . Since the 
15% WO3 on γ -Α1 2 03 sample c a l c i n e d at 760°C c o n t a i n s near 
monolayer coverage (19,26) t h e 25% WOo on τ - Α 1 2 0 3 sample at t h i s 
same temperature must c o n t a i n c r y s t a l l i t e s of WO3. Raman 
s p e c t r o s c o p y conf i rms t h a t the s u r f a c e phase t u n g s t e n oxide 
complex w i l l form WOo c r y s t a l l i t e s as the tungsten oxide content 
i n c r e a s e s (at a constant s u r f a c e area) beyond monolayer coverage 
(19,26). 

The study of the 10% WO3 on γ -Α1 2 03 as a f u n c t i o n of 
temperature a l s o r e v e a l s changing s t a t e s of tungsten o x i d e , F i g u r e 
7. I n i t i a l l y t h i s sample c o n t a i n s tungsten oxide below monolayer 
coverage, but as the temperature i s r a i s e d and the s u r f a c e area 
c o l l a p s e s , the tungsten o x i d e c o n c e n t r a t i o n exceeds monolayer 
coverage (19,26). The c r o s s o v e r p o i n t of approximate monolayer 
coverage occurs between 60 t o 100 m /gm and i s generated by 
c a l c i n a t i o n temperatures between 850 and 950°C. 

Below monolayer coverage ( l e s s than -25-30% WO3 on AI0O3 o f 
200 m /g) tungsten oxide i s p r i m a r i l y i n a h i g h l y d i s p e r s e d and 
amorphous s t a t e on the alumina s u r f a c e and remains so at low 
c a l c i n a t i o n temperatures (500-800°C) (8,19,23,26). For 10% WO3 on 
AloOo, F i g u r e 7, the s u r f a c e tungsten oxide complex i s present up 
t o 9bO°C In a d d i t i o n , Raman peaks f o r c r y s t a l l i n e WOo are a l s o 
observed i n t h i s temperature range. The WO3 c r y s t a l l i t e 
c o n c e n t r a t i o n i s low s i n c e they are not d e t e c t e d by X-ray 
d i f f r a c t i o n . The amount of tungsten oxide present as c r y s t a l l i n e 
WO3 f o r 10% WOo on r A l 2 0 3 , F i g u r e 7, i s e s t i m a t e d t o be l e s s than 
1% of the t o t a l tungsten ox ide content present i n t h e 10% sample 
c a l c i n e d at 650 and 800°C (16). As the c a l c i n a t i o n temperature 
i n c r e a s e s , the r e l a t i v e amount of c r y s t a l l i n e WO3 i n i t i a l l y 
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10. SOLED ET AL. Tungsten Oxide Supported on Alumina 179 

d e c r e a s e s , as measured by the i n t e n s i t y r a t i o I (811 cm" 1 )/ I 
(965-1000 c m " 1 ) , (JL5). Thus, at the h i g h e r c a l c i n a t i o n 
temperatures a s u b s t a n t i a l decrease i n the s u r f a c e area of the 
alumina support occurs and s i m u l t a n e o u s l y the WOo p a r t i c l e s 
d i s p e r s e t o form the t u n g s t e n oxide s u r f a c e compfex. As the 
s u r f a c e area decreases the d i s t a n c e between the tungsten o x i d e 
s u r f a c e s p e c i e s decreases and the tungsten oxide s u r f a c e d e n s i t y 
on the alumina support i n c r e a s e s ( 1 9 , 2 6 ) . The i n c r e a s e i n t h e 
i n t e n s i t y of the ESCA W 4 f 5 yo 7/2 s i g n a l (19,26) and the s h i f t 
from -965 t o -1000 cm" 1 i n the Raman band a s s o c i a t e d w i t h the 
t u n g s t e n oxide s u r f a c e complex (16) r e f l e c t t h i s change. These 

F i g u r e s 9a and 9b. Thus, Raman s p e c t r o s c o p y conf i rms t h a t t h e 
s u r f a c e phase tungsten oxide complex w i l l form WO3 c r y s t a l l i t e s as 
the alumina d e s u r f a c e s (at a c o n s t a n t t u n g s t e n o x i d e c o n t e n t ) , and 
monolayer coverage i s exceeded. 

A c l o s e - p a c k e d monolayer of tungsten oxide on alumina 
a p p a r e n t l y forms when the minimum d i s t a n c e between n o n - p o l y m e r i c 
t u n g s t e n oxide c e n t e r s i s achieved ( 8 , 1 9 , 2 6 ) . The f o r m a t i o n of 
the c l o s e - p a c k e d tungsten o x i d e monolayer, however, does not 
p r e c l u d e the alumina from a d d i t i o n a l l o s s i n s u r f a c e area at s t i l l 
h i g h e r t e m p e r a t u r e s . The c l o s e - p a c k e d tungsten o x i d e monolayer 
accommodates f u r t h e r d e - s u r f a c i n g by forming bulk tungsten oxide 
phases WOo and A12(W04)3 (see F i g u r e s 9c and 9 d ) . The f o r m a t i o n 
of WOo and Al 2̂ 0̂ )3 c r y s t a l l i t e s at h i g h e r temperatures i s 
d e t e c t e d by l a s e r Raman s p e c t r o s c o p y , F i g u r e 7. 

The CAEM s t u d i e s i n d i c a t e t h a t at high temperatures the 
s u r f a c e tungsten oxide phase t r a n s f o r m s t o t h i n WO3 p a r t i c l e s . 
These i n t u r n r e a c t at high temperatures w i t h the u n d e r l y i n g 
alumina support t o form Al2^64)3. Thus both CAEM and Raman 
s p e c t r o s c o p y p o i n t t o the same model f o r the t r a n s f o r m a t i o n of the 
tungsten oxide s u r f a c e phase; f i r s t t o form tungsten o x i d e 
p a r t i c l e s and then t o form subsequently A12(W04)3 a t high 
temperature c a l c i n a t i o n c o n d i t i o n s . 

C o n c l u s i o n s 

The s t r o n g i n t e r a c t i o n between WO3 and γ-ΑΙοΟ^ m a n i f e s t s i t s e l f 
under both high temperature reducing and o x i d i z i n g c o n d i t i o n s . 
Under r e d u c i n g c o n d i t i o n s , TG and ESCA demonstrate t h a t the 
c r i t i c a l coverage f o r v i r t u a l n o n - r e d u c i b i l i t y of WO3 on an 
alumina s u r f a c e (which has been exposed t o high temperature and 
d e - s u r f a c e d t o -80 m /gm) i s 6-8 wt.%. Above t h i s monolayer 
coverage more e a s i l y reduced b u l k - l i k e WOo s p e c i e s are p r e s e n t . 
For l o a d i n g s o f 10 wt.%, where p a r t i a l r e d u c t i o n occurs at h i g h 
t e m p e r a t u r e , the tungsten oxide appears t o reduce d i r e c t l y from 
W b t o W° wi thout a c c e s s i n g the i n t e r m e d i a t e o x i d a t i o n s t a t e s t h a t 
bulk WOo passes t h r o u g h . 

Under high temperature o x i d i z i n g c o n d i t i o n s , l a s e r Raman 
s p e c t r o s c o p y and CAEM demonstrate the dynamic behavior of the 
amorphous and c r y s t a l l i n e s t r u c t u r a l t r a n s f o r m a t i o n s o c c u r i n g i n 
the WO3 on AI2O3 system. Below monolayer coverage of t u n g s t e n 
oxide on a l u m i n a , the t u n g s t e n oxide phase i s present as a h i g h l y 
d i s p e r s e d and amorphous s u r f a c e complex on the s u p p o r t . Above 

s t r u c t u r a l changes system are d e p i c t e d i n 
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10 nm , 

W0 3 700 °C 

(a) Initial Particle Morphology 

r A I 2 0 3 - 7 ^ — α.ΑΙ 20 3 1050°C 

(b) Suppression of Alumina Phase Transition 

AMWCMa 1150°C 

(c) Proposed Route to Aluminum Tungstate Formation 

F i g u r e 8 . Model of the t r a n s f o r m a t i o n s observed f o r tungsten 
oxide on an alumina f i l m by c o n t r o l l e d atmosphere e l e c t r o n 
m i c r o s c o p y . 

ο ο ο jo ον ρ 
\ / ν \ / 

a) ο ' \ ο / Νο ο / χο 
a ) L 

Y-WA 

ο, Ρ ο ρ V V ν \/ ν 
Ο /> Q 

Θ - Α Ι 2 0 3 

0 0 0 0 
J I I L 

Θ-ΑΙ203 

f Al2(W04)3 

Θ-ΑΙ203 

F i g u r e 9. Model of the s t r u c t u r e / t r a n s f o r m a t i o n s of tungsten 
oxide on high s u r f a c e a r e a γ - Α ^ Ο β as a f u n c t i o n of c a l c i n a t i o n 
t e m p e r a t u r e . 
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10. SOLED ET AL. Tungsten Oxide Supported on Alumina 181 

monolayer coverage, both a surface complex and discrete WO3 
crystal l i tes are present. During high temperature de-surfacing a 
portion of the surface complex converts f i r s t to WO3 and then 
reacts with the alumina to form Al 2^0^)3. 
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11 
High Resolution Electron Microscopy 
The Structural Chemistry of Bismuth-Tungsten-Molybdenum Oxides 
and Bismuth-Tungsten-Niobium Oxides 

D. A. JEFFERSON 

Department of Physical Chemistry, University of Cambridge, Cambridge, CB2 1EP, 
United Kingdom 

The application of high resolution electron microscopy 
to the determination of structures in systems with actual 
or potential use in selective oxidation catalysis is 
discussed. Problems of image interpretation, arising 
from instrumental aberrations and multiple scattering, 
are outlined, and examples of its use are given in the 
systems Bi-Mo-W-O, Bi-Mo-Nb-O and Bi-W-Nb-O. In a l l 
three, intermediate phases are revealed which show either 
potential or actual structural adaptability to varying 
stoichiometry, particularly with regard to oxygen content. 

Heterogeneous catalysis has, u n t i l recently, been exclusively the pre
serve of the surface chemist. Detailed study of the bulk structural 
features has become important with the advent of shape selective 
catalysts, notably zeolites, where the dist inction between external 
and internal surface i s d i f f i c u l t to make, but surface studies have 
been considered most appropriate for other systems. However, in many 
real catalysts, where the catalytic action undoubtedly occurs on the 
external surface, i t does so by means of intermediate structural 
states, and the catalytic efficiency is then dependent upon the re la 
tive s tab i l i ty and interactions of such intermediate states with the 
bulk material. Consequently an understanding of the structural chem
is try and structural modification possible i n the parent catalyst 
phase is s t i l l essential to understanding the catalytic action. This 
i s especially true in the case of oxidation catalysts, where i t can 
be shown (l) that la t t i ce oxygen plays a part i n the catalytic 
process. 

Unfortunately, many of the oxide systems used as catalysts are 
extremely complex structures and phase relationships i n them are not 
well understood. This arises partly from the d i f f i cu l t i es of apply
ing tradit ional methods of structure determination to materials which 
are complex but poorly crysta l l ine , and are frequently disordered or 
polyphasic. In such cases the average structure resulting from a 
diffract ion experiment is of l i t t l e help and an attempt must be made 
to determine the specific structure of each individual crys ta l l i t e . 
Only i n this way can the structure be characterised completely. 

0097-6156/85/0279-0183$06.25/0 
© 1985 American Chemical Society 
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184 SOLID STATE C H E M I S T R Y IN CATALYSIS 

At present the only technique available for specific (sometimes 
called real-space) structure determination i s high resolution electron 
microscopy (HREM). At f i r s t sight this appears to be an ideal method, 
as the direct imaging of the structure avoids the phase problem nor
mally associated with d i f f r a c t i o n methods, and can be applied to a l l 
materials, whatever th e i r state of long range order. Compared with 
d i f f r a c t i o n methods, however, the accuracy i s r e l a t i v e l y poor, as the 
available resolution i s limited to not much better than 2A, well above 
the theoretical l i m i t . Furthermore, severe problems of image i n t e r 
pretation occur, but within certain l i m i t a t i o n s , these can be over
come and the technique applied successfully. The object of t h i s 
paper i s to i l l u s t r a t e the use of these direct imaging methods i n 
systems with possible catal y t i c application. 

Experimental 

In p r i n c i p l e , HREM i s a very simple technique for structure determin
ation and with electron wavelengths currently used, atomic d e t a i l 
should, i n theory, be easily resolvable, without any "phase problem" 
However, the p r a c t i c a l d i f f i c u l t i e s are by now well known and charac
terised (2) and a b r i e f summary of the relevant points w i l l be given 
here. 

Although there i s no inherent phase problem i n the HREM tech
nique i t i s replaced by an "instrumental" phase problem arising from 
the r e l a t i v e l y imperfect nature of electromagnetic lenses. Spherical 
aberration i s the chief l i m i t a t i o n , and i t s effect can be coupled 
with that of deviation from the Gaussian focus into a phase factor 
which can be considered to act upon the diffracted amplitudes before 
re-combination by the lens to produce the i n i t i a l image amplitude, 
namely : 

( 2 1 
α - Jc α 

8 

where λ = electron wavelength, AF = deviation i n focus from the Gauss
ian position, C g = spherical aberration coefficient, and α^=^-/^γ^\) î s 

the s p a t i a l frequency of each diffracted beam. For a 
given instrument, C i s usually fixed, but AF can be varied contin
ual l y , the shape of this composite function being shown i n Fig. 1. 
Consequently the diffracted beams w i l l , i n general, be recombined into 
an image with incorrect phases, and the resulting d e t a i l w i l l be con
fused. I t i s customary, therefore, to adjust AF u n t i l the two terms 
i n the above expression partly cancel over a range of spatial frequen
cies, as shown i n Fig. l c , when the diffracted beams within the "plat
eau region" of the function are a l l recombined with the correct phase 
s h i f t s . The image d e t a i l corresponding to these beams w i l l then be 
essentially correct and the d-spacing corresponding to the outer edge 
of the plateau, d-^^, i s usually referred to as the point resolution 
of the instrument. 

I t should be noted that spherical aberration does not, i n i t s e l f 
l i m i t the extent of the image d e t a i l available, but merely confuses 
interpretation. Other aberrations, such as chromatic factors, a r i s i n g 
from the energy spread of the electron beam and an uncertainty i n the 
focal length of the objective lens due to current i n s t a b i l i t i e s , do 
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SPATIAL FREQUENCY J RECIPROCAL ANGSTROMS 

O.00 O.05 O.10 O.15 O.20 O.25 O.30 O.35 O.40 O.45 O.50 

20.00 10.00 6.67 5.00 ~4ΛΧ) 3.33 2'.86 2*50 2.22 2̂ 00 

1/J ANGSTROMS 

Fig. 1. The imaginary part of the phase contrast transfer function, 
sinX, plotted as a function i n reciprocal space for a micro
scope operating at 200 kV with a spherical aberration c o e f f i 
cient of 1.2 mm a) Gaussian focus; b) 325A underfocus; 
c) 65θ2 underfocus. 
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S O L I D STATE C H E M I S T R Y I N C A T A L Y S I S 

however se t an u l t i m a t e l i m i t on the a v a i l a b l e d e t a i l imaged. The 
f i n i t e divergence present i n the e l e c t r o n beam has a s i m i l a r e f f e c t . 
These f a c t o r s c rea te a b l u r r i n g o f d e t a i l i n the image i n t e n s i t y , 
which can be represen ted mathemat ica l ly by c o n v o l u t i o n w i t h a b l u r r 
i n g f u n c t i o n , and, f o r ve ry weak s c a t t e r e r s , t h i s can be v i s u a l i s e d 
as a damping envelope superimposed on the a b e r r a t i o n f u n c t i o n . This 
i s shown i n F i g . 2 . 

In a d d i t i o n t o these i n s t r u m e n t a l f a c t o r s , specimen dependent 
e f f e c t s must a l s o be cons ide red , and o f t he se , by f a r the most i m 
por t an t i s m u l t i p l e e l a s t i c s c a t t e r i n g . Given the above i n s t r u m e n t a l 
l i m i t a t i o n s , i t i s s t i l l p o s s i b l e t o observe a d i r e c t correspondence 
between image con t r a s t and p o t e n t i a l d e n s i t y i n the specimen out t o 
a de f ined r e s o l u t i o n l i m i t , or a t l e a s t t o r e c o n s t r u c t the l a t t e r 
from the observed image. However, t h i s i s on ly t r u e i f the e l e c t r o n 
wavefront emerging from the specimen bears a s imple r e l a t i o n s h i p t o 
the c r y s t a l p o t e n t i a l , and t h i s i m p l i e s t ha t on ly s i n g l e - s c a t t e r i n g 
events can o c c u r . I f m u l t i p l e s c a t t e r i n g i s p r e sen t , the observed 
image may never resemble the t r ue specimen p o t e n t i a l d e n s i t y , no 
mat ter how the i n s t r u m e n t a l c o n d i t i o n s are v a r i e d . The e f f e c t o f 
m u l t i p l e s c a t t e r i n g i s shown i n F i g . 3 i n the case o f a tungs ten 
bronze s t r u c t u r e which con ta ins hexagonal tunne l s o f W06 octahedra 
f i l l e d w i t h b i smuth . As tungs ten and bismuth s c a t t e r e q u a l l y s t r o n g l y , 
the tunne ls are v i r t u a l l y i n v i s i b l e i n the p o t e n t i a l d e n s i t y , and 
t h i s i s a l s o ev iden t a t the edge o f the c r y s t a l where m u l t i p l e s c a t t 
e r i n g i s n e g l i g i b l e . Fu r the r away from the c r y s t a l edge, m u l t i p l e 
s c a t t e r i n g becomes e v i d e n t , and then the observed image r e v e a l s the 
tunne l s as l a r g e whi t e do t s . This i s p a r t i c u l a r l y confus ing as i t 
would sugges t , i f i n t e r p r e t e d d i r e c t l y i n terms o f p o t e n t i a l , t ha t 
the tunne l s were i n f a c t empty. Indeed, i f the t h i n edges were not 
p r e sen t , a l o g i c a l i n t e r p r e t a t i o n o f the image would be i n terms o f a 
model w i t h empty t u n n e l s . 

Al though the f a c t o r s de sc r ibed above impose severe l i m i t a t i o n s on 
the i n t e r p r e t a t i o n o f image con t r a s t i t i s p o s s i b l e t o c a l c u l a t e t h e i r 
e f f e c t s . The phase -con t ras t t r a n s f e r theory o f imaging i s l o n g es tab
l i s h e d , and m u l t i p l e s c a t t e r i n g o f e l e c t r o n s can be s imu la t ed numeri 
c a l l y u s i n g the m u l t i s l i c e fo rmu la t i on (3,*O. Consequent ly , a l though 
the re i s , i n g e n e r a l , no a n a l y t i c a l method o f r e c o v e r i n g the specimen 
s t r u c t u r e from the observed image o f a t h i c k e r c r y s t a l , model s t r u c 
tu res can be cons t ruc t ed and t h e i r images s i m u l a t e d over a wide range 
o f exper imenta l c o n d i t i o n s . These can then be compared w i t h the 
observed image and the s t r u c t u r e determined on a t r i a l and e r r o r b a s i s . 
Consequently a t r i a l s t r u c t u r e can be r e f i n e d t o a l i m i t e d ex tent 
depending upon the i n s t r u m e n t a l r e s o l u t i o n and on the computing r e 
sources a v a i l a b l e . O b t a i n i n g a t r i a l s t r u c t u r e can however o n l y be 
c a r r i e d out when very t h i n reg ions o f the specimen are p r e sen t , as 
then some o f the atomic p o s i t i o n s can be observed d i r e c t l y . Once 
t h i s has been done, however, m u l t i p l e s c a t t e r i n g can a c t u a l l y be used 
as an a i d t o re f inement , because the image d e t a i l i n t h i c k e r r eg ions 
i s ext remely s e n s i t i v e t o s m a l l s h i f t s i n atomic p o s i t i o n s . Both 
i n s t r u m e n t a l and computa t ional aspects o f any HREM s t r u c t u r e d e t e r 
mina t ion are the re fo re e q u a l l y impor tan t , and j u s t as the exper imenta l 
s i d e i s l i m i t e d by the a v a i l a b l e p o i n t r e s o l u t i o n ( c a . 2 . ώ a t 200 k V , 
1 . 8 A a t U00-500kV), so too are l i m i t a t i o n s imposed by computa t iona l 
r e sources , p a r t i c u l a r l y as regards s torage requirements when l a r g e 
u n i t c e l l s are i n v o l v e d . 
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J - c 
SPATIAL FREQUENCY J RECIPROCAL ANGSTROMS 

O.00 O.05 O.10 O.15 O.20 O.25 O.30 O.35 O.40 O.45 O.50 

20.00 10.00 6.67 5.00 4.00 3 ̂  2ΐδ6 2.50 2.22 2.00 

1/J ANGSTROMS 

F i g . 2. The func t ions o f F i g . 1, a f t e r m o d i f i c a t i o n by a damping 
envelope t o take account o f chromatic f a c t o r s and beam 
d ive rgence . For a very t h i n c r y s t a l , the r e d u c t i o n i n ampli
tude o f sinx represents a r e d u c t i o n i n the i n t e n s i t y o f the 
f o u r i e r components i n the image. 
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188 SOLID STATE C H E M I S T R Y IN CATALYSIS 

Fig. 3. Illustration of the effects of multiple scattering in an image 
of an intergrowth bismuth-tungsten oxide bronze, nominally 
Bio.iW03. The simulated images shown correspond to thickness
es of 20A (near the crystal edge) and 60A respectively, with 
an underfocus of 122θ2. 
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11. JEFFERSON Structures by High Resolution Electron Microscopy 189 

Examples : l ) Bismuth molybdo-tungstates 

Although the bismuth molybdates, ̂ ^ n ^ n + S ' w h i c h a r e ™- ά β 1? u s e d 

i n selective oxidation c a t a l y s i s , and t h e i r tungsten^ 
analogues share a common structure for the n=l member of the series 
(5), t h i s i s not the case for n^.. In particular, B12M03O12 has a 
defective scheelite-like structure (6) with tetrahedrally co-ordinat
ed Mo, whereas the tungstate phase B12W3O12 adopts a lay e r - l i k e 
structure similar to, but more complex, than Bi 2WO 6 , and usually occurs 
i n a severely disordered form (T). The relationship between these 
two structural types i s not clear and i n particular, i t i s uncertain 
whether intermediate phases can exist. Consequently materials of the 
general composition Bi2(Mo,W)3 0i2 were prepargd by quenching from the 
melt and annealing for various periods at 600 C. In the more tung
sten r i c h members a new phase of unknown structure was detected (8), 
an outline of the structure determination being given below. 

Although X-ray powder d i f f r a c t i o n showed samples of nominal 
composition B12W2M0O12 to be a single phase, indexable on a modified 
B 1 2 M 0 3 O 1 2 unit c e l l , examination i n the electron microscope immediat
ely revealed a biphasic assemblage, typical crystals are shown i n 
Fig. h9 with portions of the corresponding X-ray emission spectra. 
The majority phase did have the B12M03O12 structure, with s l i g h t l y 
altered unit c e l l dimensions, but a very high W content as revealed 
by X-ray emission spectrometry (Fig. Ua). This represents consider
able s o l i d solution of W i n B12M03O12. The minority phase, however, 
showed a very complex electron d i f f r a c t i o n pattern, t y p i c a l of a 
layered structure with stacking disorder and correspondingly complex 
image contrast, (Fig. kb). This phase contained very l i t t l e Mo. The 
principle features of the image contrast, shown at higher magnifica
tion i n Fig. 5, suggest a compound layer as the basic structural unit 
containing s i x structural sub-layers separated by some 3.8A, with an 
interlayer region showing fringe contrast reminiscent of the simple 
layered tungstates. The number of sub-layers was variable, and some 
stacking defects were noted, these being responsible for the streak
ing observed i n the electron d i f f r a c t i o n patterns. Attempts to 
interpret these images i n terms of 1:1 correspondence between image 
contrast and crystal potential f a i l e d , the main d i f f i c u l t y being the 
perio d i c i t y of some 5.9$ within the layers, which was not reconcilihle 
with any known arrangement of corner-sharing WU6 octahedra or i s o l a t 
ed WO tetrahedra. A model based on W205 rather than W03 layers was 
therefore constructed. 

The structural model proposed, and the computer-simulated images 
generated from i t , are shown i n Fig. 5. Because the cation-cation 
distances for edge-sharing WÛ6 octahedra are less than the point 
resolution of the instrument at the optimum focus of Figs. 1 and 2, 
i t was necessary to go beyond this point of focus and image the 
cations with reversed contrast, as shown i n Fig. 5a. The simulated 
images match very w e l l , although i t was necessary to refine the idea
l i s e d model of Fig. 5c by allowing the cations i n adjacent edge-
sharing octahedra to increase t h e i r separation by some 10-15$. 
Although the f i n a l structure remains a t r i a l model rather than a 
f u l l y refined one, i t i s nevertheless extremely significant as i t 
proves conclusively that complex reduced phases can exist i n this 
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190 SOLID STATE CHEMISTRY IN CATALYSIS 

B i 2 M o W 2 0 1 2 

WM BiM 

F i g u r e 4 a . E l e c t r o n micrographs of the phases i n a sample of 
nominal compos i t ion Bi2MoW2012« Bi2Mo3012~like phase w i t h 
t u n g s t e n - s u b s t i t u t i o n . P o r t i o n s of the x - r a y emis s ion spec t r a of 
each are a l s o shown. 
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11. J E F F E R S O N Structures by High Resolution Electron Microscopy 191 

F i g u r e 4b . E l e c t r o n micrographs of the phases i n a sample of 
nominal compos i t ion Bi2MoW20^2* T n e n e w phase d i scus sed i n the t e x t . 
P o r t i o n s of the x - r a y emiss ion spec t r a of each are a l s o shown. 
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JEFFERSON Structures by High Resolution Electron Microscopy 

F i g u r e 5c and 5d . Comparisons of the s imula ted images w i t h 
exper imenta l ones . The c r y s t a l t h i ckness i s 20A and underfocus 
i s 1200A and 1800Â r e s p e c t i v e l y . 
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194 SOLID STATE C H E M I S T R Y IN CATALYSIS 

system. Furthermore, by varying both the number of sub-layers used 
and th e i r composition (altering the spacing of the rows of edge-
sharing octahedra) such phases can be made both compositionally adap
table and compatible with varying conditions of reduction. Further 
studies on these, and related, structures are i n progress. 

2) Bisnmbh-Niobium-Molybdate, Bi 2(Mo,Nb)0^ x 

Although no unusual intermediate phases of the above type were found 
i n the system Bi2(Mo,W)06 the manner i n which these simple layered 
structures adapt to reduction i s nevertheless, of great p r a c t i c a l 
interest. One r e l a t i v e l y simple way of testing whether reduced struc
tures are feasible, i n structural, i f not thermodynamic terms i s by 
substituting the octahedrally co-ordinated hexavalent cation (either 
Mo or W) by a pentavalent cation such as niobium. Specimens of th i s 
type have been prepared, using the same technique as that described 
above, but with the annealing being carried out i n sealed quartz 
tubes, and the preliminary results have been reported (9). A more 
detailed discussion of the structural models and th e i r derivation w i l l 
be given here. For the niobium-substituted B 1 2 M 0 O 6 , l i t t l e difference 
was observed i n the X-ray powder d i f f r a c t i o n pattern u n t i l approxi
mately 50$ replacement of Mo was achieved. At th i s point, some extra 
lin e s became v i s i b l e but most of the o r i g i n a l ones remained unaffected. 
Further Nb-substitution only served to increase the intensity of the 
additional maxima and a l t e r t h e i r positions s l i g h t l y . Although these 
results suggested the presence of two phases, no significant composi
t i o n a l variations could be observed i n x-ray emission analysis of 
this sample i n the electron microscope, using previously characterised 
specimens of B 1 2 M 0 O 6 and BisNbaOis as standards. Examination by 
electron d i f f r a c t i o n indicated that most crystals appeared to corre
spond to B 1 2 M 0 O 6 , but for those examined i n [lOO] projection a pro
nounced superlattice was observed. A t y p i c a l d i f f r a c t i o n pattern 
from a sample of nominal composition B12M00. sNbo. 5Ο5. 7 5 i s shown i n 
Fig. 6, together with the l a t t i c e image, where the superlattice f r i n 
ges are clearly v i s i b l e . Apart from these characteristic fringes, the 
image contrast i s i d e n t i c a l to that obtained from pure B 1 2 M 0 O 6 , and 
the spacing of the superlattice was found to decrease with increasing 
Nb content. As can be seen i n the electron d i f f r a c t i o n pattern, the 
superlattice was incommensurate and the overall periodicity was 
approximately 8.3 times that of the basic l a t t i c e . 

Features such as long-period superlattices are immediately remi
niscent of effects such as crystallographic shear (CS) i n structures 
based upon corner-sharing ¥0ε networks (lO), and t h i s phenomenon has 
been postulated as a mechanism for catalyst reduction i n molybdates 
( l l ) . Although experimental v e r i f i c a t i o n of this hypothesis has not 
been forthcoming (12), CS structures would seem to be the most l i k e l y 
explanation of the images described above. However, i n B 1 2 M 0 O 6 , CS 
planes would be expected to be either (lOl) (lOl) within the plane 
of the layers of ΜοΟβ octahedra, whereas the effect i s observed on 
(001). Other p o s s i b i l i t i e s could be (Oil) or ( l l O ) , but these would 
involve "steps" i n the layer planes which are not observed i n the 
experimental images. 

I f the features observed are based upon edge-sharing of octahedra 
within the ΜοΟβ component, they can only be reconciled with the known 
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11. JEFFERSON Structures by High Resolution Electron Microscopy 195 

Fig. 6. a) Enlarged portion of the electron d i f f r a c t i o n pattern of a 
crystal of nominal composition B12M00.sNbo.5Ο5.75. Maxima 
indexable on the normal B 1 2 M 0 O 6 unit c e l l are indicated, 
b) The corresponding l a t t i c e image, showing the superlattice 
fringes. The electron beam i s p a r a l l e l to £ΐΟθ]. 
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B12M0O6 s t r u c t u r e i f the d i s t o r t i o n s o f tha t component are cons ide red . 
In common w i t h most Re03~based o x i d e s , octahedra are r o t a t e d and 
t i l t e d w i t h i n the l a y e r such tha t the a c t u a l arrangement i s more l i k e 
tha t o f F i g . 7a, r a t h e r than the i d e a l i s e d form normal ly represen ted . 
I t i s then p o s s i b l e t o i n t roduce p a i r s o f edge-shar ing octahedra i n t o 
the a r r a y , as shown i n F i g . 7b, and these p a i r s can l i e on the (OOl) 
p l a n e s , as observed e x p e r i m e n t a l l y . When viewed i n [ lOO] p r o j e c t i o n , 
there w i l l be a l o c a l excess o f c a t i o n d e n s i t y a t the p o s i t i o n s o f 
these edge-shar ing p a i r s genera t ing the observed s u p e r l a t t i c e . Separ
a t i o n o f these p a i r s by seven normal octahedra w i l l produce the 
c o r r e c t s t o i c h i o m e t r y , and fur thermore , t h e i r presence w i l l s l i g h t l y 
a l t e r the dimensions o f the oc t ahed ra l component such tha t i t no 
l onge r e x a c t l y matches t ha t o f the B i - 0 l a y e r . Consequent ly , the 
p o s s i b i l i t y o f u n c o r r e l a t e d i n t e rg rowth and an incommensurate super-
l a t t i c e w i l l a r i s e . 

Image s i m u l a t i o n s u s i n g the model o f F i g . 7b proved most encour
a g i n g . I t was p o s s i b l e to s imula te the g r a d u a l , n e a r - s i n u s o i d a l 
appearance o f the s u p e r l a t t i c e f r i nges almost e x a c t l y , as i s shown 
i n F i g . 8. Fur thermore, some l i m i t e d ref inement was p o s s i b l e , by 
a l l o w i n g the Mo atoms around the edge-shar ing p a i r s t o r e l a x , and 
thereby improving the image match. However, no da ta can be ob ta ined 
on the oxygen atom p o s i t i o n s . This l a t t e r p o i n t i s impor tan t , as 
recent work by Gai (12) has suggested tha t the h i g h temperature form 
o f B 1 2 M 0 O 6 , w i t h t e t r a h e d r a l l y - c o o r d i n a t e d Mo, can e x i s t a t a lower 
temperature than o r i g i n a l l y thought . I n an e x a c t l y analogous manner 
t o the "quas i -CS" model de sc r ibed above f o r the oc t ahed ra l s t r u c t u r e , 
a s i m i l a r arrangement can be envisaged f o r the l a y e r w i t h t e t r a h e d r a l 
Mo, i n v o l v i n g edge-shar ing o f p a i r s o f t e t r a h e d r a . S c h e m a t i c a l l y , 
t h i s i s shown i n F i g . 7c, and comparison w i t h the oc t ahed ra l v a r i a n t 
i n d i c a t e s t h a t , i n LlOO] p r o j e c t i o n , the two models are i d e n t i c a l i n 
terms o f c a t i o n p o s i t i o n s . Image s imu la t i ons at 2 .5A r e s o l u t i o n 
from the t e t r a h e d r a l model are co r re spond ing ly almost i d e n t i c a l t o 
those from the oc t ahed ra l case , and t h e r e f o r e , a t t h i s r e s o l u t i o n , i t 
i s imposs ib l e t o determine which model a p p l i e s . The t e t r a h e d r a l case 
i s p o s s i b l y the most a p p r o p r i a t e , as the r e v i s e d oxygen l a t t i c e imp
l i e s reduced c o r r e l a t i o n between the B i - and Mo-con ta in ing components, 
making an incommensurate supe r s t ruc tu re more l i k e l y . However, u n t i l 
g rea te r s t r u c t u r a l r e s o l u t i o n can be ach i eved , bo th models remain 
e q u a l l y p o s s i b l e , and t h i s i l l u s t r a t e s one o f the p r i n c i p a l d i f f i c u l 
t i e s o f the l a t t i c e imaging t echn ique . 

3) Bismuth-Niobium-Tungstate B i 9 ( W , N b ) 0 ^ 

S i m i l a r s t ud i e s on the n iob ium s u b s t i t u t e d tungs ta te have produced 
e q u a l l y c o m p l i c a t e d , but d i f f e r e n t s t r u c t u r a l c o n f i g u r a t i o n s . T y p i c a l 
e l e c t r o n d i f f r a c t i o n pa t t e rns and medium r e s o l u t i o n l a t t i c e images o f 
m a t e r i a l o f nominal compos i t ion B i 2 W p . s N b o . 5 Ο 5 . 7 5 are shown i n F i g . 9. 
As w i t h the cor responding molybdate, x - r a y powder d i f f r a c t i o n shows 
on ly f a i n t e x t r a l i n e s on i n c r e a s i n g n i o b i u m - s u b s t i t u t i o n , whereas 
the s u p e r l a t t i c e s t r u c t u r e i s immediately apparent i n e l e c t r o n d i f f r 
a c t i o n . I n t h i s case the s u p e r l a t t i c e l i e s on the (103) p lanes and 
i s always commensurate, and furthermore i t i s ev ident from the (OOl) 
f r i nges i n exper imenta l images t h a t the l a y e r s are "s tepped" , o r 
d i s p l a c e d a long [OOl] where they i n t e r s e c t the s u p e r l a t t i c e p l a n e s , 
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11. JEFFERSON Structures by High Resolution Electron Microscopy 197 

F i g . 7. a) A p o r t i o n o f the oc t ahed ra l s u b - l a y e r i n B 1 2 M 0 O 6 , w i t h 
exaggerated oc t ahed ra l d i s t o r t i o n b) The same l a y e r , but w i t h 
p a i r s o f edge-shar ing octahedra i n s e r t e d , c) The a l t e r n a t i v e 
model w i t h t e t r a h e d r a l c o - o r d i n a t i o n , hav ing p a i r s o f edge-
s h a r i n g t e t r a h e d r a . 

F i g . 8. Comparison o f observed and s imu la t ed images f o r the compos i t ion 
B i 2 M o o . s N b o . 5 Ο 5 . 7 5 . The c r y s t a l i s a s h a r p l y t a p e r i n g one 
and the s i m u l a t i o n s are f o r a t h i c k n e s s o f 35A (near the edge) 
and 1058 and underfocus s e t t i n g s o f 20A. 
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Fig. 9. a) Enlarged portion of the electron d i f f r a c t i o n pattern of a 
crys t a l of nominal composition B12W0.sNbo .5Ο5.75. Maxima 
indexable on the B12WO6 unit c e l l are indicated, b) The 
corresponding l a t t i c e image, showing the superlattice fringes. 
The electron beam i s p a r a l l e l to [ o i o j . 
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such that the displacement i s one-half of an individual layer thick
ness. This "stepping" of layers did not occur during electron micro
scopic examination, nor was i t merely a contrast effect caused "by 
increasing crysta l thickness. The resemblance to CS planes i n Re03-
based oxides (13) i s very s t r i k i n g , and i t i s possible to envisage 
several CS structures which w i l l reproduce the observed unit c e l l . 

However, CS structures involving edge-sharing of octahedra with
i n the W-containing sub-layer suffer from two major disadvantages, i n 
that they f a i l to give the stoichiometry determined experimentally by 
x-ray emission analysis, and furthermore, to reproduce the observed 
unit c e l l i t i s necessary always to insert the CS planes i n pairs, 
otherwise the half-layer displacement i s not achieved. There appears 
to be no reason why this should be so, p a r t i c u l a r l y as many samples 
are disordered and satisfactory co-ordination for interlayer bismuth 
can be found i f only single CS planes are involved. In addition, 
m u l t i s l i c e simulations of CS-based models give grossly exaggerated 
contrast along the superlattice planes. Consequently, an alternative 
picture of layer stepping was necessary. 

One alternative which f i t s the requirements i s an actual over
lapping of layers at the superlattice planes, and i s i l l u s t r a t e d 
schematically i n Fig. 10a. With this model, layer offsets of one 
half are obligatory, and where the layers overlap, additional perov-
s k i t e - l i k e sites are produced which can accommodate extra bismuth 
atoms and so achieve the correct composition. Image-matching studies 
on t h i s model have been successful, a comparison of experimental and 
simulated images being made i n Fig. 10b, and the essential features 
are undoubtedly correct. Once again, however, the oxygen positions 
cannot be defined, and the distortions of the perovskite-like region 
remain undetermined. 

Further substitution of niobium results i n exceedingly complex 
structures, and a micrograph of a t y p i c a l c r y s t a l of the niobium end-
member of the series, BiitNb20n, i s i l l u s t r a t e d i n Fig. 11. The 
unit c e l l of this material i s extremely large, approximately 115 x 80 
χ 5-5 A , and the x-ray powder d i f f r a c t i o n diagram i s impossible to 
interpret. From the micrograph shown, i t would appear that the struc
ture i s based upon different principles from the one described above, 
but i t can nevertheless be derived from i t by repeated overlap of 
layers on (112) and (113) planes i n a very complex sequence. Why 
such a complex sequence should be employed, and whether either of 
these phases are true "phases", or merely certain compositions i n a 
quasi-continuous s o l i d solution series, i s not yet certain. What i s 
however, demonstrated, i s the remarkable a b i l i t y which these simple 
layered structures show to variations i n stoichiometry. 

Conclusions 

The degree of success of HREM i n elucidating the structural chemistry 
of the systems described above can only be assessed i n relative terms. 
In none of the structures has a true refinement been attempted, part
i c u l a r l y i n the case of the oxygen atom positions. Furthermore, the 
p o s s i b i l i t i e s of subsequent d i f f r a c t i o n refinement of the t r i a l 
structures obtained i s not high, owing to their disordered nature, 
which, combined with their complexity, would make even neutron powder 
refinement impracticable. Consequently the nature and dimensions of 
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-*» 11 « ..' U .' ο ο ο ο β ο ο ο W - A / \ / \ / \ Α / Ν ' 

F i g . 10. Top: p o s s i b l e ove r l ap of I ^ W O ^ - l i k e l a y e r s to produce the 
" s teps" observed i n the exper imenta l images. Bottom: comparison 
of exper imenta l image and one s imula ted u s i n g t h i s model , showing 
good agreement. The s i m u l a t i o n i s f o r a c r y s t a l of t h i ckness 23Â, 
imaged a t the Gauss ian f o c u s . 
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11. JEFFERSON Structures by High Resolution Electron Microscopy 201 

F i g . 11 High r e s o l u t i o n e l e c t r o n micrograph o f a c r y s t a l o f 
Βΐι*Ν1)2θιι. The t rue u n i t c e l l i s i n d i c a t e d . The d i r e c t i o n 
o f the e l e c t r o n beam corresponds t o the [llO^ axes of Bi2W06. 
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metal-oxygen linkages, which are of crucial importance to the exact 
mechanism of catalysis, remain undetermined. However, the results 
obtained show beyond a l l doubt that even simple ternary oxides such 
as B12M0O6 have an inherent structural adaptability to oxygen content 
similar to, but based on different principles from other systems such 
as the calcium-manganese oxides (ik). In addition, the way in which 
variable stoichiometry can be accommodated in either ordered or dis
ordered arrangements suggests that the introduction of small regions 
of differing stoichiometry w i l l be a relatively facile process, and 
that such regions are a very real possibility in actual catalytic 
activity. 

The d i f f i c u l t i e s of establishing the existence of compositional 
fluctuations of this type in a working catalyst should not, however, 
be underestimated. In the examples discussed, any disorder present 
has been either one- or two-dimensional : in a real catalyst, i t i s 
liable to be three-dimensional. Consequently observation of such 
fluctuations might be expected to be extremely d i f f i c u l t , particularly 
as the HREM can only give structural data i n projection. However, i t 
is possible to examine extremely thin specimens, and when the dimen
sion parallel to the beam f a l l s below 20A, the bulk structural featur
es examined must inevitably show some surface characteristics. 
Greater structural resolution is certainly available, with point 
resolution at 500kV or greater being of the order of 1.8A, but even 
at this level anion positions remain undetermined. The real value 
of the HREM technique, however, l i e s i n i t s a b i l i t y to characterise 
grossly defective structural systems. If the data obtained in this 
way can be used as an aid to the interpretation of other, indirect 
evidence such as x-ray photoelectron-spectroscopic data, then the 
results may be extrapolated to deal with materials where defects are 
only present at or near the surface, such as real, rather than model 
catalyst systems. 
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12 
Temperature-Programmed Decomposition of 2-Propanol 
on the Zinc-Polar, Nonpolar, and Oxygen-Polar 
Surfaces of Zinc Oxide 

K. LUI, S. AKHTER, and H. H. KUNG 

Chemical Engineering Department and Ipatieff Laboratory, Northwestern University, Evanston, 
IL 60201 

The temperature programmed desorption and 
decomposition of 2-propanol, acetone, and propene were 
studied on the Zn-polar (0001), the stepped-nonpolar 
(5051), and the O-polar (0001) surfaces of ZnO. The 
desorption temperatures of all the species, except 
water, were the lowest on the O-polar surface, and the 
highest on the Zn-polar surface. Propene did not 
adsorb on the Zn-polar surface. Adsorbed acetone 
desorbed in two peaks from the nonpolar surface. On 
the other surfaces, adsorbed propene or adsorbed 
acetone desorbed in a single peak. 2-Propanol was 
decomposed into acetone, propene, H2, and H2O. The 
ratios of acetone to propene were the same independent 
of the surface and the 2-propanol coverage. The 
evolution of the products except Η2O, was reaction 
limited. The decomposition activity was the highest on 
the Zn-polar face, and lowest on the O-polar face. 

Studies in recent years on the surface properties of transit ion 
metal oxides have demonstrated that the surface structural 
s t a b i l i t y , the surface electronic structure, and the surface 
chemical react iv i ty depend on the crystal lographic orientation of 
the exposed surface and the presence of surface imperfection, such 
as steps and point defects (1). ZnO i s one recent example. The 
natural surfaces of ZnO, which can be prepared in a r e l a t i v e l y 
well-ordered state, include the Zn-polar (0001 ), the 0-polar 
(OOOT), and the nonpolar (1010) surfaces. (See Figure 1 for a 
schematic representation of these surfaces). These surfaces have 
been shown to possess different chemisorptive properties and 
react iv i t i es . I t was shown that C0 2 was desorbed from a nonpolar 
surface at about 120°C., but from a Zn-polar surface at 410°C (2). 
The decomposition of methanol, formaldehyde, and formic acid also 
differed (3,4)* In general, the temperature at which the 
decomposition products appeared was the highest on the Zn-polar 

0097-6156/85/0279-0205$06.00/0 
© 1985 American Chemical Society 
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12. LUI ET AL. Temperature-Programmed Decomposition of 2-Propanol 207 

f ace , in te rmedia te on the nonpo la r face , and the lowes t on the 0 -
p o l a r face (5). The decomposi t ion a c t i v i t y , measured as the 
f r a c t i o n of adsorbed m o l e c u l e s decomposed, decreased i n the same 
order : Z n - p o l a r > nonpo la r > 0 - p o l a r . The r e a c t i o n products i n 
methanol decomposi t ion a l s o d i f f e r e d . From these o b s e r v a t i o n s , i t 
was concluded t h a t on the Z n - p o l a r su r face , the r e a c t i o n o f 
methanol proceeded v i a bo th o x i d a t i o n by the l a t t i c e , and 
dehydrogenat ion. The r a t i o o f o x i d a t i o n to dehydrogenation v a r i e d 
a c c o r d i n g to the c o n d i t i o n o f the sur face . On the nonpo la r and the 
0 - p o l a r su r faces , o n l y the o x i d a t i o n pathway p a r t i c i p a t e s . These 
were i n t e r p r e t e d as an i n d i c a t i o n o f the presence o f bo th m e t a l l i c 
and o x i d i c cha rac t e r on the Z n - p o l a r su r f ace , but o n l y the o x i d i c 
cha rac t e r on the o ther su r faces , which i s c o n s i s t e n t w i t h the 
sur face atomic s t r u c t u r e s . Such a c r y s t a l p l a n e dependence o f the 
a d s o r p t i o n and r e a c t i o n p r o p e r t i e s o f ZnO has a l s o been shown u s i n g 
powder samples ( 6 ) . 

I n v iew o f the i n t e r e s t i n g r e s u l t s o f methanol decomposi t ion , 
we proceeded to s tudy the decomposi t ion o f 2 - p r o p a n o l . I t i s known 
tha t 2 - p r o p a n o l decomposes v i a two competing pathways. 

The dehydrogenat ion r e a c t i o n produces acetone and hydrogen, and i s 
dominant o v e r b a s i c ox ides ( 7 ) . The dehydra t ion r e a c t i o n produces 
propene and water , and i s dominant o v e r a c i d i c ox ides . I t wou ld be 
i n t e r e s t i n g to see i f the compe t i t i on between these two pathways 
depend on the exposed c r y s t a l p l a n e s o f ZnO. We r e p o r t here the 
r e s u l t s o f such an i n v e s t i g a t i o n . 2 - P r o p a n o l was decomposed on ZnO 
s i n g l e c r y s t a l su r faces by the temperature programmed decomposi t ion 
technique. To a s s i s t the i n t e r p r e t a t i o n o f data , the temperature 
programmed d e s o r p t i o n o f propene and acetone were a l s o s t u d i e d . 

Exper imenta l 

Experiments were c a r r i e d out i n a s tandard u l t r a h i g h vacuum system 
d e s c r i b e d before (2 -4)» The system was equipped w i t h a low energy 
e l e c t r o n d i f f r a c t i o n u n i t , an Auger e l e c t r o n spectrometer , a 
s p u t t e r - i o n gun, and a UTI quadrupole mass spectrometer . The mass 
spectrometer was compute r -con t ro l l e d . I t had a s h i e l d i n f r o n t o f 
the i o n i z e r , t h a t had a h o l e o f 1 cm i n diameter to d i s c r i m i n a t e 
the mass spectrometer s i g n a l due to d i r e c t f l u x o f m o l e c u l e s from 
the background pressure i nc r ea se d u r i n g temperature programmed 
d e s o r p t i o n (TPD). TPD was performed by hea t ing the ZnO c r y s t a l a t 
10 K s"'* r a d i a t i v e l y w i t h a tungs ten f i l a m e n t behind the c r y s t a l . 

The ZnO c r y s t a l s were purchased from Atomergic Chemica l s . The 
d i r e c t i o n o f the c - a x i s was determined by e t c h i n g ( 2 ) . The d e s i r e d 
sur faces were about 6 mm χ 6 mm. The edge and the back s ide o f the 
c r y s t a l were covered by evapora ted g o l d . A d s o r p t i o n o f m o l e c u l e s 
was a c h i e v e d w i t h a doser. Thus the exposures r epor ted here, which 
were c a l c u l a t e d w i t h the chamber pressure i n d i c a t e d by an i o n 
gauge, were t en to one hundred t imes l e s s than the a c t u a l exposure. 

P r e p a r a t i o n o f the (10T0), (5051), and (0001) sur faces has 

2 - C ^ H 7 0 H —> ( C H 3 ) 2 C 0 + H 2 

2 - C 3 H 7 0 H — > C 3 H 5 + H 2 0 

dehydrogenat ion 

dehydra t ion 
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been d e s c r i b e d before (2). B r i e f l y , i t i n v o l v e d a l ignment o f the 
c r y s t a l by Laue x - r a y back s c a t t e r i n g , c u t t i n g out the d e s i r e d 
face , mechanica l p o l i s h i n g , and repeated A r - i o n s p u t t e r i n g and 
a n n e a l i n g . The 0 - p o l a r (0001) face was s i m i l a r l y prepared. The 
a n n e a l i n g i n vacuum was performed a t 500°C. A 6 - f o l d "1 χ 1" LEED 
p a t t e r n was ob ta ined . S m a l l but d e t e c t a b l e (by Auger e l e c t r o n 
spectroscopy) amounts o f S, C I , and Κ were present . The TPD 
r e s u l t s d i d no t appear to depend on the amounts o f these i m p u r i t i e s 
when the amount was s m a l l . 

As before , three types o f c o n t r o l experiments were r o u t i n e l y 
performed to h e l p d i s c r i m i n a t e the d e s i r e d TPD s i g n a l s from o the r 
d e s o r p t i o n s i g n a l s . The f i r s t type was a b l a n k run i n which the 
e n t i r e procedure o f TPD was c a r r i e d out except t h a t no gases were 
in t roduced onto the sur face . The second type was to perform the 
TPD procedure but w i t h the sample f a c i n g away from the doser d u r i n g 
adso rp t i on . T h i s was used to determine the amount o f adso rp t i on on 
p l a c e s o the r than the d e s i r e d sample sur face . The t h i r d type was 
a l s o the same as an o r d i n a r y TPD experiment except t ha t de so rp t ion 
was performed w i t h the sur face f a c i n g away from the mass 
spectrometer . T h i s a l s o he lped i d e n t i f y which de so rp t i on was from 
the d e s i r e d sur face . These c o n t r o l experiments n o r m a l l y p r o v i d e d 
enough i n f o r m a t i o n f o r the i d e n t i f i c a t i o n of the d e s i r e d deso rp t ion 
s i g n a l s ve r sus d e s o r p t i o n from background gas a d s o r p t i o n o r from 
o ther p l a c e s than the d e s i r e d sur face . 

Deso rp t ion was moni tored w i t h mass spect roscopy. The c r a c k i n g 
pa t t e rn s of 2 - p r o p a n o l , acetone, and propene were i n d i v i d u a l l y 
determined (8). F o r q u a n t i t a t i v e a n a l y s i s , masses 45 , 43, 41 , 18» 
and 2 were used f o r 2 - p r o p a n o l , acetone, propene, water , and 
hydrogen, r e s p e c t i v e l y , a f t e r c o r r e c t i o n f o r c r a c k i n g i n a s i m i l a r 
procedure as de sc r i bed (3,4)* The mass spectrometer s e n s i t i v i t i e s 
were d e t e r m i n e d t o be 5 . 2 6 , 7 . 88 , 3 . 0 7 , 4-74, and 5.20 a m p / t o r r , 
and the pumping speeds were 9 . 5 , 13 . 1 , 3 1 . 0 , 1 .7 , 36.9 L s e c " ' ' , 
r e s p e c t i v e l y f o r the f i v e spec i e s . These two l a t t e r q u a n t i t i e s 
were used to c o n v e r t the mass spectrometer readings i n t o m o l e c u l a r 
f l u x e s . 

R e s u l t s 

As mentioned i n the p r e v i o u s s e c t i o n , c o n t r o l experiments were 
performed to d i s c r i m i n a t e the d e s i r e d s i g n a l s from the o ther 
s i g n a l s . Thus, u n l e s s s p e c i f i e d , the r e s u l t s r epor ted are the 
d e s i r e d s i g n a l s . Most o f the experiments were performed on the 
(0001), the (5051), and the (000T) su r faces , which w i l l a l s o be 
r e f e r r e d to as the Z n - p o l a r , nonpo la r , and the 0 - p o l a r su r faces , 
r e s p e c t i v e l y . The (5051) sur face was a c t u a l l y a stepped nonpo la r 
face . A few experiments were performed on the f l a t nonpo la r (1010) 
s u r f a c e a t h i g h 2 -p ropono l exposures; the r e s u l t s were s i m i l a r to 
the (5051) s u r f a c e . 

2 -P ropano l Decomposi t ion. T y p i c a l TPD spec t r a f o r 2 -p ropano l 
decomposi t ion on the (0001), (5051), and (0001) su r faces are shown 
i n F i g u r e s 2a , b , and c, r e s p e c t i v e l y . Common to a l l three 
sur faces was the e v o l u t i o n o f f i v e p roduc ts : undecomposed 2 -
p r o p a n o l , hydrogen, acetone, water , and propene. Other spec ies 
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LUI E T A L . Temperature-Programmed Decomposition of 2-Propanol 

Τ 1 1 1 1 ι 

'—nb—1—sfo—1—s*—^ 
TEMPERATURE C 

F i g u r e 2 . T y p i c a l TPD spec t r a f o r 2 -p ropano l decomposi t ion « 
d i f f e r e n t ZnO sur faces . a) Z n - p o l a r (0001) su r face , O.225 L 
exposure; b) nonpo la r (5051) su r face , O.03 L exposure; 
c) 0 - p o l a r (0001) su r face , O.0015 L exposure. 
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210 SOLID STATE C H E M I S T R Y IN CATALYSIS 

t h a t were looked f o r but were not found i n c l u d e d CO, C 0 2 , methanol , 
formaldehyde, ace ta ldehyde , e t h a n o l , propane, and 1,3-
cyc lohexad iene . I n g e n e r a l , the temperatures a t which these 
produc ts were de tec ted were the h ighes t on the Z n - p o l a r p l a n e , and 
lowes t on the 0 - p o l a r p l a n e . T a b l e I shows the peak temperatures 
o f the v a r i o u s produc ts . These temperatures d i d no t s h i f t w i t h the 
coverage o f 2 - p r o p a n o l . 

T a b l e I . Temperature Programmed Deso rp t ion and Decomposi t ion 
Peak Temperatures o f V a r i o u s Products 

Peak Temperature C 

Experiment Spec ies (0001) (5051) (0001) 

2 -P ropano l decomposi t ion H 2 125 160 350 
H 2 0 225,325 130 540 
propene 125 230 350 
acetone 125 225 350 
2 -p ropano l 100 150 250 

H 2 0 a d s o r p t i o n H 2 0 100,225,325 130 230,540 

Acetone d e s o r p t i o n acetone 100 100,200 250 t o 300 

Propene a d s o r p t i o n propene 90 100 not ads . 

Both dehydrogenat ion and dehydra t ion were observed on these 
sur faces . On the th ree su r faces s t u d i e d , the acetone peak, which 
was a product o f dehydrogenat ion, a lways appeared a t the same 
temperature as the propene peak, which was a p roduc t o f 
dehydra t ion . The H 2 peak a l s o appeared a t the same temperature as 
acetone on the (0001) and the (000"T) su r face , bu t was a t a lower 
temperature on the nonpo la r sur face . The water peaks were s m a l l , 
and appeared a t temperatures d i f f e r e n t from the peaks o f the carbon 
compounds. 

T a b l e I I l i s t s the peak areas o f the carbon products f o r the 
three su r faces a t d i f f e r e n t coverages . The areas o f the H 2 peaks 
were not shown because t h e i r a c c u r a c i e s were low due to the much 
h ighe r H 2 background pressures than the carbon compounds. The 
water peak areas were a l s o not q u a n t i f i e d because adso rp t i on from 
background water r e s u l t e d i n water d e s o r p t i o n a t the same 
temperature as water from the r e a c t i o n . S ince the amount o f water 
adsorbed from the background was no t e a s i l y c o n t r o l l a b l e , the 
water areas were not used. The l o c a t i o n o f the water peaks from 
the r e a c t i o n was d e f i n i t i v e l y i d e n t i f i e d by u s i n g deutera ted 2 -
propano l ((CD^)2CD0D). The r e a c t i o n product , which was D 2 0 , c o u l d 
be s e p a r a t e l y measured from the background water , which was H 2 0 . 
H-D exchange i n the mass spectrometer (3), however, s t i l l made 
q u a n t i t a t i v e de t e rmina t ion o f the peak a rea i n a c c u r a t e . 
None the less , w i t h i n the l a r g e u n c e r t a i n t i e s , the H 2 / ace tone and the 
H 2 0 /propene r a t i o s were independent o f the 2 -p ropano l coverage. No 
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12. LUI ET AL. Temperature-Programmed Decomposition of2-Propanol 211 

Table II. Product Quantities in 2-Propanol Decomposition on ZnO 

Product Peak Areas, amp-K 

Exp. L a Acetone Propene 2-Pr0H Ac/2-Pr0Hb>d Propene/Acc>' 

(0001) surface 
O.087(O.52) O.003 5.63 O.49 1.47 3.86(3.02) O.087(O.52) 

O.015 14.07 O.94 3.90 3.61(2.82) O.067(O.40) 
O.03 16.01 1.03 4.51 3.50(2.72) O.065(O.39) 
O.12 13.81 1.07 3.67 3.76(2.93) O.077(O.47) 
O.225 14-93 1.19 4.02 3.72(2.88) O.078(O.47) 

(5051) surface 
O.053(O.32) O.005 9.23 O.5 2.05 2.88(2.27) O.053(O.32) 

O.015 16.11 O.89 6.45 2.50(1.97) O.055(O.33) 
O.03 21.23 1.31 10.43 2.04(1.60) O.062(O.36) 
O.06 30.24 1.70 17.82 1.70(1.34) O.057(O.33) 
O.12 31.27 1.62 24.15 1.31(1.02) O.052(O.28) 
O.24 38.84 2.31 32.34 1.20(O.95) O.060(O.36) 
O.54 43.41 2.35 44.88 O.97(O.76) O.055(O.32) 

(0001) surface 
1.69(1.45) O.0015 7.52 e 4-45 1.69(1.45) e 

O.006 6.14 e 5.93 1.04(O.89) e 
O.3 15.78 e 13.87 1.14(O.98) e 
1.2 19.96 e 17.91 1.11(O.96) e 
3.6 19.51 e 19.27 1.01(O.87) e 

a) Apparent exposure. The actual exposure was ten to one hundred 
times higher due to the dosing action. 

k) Ratio of acetone to 2-propanol. 
c) Ratio of propene to acetone. 
d) Values i n the brackets are ratios corrected for the mass 

spectrometer se n s i t i v i t i e s and pumping speeds. They 
represent the ratios of the molecular fluxes for desorbing 
from the surface. 

e) These values were small. They were not measured because of 
the high background signals i n these experiments. 
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212 SOLID STATE C H E M I S T R Y IN CATALYSIS 

at tempt was made to o b t a i n these r a t i o s u s ing deutera ted 2 -p ropano l 
because the major c r a c k i n g fragments f o r deutera ted acetone and 
deutera ted propene were both a t ra/e=46. 

Acetone and Propene Deso rp t ion . Deso rp t ion o f adsorbed acetone 
y i e l d e d o n l y acetone on a l l three su r faces . Other p o s s i b l e 
p roduc ts t ha t were searched f o r but no t found i n c l u d e d H 2 , H 2 0 , 
methane, CO and C 0 2 . The de so rp t i on p r o f i l e s from these sur faces 
are shown i n F i g u r e 3 , and the peak temperatures are l i s t e d i n 
T a b l e I . A s i n g l e sharp d e s o r p t i o n peak was observed on the 0 -
p o l a r sur face . A broad peak was observed on the Z n - p o l a r sur face 
which might be two o v e r l a p p i n g peaks. Two d i s t i n c t peaks were 
observed f o r the nonpo la r (5051) and (1010) su r faces . The areas o f 
the two peaks i nc reased but a t d i f f e r e n t r a t e s w i t h i n c r e a s i n g 
exposure. The area o f the h i g h e r temperature peak inc reased more 
r a p i d l y i n i t i a l l y , but appeared to be sa tu ra t ed a t about O.27 L . 
T h i s s a t u r a t i o n might be r e a l , but i t might a l s o be due to 
i n c r e a s i n g compe t i t i on from background water a d s o r p t i o n w i t h 
i n c r e a s i n g exposure (see nex t s e c t i o n ) . The area o f the lower 
temperature peak inc reased more s l o w l y , but cont inued to i nc rease 
u n t i l i t s a rea was more than f i v e t imes the area o f the h ighe r 
temperature peak a t the h i g h e s t exposure s t u d i e d (20 L ) . The peak 
temperatures were constant . The dependence on the exposure was no t 
s t u d i e d on the o ther two sur faces . 

The TPD p r o f i l e s o f adsorbed propene are shown i n F igu re 4 f o r 
the 0 - p o l a r and the nonpo la r su r face . A s i n g l e peak was observed 
on both sur faces . The peak temperatures are l i s t e d i n Tab le I . 
O n l y the d e s o r p t i o n o f propene, and no hydrogen, CO, C02> o r 
methane were de tec ted . O n l y one exposure was s t u d i e d . On the Z n -
p o l a r su r face , exposure up t o 6 L d i d no t r e s u l t i n d e t e c t a b l e 
propene deso rp t ion . H 2 , water , methane, CO, C 0 2 , benzene, and 
cyclohexene were searched f o r but were no t found. Thus propene 
appeared not to adsorb on t h i s sur face . I n f a c t , e thy l ene was a l s o 
found not to adsorb on the Z n - p o l a r sur face under these c o n d i t i o n s . 

Water Desorp t ion . A f t e r each TPD o r h i g h temperature a n n e a l i n g , 
background water was adsorbed onto the sur face d u r i n g c o o l i n g o f 
the sample. The amount o f water adsorbed inc reased w i t h l onge r 
c o o l i n g t ime. Hea t ing o f the samples a f t e r c o o l i n g i n vacuo a lways 
showed desorbed water a t temperatures l i s t e d i n J T a b l e I . The 
e f f e c t o f adsorbed water was s t u d i e d on the (5051) and the (0001) 
sur face . No e f f e c t was found i n the 2 -p ropano l decomposi t ion. 
However, i n the acetone a d s o r p t i o n on the (5051) su r face , i t was 
found t ha t the h ighe r temperature acetone deso rp t ion peak decreased 
w i t h i n c r e a s i n g c o o l i n g t ime , f o r a g i v e n acetone exposure. The 
lower temperature peak, however, was not a f f ec t ed . 

D i s c u s s i o n 

The TPD r e s u l t s o f acetone and propene are d i s cus sed f i r s t , s i n c e 
they are used f o r the d i s c u s s i o n of 2 -p ropano l decomposi t ion. 

Propene a d s o r p t i o n on ZnO powder had been s t u d i e d by TPD and 
by i n f r a r e d spect roscopy (9-12). A r e v e r s i b l y and an i r r e v e r s i b l y 
adsorbed propene were found. S ince the r e v e r s i b l y adsorbed form 
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—4 1 I r * 

100 300 500 

TEMPERATURE C 

F i g u r e 3. TPD spec t r a of acetone i n acetone deso rp t ion . 
a) Z n - p o l a r (0001) su r face , O.6 L exposure; 
b) nonpo la r (5051) su r face , O.28 L exposure; 
c) 0 - p o l a r (0001) su r face , O.03 L exposure. 

X 3 

0 200 400 

TEMPERATURE C 

F i g u r e 4 . TPD spec t r a of propene i n propene adso rp t i on . 
a) nonpo la r (5051) su r face , 14.4 L exposure; 
b) 0 - p o l a r (0001 ) su r face , O.72 L exposure. 
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214 SOLID STATE C H E M I S T R Y IN CATALYSIS 

c o u l d be removed by e v a c u a t i o n a t room temperature (10). i t would 
not be de tec ted i n our experiments . The i r r e v e r s i b l y adsorbed form 
was found to e x i s t as a π - a l l y l an ion spec ie s based on IR 
spect roscopy (11.12). I t competes w i t h CO f o r a d s o r p t i o n s i t e s 
(10), i n d i c a t i n g t ha t i t s a d s o r p t i o n i n v o l v e s a Zn i o n . TPD o f 
t h i s spec i e s from powder ZnO showed a peak a t about 100°C (12). 
T h i s temperature corresponds w e l l w i t h the d e s o r p t i o n temperature 
observed i n t h i s s tudy. Therefore the propene d e s o r p t i o n peak 
observed here must be from the recombina t ion o f an adsorbed π - a l l y l 
and hydrogen. D i s s o c i a t i v e a d s o r p t i o n o f propene r e q u i r e s a Zn-0 
p a i r s i t e which i s abundant on the nonpo la r sur face . That the Ο
ρο l a r su r face , but not the Z n - p o l a r sur face adsorbs propene i n t h i s 
manner suggests t ha t sur face defec t s which expose the nonpo la r 
sur faces (or o ther Zn-0 p a i r s ) e x i s t more abundant ly on the 0 - p o l a r 
than on the Z n - p o l a r sur face . 

A d s o r p t i o n of acetone on ZnO was much l e s s s t u d i e d . R e s u l t s 
from an i n f r a r e d s p e c t r o s c o p i c s tudy showed t h a t acetone i s 
adsorbed i n the form of an e n o l a t e (13). A t h i g h coverage, a 
p o l y m e r i c s p e c i e s i s formed. The s i n g l e sharp TPD peak observed 
f o r the 0 - p o l a r surface i n d i c a t e d o n l y one type o f adsorbed 
acetone. The two d i s t i n c t peaks f o r the nonpo la r su r face , and the 
broad peak f o r the Z n - p o l a r surface i n d i c a t e d the presence of 
d i f f e r e n t types o f a d s o r p t i o n on these sur faces . S ince the 
coverages were low i n t h i s s tudy, the fo rmat ion o f p o l y m e r i c 
acetone was no t l i k e l y . The d i f f e r e n t forms may then be due t o two 
d i f f e r e n t forms o f adsorbed acetone (such as acetone o r e n o l ) , o r 
two d i f f e r e n t k i n d s o f sur face s i t e s . Water a p p a r e n t l y reduced the 
amount o f h ighe r temperature form o f acetone. I t might be t h a t 
adsorbed water reduces the e n o l fo rmat ion (which i s assumed to 
r e s u l t i n the h ighe r temperature acetone peak) i n the former 
e x p l a n a t i o n , o r i t competes f o r a d s o r p t i o n on the h ighe r 
temperature s i t e s i n the l a t t e r e x p l a n a t i o n . More d e f i n i t e 
s tatements would r e q u i r e a d d i t i o n a l i n f o r m a t i o n . 

The decomposi t ion o f 2 -p ropano l showed both s i m i l a r i t i e s and 
d i f f e r e n c e s among the su r faces . The most n o t a b l e s i m i l a r i t y i s the 
f a c t t h a t propene and acetone were produced a t about the same r a t i o 
on a l l su r faces . Dehydrogenation to form acetone was the dominant 
r e a c t i o n , as has been observed on ZnO powders (7). The de so rp t i on 
temperatures o f the r e a c t i o n p roduc t s , acetone, propene, and 
hydrogen were a lways h ighe r than the temperature o f de so rp t i on o f 
the adsorbed acetone, propene, and hydrogen (hydrogen does no t 
adsorb on ZnO under our c o n d i t i o n s ) . Thus the e v o l u t i o n o f acetone 
and propene are r e a c t i o n l i m i t e d i n 2 -p ropano l decomposi t ion. 
These, toge ther w i t h the o b s e r v a t i o n t h a t acetone and propene were 
a lways e v o l v e d a t the same temperature suggest t h a t acetone and 
propene are formed from a common in te rmedia te on the d i f f e r e n t 
su r f aces , the fo rmat ion o r decomposi t ion o f which i s the r a t e 
l i m i t i n g s tep . The e v o l u t i o n o f water , however, was a t the same 
temperature as the d e s o r p t i o n o f adsorbed water. Thus the process 
i s d e s o r p t i o n l i m i t e d . 

Three i n t e r e s t i n g d i f f e r e n c e s can be e a s i l y i d e n t i f i e d . The 
f i r s t i s the d i f f e r e n c e i n the temperature o f d e s o r p t i o n from the 
d i f f e r e n t su r faces . I n g e n e r a l , e v o l u t i o n o f the decomposi t ion 
produc ts are a t the lowes t temperature on the 0 - p o l a r su r face , 
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12. LUI E T A L . Temperature-Programmed Decomposition of'2-Propanol 215 

in te rmed ia te on the nonpo la r su r face , and the h ighes t on the Z n -
p o l a r su r face . The o rde r i s i d e n t i c a l t o t h a t observed f o r the 
decomposi t ion o f methanol on the same three sur faces (3-5)* Thus, 
the common in te rmed ia te p o s t u l a t e d above i n t e r a c t s most weakly w i t h 
the 0 - p o l a r su r face , and most s t r o n g l y w i t h the Z n - p o l a r sur face . 
I n a d d i t i o n to d i f f e r e n t bonding c h a r a c t e r i s t i c s o f the r e a c t i o n 
in te rmedia te on the d i f f e r e n t su r faces , a t l e a s t two o ther 
i n t e r a c t i o n s t h a t d i f f e r on the d i f f e r e n t su r faces can be 
i d e n t i f i e d . The atomic arrangement o f an i d e a l Z n - p o l a r surface i s 
such t h a t a l a y e r o f Zn i o n s i s more ou tward ly s i t u a t e d than the 
next l a y e r o f 0 i o n s . Because the exposed ions are Zn i ons which 
are n o n p o l a r i z a b l e , t h i s sur face i s a hard a c i d (14)* C o n v e r s e l y , 
an i d e a l 0 - p o l a r sur face has a l a y e r o f 0 i o n s more ou tward ly 
s i t u a t e d than the nex t l a y e r o f Zn i o n s . These exposed 0 i o n s make 
the sur face a s o f t base. The in te rmedia te i n 2 -p ropano l 
decomposi t ion i s an e n o l a t e i o n (13)* Be ing a base, i t s h o u l d 
i n t e r a c t more s t r o n g l y w i t h a hard a c i d than a s o f t base. 

The second type o f i n t e r a c t i o n i s d i p o l a r i n t e r a c t i o n . The 
atomic arrangement o f the sur faces i s such t h a t a s t rong d i p o l e 
p o i n t i n g outward i s p resen t on the Z n - p o l a r su r face , and a s t rong 
d i p o l e p o i n t i n g inward i s p resen t on the 0 - p o l a r sur face . The 
nonpo la r su r face , r e l a t i v e l y speaking , does no t possess a d i p o l e . 
The oppos i t e o r i e n t a t i o n of the d i p o l e on the two p o l a r sur faces 
would i n t e r a c t w i t h the d i p o l e o f the e n o l a t e in t e rmed ia te i n an 
oppos i te manner. T h i s s h o u l d c o n t r i b u t e to the d i f f e r e n t 
temperature o f e v o l u t i o n o f the products . 

The second d i f f e r e n c e among the sur faces i s the f a c t t ha t , 
except H2O, the o the r three decomposi t ion p roduc t s , H 2 , acetone, 
and propene, were e v o l v e d a t the same temperature on the two p o l a r 
su r faces , but H 2 was e v o l v e d a t a lower temperature on the nonpo la r 
sur face . I t i s i n t e r e s t i n g to compare these r e s u l t s w i t h the 
o b s e r v a t i o n s by Koga e t a l . who s t u d i e d the decomposi t ion o f 2 -
propano l a t 100°C on ZnO powder (13)* They found t ha t i f the gas 
phase 2 -p ropano l was suddenly removed from the gas phase, the 
e v o l u t i o n o f hydrogen cont inued , but the e v o l u t i o n o f acetone 
stopped. The e v o l u t i o n o f acetone resumed a f t e r r eadmiss ion o f 2 -
p r o p a n o l . T h i s b e h a v i o r can be e x p l a i n e d by the f a c t t h a t the 
major exposed face o f t h e i r ZnO powder sample was the nonpo la r 
p l a n e . I t i s o n l y on t h i s sur face t h a t H 2 can be e v o l v e d wi thou t 
concurren t e v o l u t i o n o f acetone i n the absence o f gaseous p r o p a n o l . 

From the temperature a t which the decomposi t ion products 
e v o l v e d , i t would seem t h a t the 0 - p o l a r sur face s h o u l d be the most 
a c t i v e i n 2 - p r o p a n o l decomposi t ion . However, a c l o s e examinat ion 
o f the temperatures i n T a b l e I shows t h a t on the 0 - p o l a r su r face , 
the d e s o r p t i o n temperature o f the minor product water was a c t u a l l y 
r a t h e r h i g h - h i g h e r than any o f the produc ts from the nonpo la r 
sur face . Thus i n a s teady s t a t e r e a c t i o n a t temperatures below 
about 100°C., the 0 - p o l a r su r face c o u l d be e a s i l y poisoned by 
adsorbed water, l e a v i n g o n l y the nonpo la r sur face a c t i v e . 

That H 2 was e v o l v e d a t a lower temperature than acetone and 
propene on the nonpo la r su r face , but not on the o ther su r faces , was 
i n t e r e s t i n g . A p o s s i b l e e x p l a n a t i o n i s t h a t the fo rmat ion o f 
e n o l a t e (13) from 2 - p r o p a n o l takes p l a c e most r e a d i l y on the 
n o n p o l a r face because o f the a v a i l a b i l i t y o f Zn-0 p a i r s such t h a t 
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216 SOLID STATE C H E M I S T R Y IN CATALYSIS 

the conversion of i t into propene and acetone was the slow step. 
On the polar surfaces, i t s formation was the slow step. 

I t has been reported that the decomposition of 2-propanol was 
a structure-insensitive reaction on ZnO (15). Our results suggest 
otherwise. Further work being planned to study steady state 
reactions on these single crystal surfaces w i l l provide the answer 
to this discrepancy. 

The third difference i s the different react iv i ty of the 
surfaces. The fraction of adsorbed 2-propanol being decomposed i s 
i l l u s t r a t e d in Table I as the ratios of acetone/undecomposed 2-
propanol. These ratios are the lowest on the 0-polar surface and 
the highest on the Zn-polar surface. On the nonpolar surface, the 
ratios changed from a high value close to those on the Zn surface, 
to a low value close to those on the 0 surface as the coverage of 
2-propanol increased. These data can be explained by the presence 
of two types of s ite on these surfaces: a reactive site on which 2-
propanol decomposes, and an unreactive s i te on which 2-propanol 
simply adsorbs and desorbs. The sticking coefficients of 2-
propanol on these two sites vary in the same manner with coverage 
on the two polar surfaces, but dif ferent ly on the nonpolar surface, 
such that the reactive s i te i s populated more easi ly . An alternate 
explanation i s that there i s only one type of s i te for each polar 
surface. But the sites on the two polar surfaces are different, 
y ie lding different acetone to 2-propanol ratios. Both types of 
s ites are present on the nonpolar surface. I f the i n i t i a l st icking 
coefficient of 2-propanol on the sites s imilar to those found on 
the Zn surface i s higher, the variat ion of the acetone to 2-
propanol ratio is then explained. However, this la t ter model does 
not automatically explain why the products acetone and propene 
should desorb at one ident ical temperature from the nonpolar plane, 
that was different than those on the polar surfaces unless this 
difference can be accounted for by the different dipolar 
interaction between the surface and the adsorbed intermediate. 

In conclusion, the chemical properties of ZnO depend on the 
part icular surface plane that i s exposed. This surface speci f ic i ty 
has now been demonstrated for the decomposition of 2-propanol, 
methanol, formaldehyde and formic acid, and adsorption and 
desorption of acetone, propene, water, CO, and C0 2 . These data 
have made possible better understanding of the results using ZnO 
powder. I t w i l l be intersting to seo how different are the 
cata lyt ic properties of these surfaces. 
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13 
The Role of Solid State Chemistry in Catalysis 
by Transition Metal Sulfides 

R. R. CHIANELLI 

Corporate Research Science Laboratories, Exxon Research & Engineering Company, Annandale, 
NJ 08801 

The Transition Metal Sulfides are a group of 
solids which form the basis for an extremely useful 
class of industrial hydrotreating and hydroprocessing 
catalysts. Solid state chemistry plays an important 
role in understanding and controlling the catalytic 
properties of these sulfide catalysts. This report 
discusses the preparation of sulfide catalysts, the 
role of disorder and anisotropy in governing catalytic 
properties, and the role of structure in the promotion 
of molybdenum disulfide by cobalt. 

The Transition Metal Sulfides have been widely used in petroleum 
upgrading processes for many years, and due to their catalytic and 
structural s tabi l i ty in feedstocks containing large amounts of 
sulfur, the demand for better sulfide catalysts wi l l continue as we 
are forced to upgrade an increasingly heavier feedstock supply 
( Ο . Although industrial ly Important for over sixty years, i t has 
been only recently that progress has been made in forming a basis 
for a fundamental understanding of how these solids catalyze impor
tant reactions. An understanding of the solid state chemistry of 
these solids has played a key role in this recent progress. The 
catalyt ical ly important solid state chemistry of the sulfides 
includes not only "classical" solid state areas such as the struc
ture of supported and unsupported catalysts, but also areas which 
are at the forefront of solid state chemistry i t se l f . These areas 
include novel low temperature methods for producing the sol id 
catalysts at low temperature, the study of disorder and its effect 
on the catalytic properties of the solids and the importance of 
crystal l ine anisotropy in determining and controlling the reactivity 
of the sol id , both to the catalytic environment and to other metals 
which may cause poisoning or promotion. This report discusses these 
issues as the basis for understanding the relationship between the 
properties of the solids and their ab i l i ty to catalyze a reaction. 

0097-6156/ 85/ 0279-0221 $06.00/ 0 
© 1985 American Chemical Society 
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B ina ry T r a n s i t i o n Meta l S u l f i d e H y d r o d e s u l f u r i z a t l o n (HPS) C a t a l y s t s 

In the pe r iod between WWI and WWII, work p r i m a r i l y i n Germany 
focused on M0S2 and WS~ as being the best s u l f i d e s for h y d r o g é n a t i o n 
and heteroatom removal r e ac t i ons i n the presence of hydrogen and 
s u l f u r (2). O r i g i n a l l y , these c a t a l y s t s were used i n an unsupported 
form and without a d d i t i o n a l t r a n s i t i o n metals which serve to promote 
c a t a l y t i c a c t i v i t y . Recen t ly , the b ina ry t r a n s i t i o n metal s u l f i d e s 
(b ina ry re fe r s to the simple t r a n s i t i o n metal s u l f i d e s c o n t a i n i n g 
one t r a n s i t i o n metal and s u l f u r ) have been i n v e s t i g a t e d for t h e i r 
a c t i v i t y i n a model HDS r e a c t i o n ( 3 ) . The model HDS r e a c t i o n was 
the d e s u l f u r i z a t i o n of dibenzothiophene (DBT) and a l l the group I V , 
V , V I , V I I and V I I I t r a n s i t i o n metal s u l f i d e s , w i t h the excep t ion of 
Tc, were s t u d i e d . The a c t i v e s u l f i d e phases as determined by X - r a y 
d i f f r a c t i o n a f t e r r e a c t i v i t y measurements, along w i t h the a c t i v i t y 
of these phases i n the HDS r e a c t i o n are presented i n F igu re 1. 

Most of the phases which were i d e n t i f i e d a f t e r approximate ly 
e igh t hours under c a t a l y t i c c o n d i t i o n s (A00°C and 1300 kpa) were 
poo r ly c r y s t a l l i n e , as determined by broadened Bragg d i f f r a c t i o n 
peaks. However, i n some cases (Os and I r ) the d i f f r a c t i o n pa t t e rn 
obta ined conta ined on ly d i f f u s e s c a t t e r i n g and no h i n t of any 
remaining Bragg peaks. The d i s o r d e r (d i scussed fur ther below) which 
appears i n these c a t a l y s t s c o n t r i b u t e s ( i n some cases) to an uncer 
t a i n t y regarding the p r ec i s e phase which i s the s t ab le s ta te of the 
a c t i v e s u l f i d e under c a t a l y t i c c o n d i t i o n s . For example, i n the 
cases of Os and I r amorphous phases of the metal s u l f i d e s were 
ob t a ined . These phases have approximate ly a 1:1 m e t a l - t o - s u l f u r 
s t o i c h i o m e t r y , but c u r r e n t l y t h e i r s t r uc tu r e s are unknown. In the 
cases of V and Fe the poor ly c r y s t a l l i n e s ta te of the c a t a l y s t s d i d 
not permit an exact choice of phase based s o l e l y on X- ray d i f f r a c 
t i o n data from among s e v e r a l c l o s e l y r e l a t e d phases ( 4 ) . Never
t h e l e s s , i n most cases the c r y s t a l s t r u c t u r e , upon which the 
c a t a l y s t i s based, can be d i s c e r n e d . On the l e f t of the p e r i o d i c 
t ab l e i n group I V , V and VI we f i n d s t ruc tu re s which are l aye red 
types e i t h e r cadmium i o d i d e or molybdenite l i k e ( T i S 2 , Z r S 2 , NbS^, 
T a S 2 , MoS 2 , and WS 2) or n i c k e l a rsenide r e l a t e d ( V 1 + X S 2 , C r ^ ) . 
A l l con t a in only s i x coord ina te metal atoms, but as we move fu r the r 
to the r i g h t i n the p e r i o d i c t ab l e we f i n d that the s t ruc tu re s vary 
to a grea ter ex ten t . In the f i r s t row we have d i f f e r e n t s t r uc tu r e s 
s t a r t i n g w i t h MnS through to N i g S 2 , which are dominated by t e t r a 
hed ra l c o o r d i n a t i o n as w e l l as v a r i a b l e s t o i c h i o m e t r y . In the 
second row we f i n d RuS 2 w i t h a p y r i t e s t r uc tu r e (whereas i n the 
f i r s t row FeS 2 i s not s t ab le under c a t a l y t i c c o n d i t i o n s ) , Rh 2 S^ w i t h 
a n i c k e l a rsen ide r e l a t e d s t r u c t u r e and PdS w i t h a unique 
s t r u c t u r e . In the t h i r d row we f i n d ReS 2 w i t h a d i s t o r t e d l aye red 
s t r u c t u r e , Os and I r w i t h undetermined amorphous s t r u c t u r e s , PtS 
w i t h a unique s t r u c t u r e and Au not forming a s t ab l e s u l f i d e under 
c a t a l y t i c c o n d i t i o n s . In other words, we f i n d that as we move 
across the p e r i o d i c t ab l e the s t a t e of the s u l f i d e c a t a l y s t i s 
c o n s t a n t l y changing i n regard to c r y s t a l s t r u c t u r e , s t o i c h i o m e t r y 
and degree of o rde r . Yet the c a t a l y t i c a c t i v i t y for the model 
r e a c t i o n i s v a r y i n g i n a continuous f a sh ion as we move from element 
to element. Furthermore, the a c t i v i t y i s va ry ing i n a way f a m i l i a r 
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C H I A N E L L I Catalysis by Transition Metal Sulfides 

PERIODIC POSITION 

Figure 1. Periodic trend for the HDS of Dibenzothiophene by 
Transition Metal Sulfides. 
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224 SOLID STATE C H E M I S T R Y IN CATALYSIS 

i n other areas of c a t a l y s i s : the "volcano" p lo t ( 5 ) . From Figure 1 
i t can be seen that the f i r s t row t r a n s i t i o n metal s u l f i d e s are 
i n a c t i v e r e l a t i v e to the second and t h i r d row t r a n s i t i o n metal 
s u l f i d e s which e x h i b i t maxima i n the group V I I I me ta l s , at RuS 2 i n 
the second row and between Os and I r i n the t h i r d row. Th i s 
behavior po in t s to the secondary r o l e of c r y s t a l s t r uc tu r e and to 
the dominance of the 4 and 5 d e l e c t r o n s i n determining c a t a l y t i c 
a c t i v i t y i n the t r a n s i t i o n metal s u l f i d e s . A cons ide rab le amount o f 
work has gone i n t o understanding the o r i g i n of t h i s e f fec t termed 
the " e l e c t r o n i c e f f e c t " i n s u l f i d e c a t a l y s i s , but a d e t a i l e d d i s 
c u s s i o n of t h i s work i s beyond the scope of t h i s paper ( 6 ) . 

P repa ra t ion of T r a n s i t i o n Meta l S u l f i d e C a t a l y s t s 

The c a t a l y s t s desc r ibed above were prepared v i a low temperature 
p r e c i p i t a t i o n from non-aqueous s o l u t i o n ( 7 ) . This technique 
i n v o l v e s the p r e c i p i t a t i o n of the t r a n s i t i o n metal s u l f i d e from a 
non-aqueous so lven t such as e t h y l ace ta te by d i s s o l v i n g the 
appropr ia te t r a n s i t i o n metal h a l i d e i n the so lvent and r e a c t i n g i t 
m e t a t h e t i c a l l y w i t h a s u l f i d i n g agent such as l i t h i u m s u l f i d e to 
p r e c i p i t a t e the i n s o l u b l e s u l f i d e for example: 

e t h y l 
M o C l 4 + 2 L i 2 S > MoS 2 Ψ + 4 U C l (1) 

ace ta te 

The b lack p r e c i p i t a t e i s separated from the product L i CI by e x t e n 
s i v e washing w i t h e t h y l a ce t a t e . Because the product i s formed 
r a p i d l y at room temperature, i t i s complete ly amorphous to X - r a y s . 
The amorphous MoS 2 which has i n i t i a l l y low surface area (~ 5m2/gm) 
may then be converted i n t o h igher surface area poor ly c r y s t a l l i n e 
MoS 2 by heat t r e a t i n g i n a f l owing gas of H 2/15% H 2 S at e leva ted 
temperature ( 8 ) . For example, i f amorphous M o S 2 , prepared as 
desc r ibed above, i s t r ea ted at 400°C or 600°C i n a H 2/15% H 2 S m i x 
t u r e , the r e s u l t i n g surface areas w i l l be 63 and 44 M /gm, r e spec 
t i v e l y . Thus, by c o n t r o l l i n g the temperature of the heat treatment 
a continuous s e r i e s of MoS 2 c a t a l y s t s can be prepared which have 
v a r i a b l e surface a reas . In a s i m i l a r manner, a l l the t r a n s i t i o n 
metal s u l f i d e s can be prepared i n an oxide free form w i t h s u f f i c i e n t 
surface area for c a t a l y t i c measurements. The lower temperature 
p r e c i p i t a t i o n method o f f e r s an a d d i t i o n a l advantage. In p repar ing 
a l l the t r a n s i t i o n metal s u l f i d e s the chemistry i s v a r i e d as l i t t l e 
as p o s s i b l e from one s u l f i d e to the nex t . No other p repa ra t ive 
method c u r r e n t l y a v a i l a b l e o f f e r s a l l these advantages. F u r t h e r 
more, by changing the so lven t to propylene carbonate a homogeneous 
c o l l o i d a l d i s p e r s i o n of MoS 2 can be obta ined which i s s t ab le over 
long per iods of t ime . By s l u r r y i n g a support m a t e r i a l such as 
A U O ^ , S i 0 2 or MgO w i t h the c o l l o i d a l MoS 2 , the c a t a l y s t can be 
s e l e c t i v e l y adsorbed on the support and thus the e f f ec t of suppor t 
ing the t r a n s i t i o n metal s u l f i d e s can be s t u d i e d , aga in keeping the 
method of p repa ra t ion as c l o s e l y r e l a t e d as p o s s i b l e . 

Another method used i n the p repa ra t ion of the t r a n s i t i o n metal 
s u l f i d e s i s the thermal decomposi t ion of a s u i t a b l e precursor i n a 
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13. C H I A N E L L I Catalysis by Transition Metal Sulfides 225 

s u l f i d i n g environment. For example, MoS 2 may be prepared v i a 
thermal decomposi t ion of ammonium thiomolybdate which proceeds 
through the amorphous in te rmedia te M0S3 ( 9 ) : 

250 °C 
( N H 4 ) 2 M o S 4 > MoS 3 + H 2S+ + 2NH^+ (2) 

400 °C 
MoS 3 > MoS 2 + S° (3) 

This method has the advantage of being s imple r than the above method 
and of p r o v i d i n g c a t a l y s t s w i th surface areas which are g e n e r a l l y 
h igher than those obtained by other methods (>100 M 2 / g m ) . A t h i r d 
method of p repa ra t ion which i s convenient i s the d i r e c t s u l f i d a t i o n 
of the appropr ia te ammonium hexach lo r ide i n H 2 / H 2 S ( 1 0 ) : 

350 °C 
( N H . ) . O s C l , + 2H 0 S > 0 s S o + 2NH.C1+ + 4HC1 + 

4 2 6 2 2 4 m H / H S K } 

2 2 

This method, which has been a p p l i e d to the noble metal s u l f i d e s , has 
the advantage that a l l by-products are e a s i l y removed i n the f l owing 
gas phase. Both the thermal decomposi t ion method and the d i r e c t 
s u l f i d a t i o n method can be a p p l i e d to s p e c i f i c s u l f i d e s on ly i n cases 
where the precursor m a t e r i a l can be e a s i l y s y n t h e s i z e d . The low 
temperature p r e c i p i t a t i o n technique i s the only method which can be 
a p p l i e d to a l l the t r a n s i t i o n metal s u l f i d e s . A l l the above methods 
e a s i l y provide reasonable q u a n t i t i e s of h igh surface area c a t a l y s t s 
for fu r ther s tudy. 

The E f f e c t of C r y s t a l S t ruc tu re i n T r a n s i t i o n Meta l S u l f i d e 
C a t a l y s t s 

In the preceding part of t h i s paper the predominance of the 
" p e r i o d i c " e f f e c t on HDS by s u l f i d e c a t a l y s t s was d e s c r i b e d . 
Because p e r i o d i c i t y dominates, c r y s t a l s t r uc tu r e i s of secondary 
importance. However, i n t h i s s e c t i o n we b r i e f l y examine the e f f e c t 
of c r y s t a l s t r u c t u r e on the c a t a l y t i c p rope r t i e s of the t r a n s i t i o n 
metal s u l f i d e s . In the case of c a t a l y s t s such as MoS 2 and WS 2 , the 
most i n d u s t r i a l l y important c a t a l y s t s , the e f fec t of c r y s t a l s t r u c 
ture i s qu i t e pronounced. An understanding of the e f f ec t of c r y s t a l 
s t r u c t u r e i n these c a t a l y s t s i s e s s e n t i a l to o p t i m i z i n g t h e i r c a t a 
l y t i c p rope r t i e s fo r a g iven a p p l i c a t i o n . 

The e f f ec t of c r y s t a l s t r u c t u r e may be i n v e s t i g a t e d by prepar 
ing c a t a l y s t s , as desc r ibed above, at va r ious temperatures which 
assures a set of c a t a l y s t s having v a r i a b l e surface a reas , pore s i z e 
d i s t r i b u t i o n s , and c r y s t a l l i n i t y . Measuring the c a t a l y t i c a c t i v i t y 
as a func t ion of these p h y s i c a l p r o p e r t i e s w i l l help to def ine the 
r o l e of c r y s t a l s t r u c t u r e fo r the p a r t i c u l a r t r a n s i t i o n meta l 
s u l f i d e . In g e n e r a l , the HDS i s poor ly c o r r e l a t e d to N 2 BET surface 
a r ea . This n o n - c o r r e l a t i o n can be most e a s i l y seen by prepar ing a 
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226 SOLID STATE C H E M I S T R Y IN CATALYSIS 

s e r i e s of M0S2 c a t a l y s t s by a v a r i e t y of methods and measuring the 
HDS a c t i v i t y as a func t ion of BET surface a r ea . There i s v i r t u a l l y 
no c o r r e l a t i o n between h y d r o d e s u l f u r i z a t i o n and BET surface a rea . 
There i s , however, a ra ther good c o r r e l a t i o n to a s p e c i f i c chemi-
s o r p t i o n technique , i n t h i s case 0 2 chemisorp t ion (11) . I t i s 
b e l i e v e d that t h i s r e s u l t a r i s e s from the an i so t ropy of the l a y e r e d 
s t r u c t u r e (F igure 2 ) . In t h i s s t r u c t u r e s i n g l e l aye r s of t r a n s i t i o n 
metals are sandwiched between two l a y e r s of c lose-packed chalcogen 
atoms. W i t h i n these l a y e r s the t r a n s i t i o n metal atoms are bound to 
s i x s u l f u r atoms which are arranged t r i g o n a l p r i s m a t i c a l l y about the 
m e t a l . Each s u l f u r atom br idges three t r a n s i t i o n metal atoms w i t h i n 
the same l a y e r , forming the on ly s t rong i n t r a l a y e r f o r c e s , and the 
l a y e r s can be viewed as two-dimensional macromolecules which s t ack , 
bound on ly by van der Waals f o r c e s , to form three d imens ional c r y s 
t a l s (12 ) . As a r e s u l t of t h i s , the basa l planes of M0S2 c a t a l y s t s 
are extremely i n e r t c o n t r i b u t i n g to the N 2 surface area measurements 
but not to the c a t a l y t i c a c t i v i t y . 0 2 , on the other hand, chemi-
sorbs on the MoS 2 edge planes where the c a t a l y t i c a l l y a c t i v e s i t e s 
are presumed to be l o c a t e d . 

The ine r tness of the basa l planes has been demonstrated i n h igh 
vacuum s tud ies on MoS 2 s i n g l e c r y s t a l s ( 1 3 ) . Adsorp t ion and b i n d i n g 
s tud ies of th iophene, H 2 S and r e l a t e d molecules were c a r r i e d ou t . 
These s tud ies i n d i c a t e d that on ly p h y s i c a l adso rp t ion of these 
molecules occur on the basa l plane of MoS 2 . The probe molecules 
desorbed wi thout de tec tab le decomposi t ion i n d i c a t i n g very low 
chemical a c t i v i t y of the basa l planes of M o S 2 . I t was fu r the r shown 
that the basa l plane of MoS 2 was i n e r t to 0 2 exposure at 520 Κ 
( 1 4 ) . Only s p u t t e r i n g w i t h He i o n s , which caused the d e s t r u c t i o n of 
the hexagonal feed p a t t e r n , would induce r e a c t i v i t y toward 0 2 . The 
b a s a l plane cou ld be annealed at 100°K and i t s i ne r tne s s 
r ecovered . From t h i s study i t was concluded that defec ts may be 
in t roduced i n t o the surface by s p u t t e r i n g , and t h i s produced a 
d r a s t i c increase i n the ra te of o x i d a t i o n of the surface and i n 
removal of s u l f u r . Th i s i n d i c a t e s that oxygen chemisorp t ion (and 
thus HDS) i s a s soc i a t ed w i t h defect s i t e s i n MoS 2 and not ordered 
b a s a l p lanes . In a w e l l c r y s t a l l i z e d c a t a l y s t these defects l i e on 
the edge planes of the c r y s t a l l i t e s . 

Because of the a n i s o t r o p i c nature of MoS 2 , i t tends to grow i n 
very t h i n c r y s t a l s which do not permit easy study of edge p l anes . 
However, Tanuka and Okuhara showed that the edge planes of MoS 2 were 
r e a c t i v e for c e r t a i n types of r e a c t i o n s by c u t t i n g s i n g l e c r y s t a l s 
i n t o p ieces and comparing the ra tes of cut and uncut c r y s t a l s 
( 15) . Fur ther evidence fo r 0« i n t e r a c t i o n at the edge planes of 
MoS 2 comes from s tud ies on s i n g l e c r y s t a l s . When s i n g l e c r y s t a l s of 
MoS 2 are p laced i n an o x i d i z i n g environment at e leva ted temperatures 
( > 4 0 0 ° C ) , o x i d a t i o n of the MoS 2 can be seen to proceed through the 
edge planes ( 1 6 ) . Furthermore, oxygen enrichment at edge planes of 
MoS 2 s i n g l e c r y s t a l s has been demonstrated by scanning Auger s tud ies 
on s i n g l e c r y s t a l s ( 1 7 ) . 

R u S 2 , on the other hand, has a complete ly i s o t r o p i c cub ic 
s t r u c t u r e i d e n t i c a l to p y r i t e ( F e S 2 ) . The i s o t r o p i c nature of RuS 2 

i n the HDS r e a c t i o n can be seen by the l i n e a r c o r r e l a t i o n s between 
HDS a c t i v i t y and 0? chemisorp t ion and HDS a c t i v i t y and BET surface 
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13. C H I A N E L L I Catalysis by Transition Metal Sulfides 

F i g u r e 2 . S t r u c t u r e of a s i n g l e l a y e r of MoS^. Reproduced w i t h 
pe rmi s s ion from Ref . 8. Copyr igh t 1982, T a y l o r & F r a n c i s L t d . 
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area (18) . RuS^ and MoS 2 e x h i b i t the two extremes which can occur 
i n HDS by s u l f i d e s . Presumably, the e f f ec t of c r y s t a l s t r u c t u r e i n 
a l l other t r a n s i t i o n metal s u l f i d e s l i e s somewhere i n between. 

The Role of Edge Planes i n Promoted T r a n s i t i o n Meta l S u l f i d e 
C a t a l y s t s 

The importance of edge planes a l so a r i s e s i n the i n d u s t r i a l l y impor
tant promoted t r a n s i t i o n metal s u l f i d e c a t a l y s t systems. I t has 
been known for many years that the presence of a second metal such 
as Co or N i to a MoS 2 or WS 2 c a t a l y s t leads to promotion (an 
inc rease i n a c t i v i t y for HDS or h y d r o g é n a t i o n i n excess of the 
a c t i v i t y of the i n d i v i d u a l components) ( 2 ) . Promotion e f f ec t s can 
e a s i l y be observed i n supported or unsupported c a t a l y s t s . The 
supported c a t a l y s t s are c u r r e n t l y the most important i n d u s t r i a l 
c a t a l y s t s , but the unsupported c a t a l y s t s are e a s i e r to c h a r a c t e r i z e 
and s tudy. Unsupported, promoted c a t a l y s t s have been prepared by 
many d i f f e r e n t methods, but one convenient way of prepar ing these 
c a t a l y s t s i s by a p p l y i n g the nonaqueous p r e c i p i t a t i o n method 
desc r ibed above. For example, for Co/Mo, appropr ia te mixtures of 
C o C l 2 and MoCl^ are reacted w i t h L i 2 S i n e t h y l a ce t a t e : 

e t h y l 

x C o C l 2 + y M o C l 4 + (x + 2 y ) L i 2 S > 

ace ta te 25°C 

x"CoS"(amorphous) + yMoS 2 + 2(x + 2 y ) L i C l (5) 

The amorphous products are then heat t rea ted i n 15% H 2 / H 2 S at the 
des i r ed temperature, as desc r ibed above for the b ina ry systems. By 
us ing t h i s t echnique , the r a t i o of Co/Mo i n the c a t a l y s t can e a s i l y 
be c o n t r o l l e d . I t has been w e l l e s t a b l i s h e d that somewhere i n the 
r e g i o n of a Co/Mo r a t i o of O.2 to O.3 a maximum i n c a t a l y t i c 
a c t i v i t y w i l l occur ( 2 ) . The enhancement i n a c t i v i t y can be as much 
as an order of magnitude above the unpromoted systems. The p r e c i s e 
shape of the a c t i v i t y v s . promotion curves depends g r e a t l y on the 
method of p repa ra t i on of the c a t a l y s t . The unsupported c a t a l y s t , 
a f t e r heat t reatment , conta ins both Co<jSg and MoS 2 , as determined by 
x - r a y d i f f r a c t i o n . A Ni/Mo c a t a l y s t prepared i n the same fash ion 
w i l l con ta in N i ^ S 2 and M o S 2 . Thus, from the poin t of view of the 
s o l i d s ta te chemis t , t h i s c a t a l y s t i s a two phase system and the 
ques t ion a r i s e s , what i s the o r i g i n of the promotion e f f ec t ? Delmon 
et a l . , i n i t i a l l y working w i t h unsupported c a t a l y s t s , f i r s t pointed 
out that the Co/Mo c a t a l y s t system was phase separated i n t o Co^Sg 
and MoS 2 . As a r e s u l t , the concept of "contact synergy" was 
developed, which a t t r i b u t e s the promotion e f f ec t to the two phases 
(Co^Sg and MoS 2 ) being i n contact (19 ) . The mic roscop ic o r i g i n s of 
the synerg ic by contact are not addressed i n d e t a i l by t h i s 
theory . However, P h i l l i p s and Fote exp la ined the shape of promotion 
curves by i n v o k i n g surface enrichment of Co or N i on MoS 2 or WS^ 
(20 ) . Thus, the presence of the second phase provides a source or 
Co or Ni to surface e n r i c h the MoS 2 or WS 2 # A g a i n , no mic ro scop i c 
o r i g i n of promotion i s d i s c u s s e d . 
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13. C H I A N E L L I Catalysis by Transition Metal Sulfides 229 

Voorhoeve et a l . , a l s o working p r i m a r i l y w i t h unsupported 
c a t a l y s t s and i n the N i 3 S 2 / W S 2 system, in t roduced the concept of 
" p s e u d o i n t e r c a l a t i o n " as the o r i g i n of the promotional e f f e c t 
( 2 1 ) . The promot ional e f f ec t occurs because " p s e u d o i n t e r c a l a t i o n " 
of Ni i n WS2 c rea tes more W s i t e s which are b e l i e v e d by the 
authors to be the a c t i v e s i t e s . The term " p s e u d o i n t e r c a l a t i o n " 
r e f e r s to the fac t that the WS2 and MoS 2 do not form bulk i n t e r 
ca l a t e s as other l ayered s u l f i d e s do, presumably because of f i l l e d 
conduct ion bands. Therefore , the i n t e r c a l a t i o n occurs only at edge 
planes of WS 2 or MoS 2 where the t r i g o n a l symmetry i s r e l a x e d , a l l o w 
i n g " p s e u d o i n t e r c a l a t i o n " . The p s e u d o i n t e r c a l a t i o n theory i s i n 
agreement w i t h the surface enrichment theory , but the surface 
enrichment takes place s p e c i f i c a l l y at the edge p lanes . However, 
the p s e u d o i n t e r c a l a t i o n theory a l s o provides a mic roscop ic exp l ana 
t i o n of promotion. " P s e u d o i n t e r c a l a t i o n " theory and "synergy by 
contac t" are a l s o c o n s i s t e n t , i f we assume that the second phase i s 
necessary ( i n unsupported c a t a l y s t s ) to produce the surface 
enrichment at edge p lanes . In f a c t , the Co^Sg c r y s t a l l i t e s may be 
e p i t a x i a l l y r e l a t e d to the MoS 2 edge planes and thus i n d i r e c t 
c o n t a c t . 

F u r t h e r , i n s i g h t i n t o the o r i g i n of promotion comes through the 
r e c o g n i t i o n that the p a i r s of s u l f i d e s ( syne rg ic p a i r s ) , which i n 
the unsupported form e x h i b i t the promotion e f f ec t ( N i - ^ / M o S ^ 
C o 9 S 8 / M o S 2 , N i 3 S 2 / W S 2 , C o 9 S g / W S 2 ) , can be r e l a t e d to the s imple 
b i n a r y s u l f i d e s through t h e i r heats of formation (22) . This i s done 
by no t i ng that the average heats of format ion of the " syne rg i c 
p a i r s " f a l l i n the same range as the heats of formation of the most 
a c t i v e s u l f i d e s . Whereas, p a i r s of s u l f i d e s which do not e x h i b i t 
promotion f a l l ou ts ide t h i s range. Th i s suggests that the synerg ic 
p a i r s behave c a t a l y t i c a l l y as second and t h i r d row "pseudobinary" 
s u l f i d e s . Since they are phase-separated bu lk systems, the averag
ing of p r o p e r t i e s must occur at the su r f ace . Thus, the s u l f i d e d 
Co/Mo or Ni/Mo c a t a l y s t s behave at the surface as s u l f i d e s of hypo
t h e t i c a l elements of p e r i o d i c p o s i t i o n between those of the members 
of the p a i r , hence, the term pseudobinary s u l f i d e . How does t h i s 
averaging occur? The suggested pseudobinary r e l a t i o n s h i p c a l l s f o r 
a Co or Ni atom present at the surface of the M o S 2 . This Co or Ni 
atom i s bound to s u l f u r atoms which are shared w i t h an Mo atom. 
Somewhere at the edge, s u l f u r atoms, which upon l e a v i n g c rea te 
vacanc i e s , are shared by Co and Mo l ead ing to average e l e c t r o n i c 
p r o p e r t i e s of the s u l f u r atom or vacancy. Thus, Co at the edge of 
MoS 2 c rea tes a vacancy which has p r o p e r t i e s s i m i l a r to a vacancy 
which occurs on the surface o f one of the most a c t i v e b i n a r y 
s u l f i d e s ( R u S 2 ) . 

In phase-separated promoted s u l f i d e s , d i r e c t obse rva t ion of the 
promoting Co i s d i f f i c u l t due to the sma l l amount of i t p resen t . 
Tops<|>e et a l . have shown the presence i n both supported and unsup
ported CoMo c a t a l y s t s of a unique form of s u l f i d e d Co (the CoMoS" 
phase) which c o r r e l a t e s w i t h a c t i v i t y (23 ,24 ) . In the CoMo system 
the CoMoS phase i s probably the a c t i v e s p e c i e s , and Tops <|e et a l . 
cons ide r that i t r e s ides at the edge of the MoS 2 c r y s t a l l i t e s i n 
both supported and unsupported c a t a l y s t s . A d d i t i o n a l evidence f o r 
Co enrichment at M6S ? edges comes from scanning Auger s tud ies of 
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s i n g l e c r y s t a l s of Co doped MoS 2 c r y s t a l s , which c l e a r l y demon
s t r a t e s t h i s e f f ec t ( 1 7 ) . I t i s aga in evident that the edge planes 
of l aye red c a t a l y s t s , such as M o S 2 , p lay an impor tan t , perhaps domi
nant , r o l e i n t h e i r c a t a l y t i c behav io r . 

The Role of Disorder i n Layered T r a n s i t i o n Meta l S u l f i d e C a t a l y s t s 

In the above sec t ions the t r a n s i t i o n metal s u l f i d e c a t a l y s t s are 
desc r ibed i n ra ther i d e a l i z e d terms. Edge planes and basa l planes 
e x i s t i n s i n g l e c r y s t a l s and m i c r o c r y s t a l s , but i n most r e a l 
c a t a l y s t s a great dea l of d i s o r d e r e x i s t s . In f a c t , i n the l aye red 
t r a n s i t i o n metal s u l f i d e s d i s o r d e r i n the c a t a l y s t s i s qu i t e impor
t a n t . This d i s o r d e r must be understood and taken i n t o account fo r 
proper i n t e r p r e t a t i o n of the p h y s i c a l c h a r a c t e r i s t i c s of these 
c a t a l y s t s . When MoS 2 i s prepared by the low temperature p r e c i p i t a 
t i o n method and heat t r ea t ed as descr ibed above, the compound 
c r y s t a l l i z e s p a r t i a l l y i n what i s termed the "rag" s t r u c t u r e ( 2 5 ) . 
Th i s s t r u c t u r e c o n s i s t s of s e v e r a l s tacked , but h i g h l y folded and 
d i s o r d e r e d , MoS 2 l a y e r s (F igu re 3 ) . Because of r a p i d growth du r ing 
p r e c i p i t a t i o n and the an i so t ropy of the s t r u c t u r e , the l aye r s grow 
very r a p i d l y i n two dimensions but on ly s l o w l y i n the C or s tack 
d i r e c t i o n . The r e s u l t i n g "rags" can be s e v e r a l thousand angstroms 
across but on ly 20 to 30 Â t h i c k . Because of t h i s s t r u c t u r e , x - r a y 
a n a l y s i s of these m a t e r i a l s can be very m i s l e a d i n g . The powder d i f 
f r a c t i o n pa t t e rn of MoS 2 con ta ins a s t rong 002 maximum i n the low 
angle r e g i o n . From a standard l i n e broadening a n a l y s i s of t h i s 
peak, an es t imate of the number of s tacked l a y e r s can r e a d i l y be 
ob ta ined . However, at h igher d i f f r a c t i o n ang les , a broad envelope 
beginning approximate ly at 2 0 = 30° and c o n t i n u i n g out to above 2 Θ s 

60° i s observed us ing Cu~ r a d i a t i o n . This envelope conta ins the 
100, 101, 102, 103, 006, 105, 106, 110 and 008 r e f l e c t i o n s w i t h 
w e l l - d e f i n e d maxima appear ing f o r the 100, 103, and 110 
r e f l e c t i o n s . The asymmetric shape of the envelope i n the r eg ion of 
the 100 i s c h a r a c t e r i s t i c of random l a y e r l a t t i c e s t r uc tu r e s i n 
which the l a y e r s are stacked randomly w i t h respect to one another . 
This random s t a c k i n g , combined w i t h the f o l d i n g , makes i t i mposs i b l e 
to e x t r a c t the c r y s t a l l i t e or p a r t i c l e s i z e dimension by l i n e 
broadening a n a l y s i s . Large rags and smal l rags may have the same 
order l e n g t h i n the p l ane , as determined by l i n e broadening 
a n a l y s i s , but v a s t l y d i f f e r e n t p a r t i c l e s i z e s , edge areas and, 
t h e r e f o r e , c a t a l y t i c a c t i v i t y . Thus, as opposed to i s o t r o p i c s y s 
tems, x - r a y d i f f r a c t i o n data i s on ly m a r g i n a l l y u se fu l i n i n t e r p r e t 
i n g c a t a l y t i c p rope r t i e s of these a n i s o t r o p i c c a t a l y s t s . An extreme 
example of t h i s type of d i s o r d e r i s seen i n ReSo, which a c t u a l l y 
forms l a rge s p h e r i c a l p a r t i c l e s on the order of (J. 1-1.Ou but whose 
order parameters obtained from x - r a y d i f f r a c t i o n are 35 χ 74 Â ( 8 ) . 

A more d e t a i l e d modeling of the d i f f r a c t i o n of poor ly c r y s t a l 
l i n e MoS 2 has r e c e n t l y been presented (26) . The e n t i r e d i f f r a c t i o n 
pa t t e rn of the MoS 2 was computed us ing the Debye s c a t t e r i n g 
equa t ion . The r e s u l t s of the c a l c u l a t i o n s where compared w i t h 
experiments and the model r e f i n e d fo r a b e t t e r f i t . The s i z e , 
s t a c k i n g , bending and r o t a t i o n of MoS 2 sheets were v a r i e d . The 
exper imenta l x - r a y pa t terns cou ld be f i t qu i t e w e l l by r o t a t i n g the 
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CHIANELLI Catalysis by Transition Metal Sulfides 

F i g u r e 3 . Transmiss ion e l e c t r o n micrograph of h i g h l y f o l d e d 
l a y e r s o f MoS^. Reproduced w i t h pe rmis s ion from Re f . 8. 

Copyr igh t 1982, T a y l o r & F r a n c i s L t d . 
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232 SOLID STATE C H E M I S T R Y IN CATALYSIS 

l a y e r s w i t h respect to each o the r . A r o t a t i o n of O.1 r a d i a n enabled 
a f i t t i n g of the d i f f u s e envelope descr ibed above. Thus, the p o o r l y 
c r y s t a l l i n e M0S2 c a t a l y s t s commonly encountered have s e v e r a l 
features c o n t r i b u t i n g to i t s s t r u c t u r e : stacked l a y e r s , r o t a t i o n of 
the l aye r s w i t h respect to each o the r , and f o l d i n g of the l a y e r s . 
A l l of these f ac to r s must be cons idered i n understanding the 
p r o p e r t i e s of these c a t a l y s t s . 

F i n a l l y , we again note that the concept of a c t i v e s i t e s at the 
edge planes i s a h i g h l y i d e a l i z e d one. In r e a l i t y t h i s means that 
the a c t i v e s i t e s i n M0S2 or r e l a t e d compounds are e d g e - l i k e defects 
which have the s t r u c t u r e and s t o i c h i o m e t r y of Mo atoms which occur 
a t the edge planes of M0S2 c r y s t a l s , but which may occur throughout 
the surface of the above mentioned d i so rdered c a t a l y s t s . Al though 
c u r r e n t l y the exact s t r u c t u r e of these s i t e s i s unknown, t h e i r 
number may be d i r e c t l y measured by O2 chemisorpt ion or perhaps by 
ESR measurements (27) . R e c e n t l y , i n s i t u UPS measurements have 
g iven a d i r e c t look at the surface defects i n poor ly c r y s t a l l i n e 
M o S 2 (28). Severa l poor ly c r y s t a l l i n e MoS 2 c a t a l y s t s , prepared as 
descr ibed above, of d i f f e r i n g edge area were s t u d i e d . The p repara 
t i o n and measurements were c a r r i e d out i n a UHV-compatible c e l l . 
The r e s u l t s showed new e l e c t r o n i c s ta tes not present i n c r y s t a l l i n e 
MoS2* These s ta tes are observed as a band t a i l j u s t above the d z 2 
band i n M 0 S 2 . I t was shown that the s ta tes are c h e m i c a l l y a c t i v e 
surface s t a tes by r e v e r s i b l e oxygen adsorp t ion - deso rp t ion e x p e r i 
ments. These experiments are the f i r s t to show the d i r e c t 
connec t ion between surface e l e c t r o n i c s ta tes and bu lk e l e c t r o n i c 
s ta tes i n M0S2 c a t a l y s t s and should form the bas i s for developing a 
deeper understanding of the nature of these s ta tes i n M0S2 and 
r e l a t e d c a t a l y s t s . 

Summary 

S o l i d s ta te chemis t ry p lays an important r o l e i n the c a t a l y s i s by 
T r a n s i t i o n Meta l S u l f i d e s ; however, i t i s a r o l e that i s somewhat 
d i f f e r e n t than the r o l e u s u a l l y ass igned to s o l i d s t a te chemis t ry i n 
c a t a l y s i s . In c a t a l y s i s , by s u l f i d e s , the chemis t ry of t e rna ry 
phases i s not now important and thus , the usua l r o l e of s o l i d s t a te 
chemis t ry i n p repar ing te rnary phases and s y s t e m a t i c a l l y s tudy ing 
the e f f ec t on c a t a l y t i c p r o p e r t i e s through v a r i a t i o n of the composi
t i o n of these te rnary phases i s absent . Never the le s s , p r epa ra t i on 
of the T r a n s i t i o n Meta l S u l f i d e s i s c r u c i a l i n c o n t r o l l i n g the 
p rope r t i e s of the c a t a l y s t s . Low temperature s o l i d s ta te p repa ra 
t i o n s are the key to o b t a i n i n g good c a t a l y s t s i n reasonable surface 
area for c a t a l y t i c measurements. 

C r y s t a l s t r u c t u r e p lays a secondary r o l e i n c a t a l y s i s by the 
T r a n s i t i o n Meta l S u l f i d e s . As the p e r i o d i c trends for HDS of the 
b i n a r y s u l f i d e s shows the dominant e f f ec t i s which t r a n s i t i o n metal 
i s present i n the r e a c t i o n , t h i s t r a n s i t i o n metal takes on the 
s t r u c t u r e and s t o i ch iome t ry of the phase which i s most s t ab le i n the 
s u l f u r c o n t a i n i n g c a t a l y t i c environment . The unsupported promoted 
c a t a l y s t systems can be grouped i n t o " syne rg ic" p a i r s of s u l f i d e s . 
Because these p a i r s are r e l a t e d to the bas i c p e r i o d i c trends of the 
b ina ry T r a n s i t i o n Meta l S u l f i d e s through average heats of fo rmat ion , 
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13. C H I A N E L L I Catalysis by Transition Metal Sulfides 233 

they can be thought of as "pseudobinary" sulfides; which, though 
phase separated bulk systems, operate synergically by forming sur
face phases which have the average properties of the bulk phases. 

Although crystal structure plays a secondary role in the 
general sense in catalysis by Transition Metal Sulfides, in the 
particular case of the industrial ly important layered Transition 
Metal Sulfides, the catalytic properties are dominated by the aniso
tropic crystal structure. The edge planes of M0S2 and WS2 are the 
seat of the active sites in the unpromoted systems and the seat of 
promotion in the promoted systems. An understanding of these edge 
planes or edge-like defects is central to understanding catalysis by 
these compounds. F inal ly , again, because of their anisotropic 
structure, disorder plays a large role in the catalytic property of 
these solids. 
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14 
The Role of Promoter Atoms in Cobalt-Molybdenum 
and Nickel-Molybdenum Catalysts 

H. TOPSØE1, N.-Y. TOPSØE1, O. SØRENSEN1, R. CANDIA1, B. S. CLAUSEN1, 
S. KALLESØE2, E. PEDERSEN2, and R. NEVALD3 

1Haldor Topsøe Research Laboratories, DK-2800 Lyngby, Denmark 
2Department of Inorganic Chemistry of Copenhagen, DK-2100 Copenhagen, Denmark 
3Department of Electrophysics, Technical University of Denmark, DK-2800 Lyngby, Denmark 

By use of analytical electron microscopy (AEM) and 
infrared spectroscopy (IR) using NO as a probe mole
cule, i t has been shown that the Co-Mo-S structure 
responsible for the promotion of the hydrodesulfuri-
zation activity can be considered as MoS2 with the 
Co atoms located in edge positions. Evidence for 
similar catalytically important Ni-Mo-S structures 
has also been obtained. Magnetic susceptibility re
sults show that the Co edge atoms interact with the 
surrounding Mo atoms. The presence of weak anti-
ferromagnetism indicates some interactions between 
Co atoms. The results show that Co or Ni edge sites 
play a more important role than Mo edge sites in 
both hydrodesulfurization and hydrogenation. 

The increasing need for efficient treatment of various fos s i l fuel 
feedstocks has resulted in many studies (for reviews, see e .g . , 
Refs. (1-8)) devoted to the understanding of the catalytic proper
ties of hydrodesulfurization (HDS) catalysts (e .g . , Mo or W based 
catalysts promoted by Co or Ni) . The efforts have been directed to
wards an understanding of the structural form in which the different 
atoms are present, and to establish connections between structural 
information and the various catalytic functions. It has, however, 
been d i f f i cu l t to make progress since for a long time, information 
regarding the structural state of the active elements has been l im
i ted . In the absence of direct structural information many models 
have been proposed. For the important Co-Mo catalysts, some of the 
models most often referred to are: the "monolayer model", where Co 
is proposed to be associated with the alumina and Mo is present as 
an oxysulfide bound to the alumina surface; the "contact synergy 
model" where C09S8 i s supposed to be present in contact with M0S25 
and the "intercalation models" where Co i s supposed to form inter
calation structures with M0S2. These and other models have been ex
tensively reviewed in the past (see e .g. , (1-8)). 

0097-6156/85/0279-0235$06.00/0 
© 1985 American Chemical Society 
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236 SOLID STATE C H E M I S T R Y IN CATALYSIS 

R e c e n t l y , we have found tha t two techniques , Môssbauer emiss ion 
spect roscopy (MES) (see e . g . , Refs (6 , 8-13)) and extended X - r a y ab
s o r p t i o n f i n e s t r u c t u r e (EXAFS) (14-16) , can p rov ide some o f the 
needed s t r u c t u r a l i n f o r m a t i o n . Th i s has not on ly r e s u l t e d i n a be t 
t e r d e s c r i p t i o n o f the s t r u c t u r a l s t a t e o f the c a t a l y s t s but i t has 
a l s o a l lowed a be t t e r unders tanding o f the c a t a l y t i c p r o p e r t i e s . In 
t h i s c o n n e c t i o n , i t should be s t r e s sed tha t both o f the above t e c h 
niques conven i en t l y a l l o w s t u d i e s to be c a r r i e d out under i n s i t u 
c o n d i t i o n s . 

The MES i n v e s t i g a t i o n s have shown tha t the Co promoter atoms 
may be present i n not one but many d i f f e r e n t c o n f i g u r a t i o n s . Of pa r 
t i c u l a r i n t e r e s t , i t was found that one of these i s a s t r u c t u r e 
which a l s o con t a in s molybdenum and s u l f u r atoms (8 , 9, 11) . T h i s 
s t r u c t u r e was termed Co-Mo-S and s ince the promotion o f the HDS ac 
t i v i t y was found to be a s s o c i a t e d w i t h the presence of t h i s s t r u c 
tu re (6 , 12, 13) , i t i s important to understand i n d e t a i l the p rop
e r t i e s o f Co-Mo-S. 

In the present paper d i f f e r e n t approaches used f o r i n v e s t i g a t 
i n g the l o c a t i o n and the p r o p e r t i e s o f the promoter atoms i n Co-Mo-S 
and Ni -Mo-S type s t r u c t u r e s w i l l be d i s c u s s e d . In one approach, NO 
i s used as a probe mo lecu l e . By s tudy ing the adso rp t ion us ing i n f r a 
red spec t roscopy , i t i s p o s s i b l e to f o l l o w s imul taneous ly the ad 
s o r p t i o n t a k i n g p lace on Co and Mo surface atoms. In another ap
proach , a n a l y t i c a l e l e c t r o n microscopy (AEM) i s used to determine 
the l o c a t i o n o f Co i n Co-Mo-S. By choosing unsupported Co-Mo-S sam
p l e s w i t h dimensions much l a r g e r than the diameter o f the e l e c t r o n 
beam, edge and b a s a l plane reg ions can be examined independent ly . 
F i n a l l y , i n f o r m a t i o n concern ing the chemica l nature o f the Co atoms 
has been obta ined by means o f magnetic s u s c e p t i b i l i t y . Th i s method 
has not p r e v i o u s l y been used on Co-Mo c a t a l y s t s w i t h known Co phase 
c o m p o s i t i o n . 

Exper imenta l 

The p r e p a r a t i o n o f the unsupported Co-Mo c a t a l y s t s w i t h Co/Mo=O.005 
was c a r r i e d out u s ing the homogeneous s u l f i d e p r e c i p i t a t i o n (HSP) 
method desc r ibed e a r l i e r (11 , 17) . In s h o r t , a hot (335-345 K) s o l u 
t i o n o f a mixture o f c o b a l t n i t r a t e and ammonium heptaraolybdate i s 
poured i n t o a hot (334-345 K) s o l u t i o n o f 20% ammonium s u l f i d e under 
v igorous s t i r r i n g . The hot s l u r r y formed i s con t inuous ly s t i r r e d un
t i l a l l water has evaporated and a dry product remains . Two HSP c a 
t a l y s t s were s t u d i e d . The c a t a l y s t (Co/Mo=O.0625) used i n the mag
n e t i c s t ud i e s was s u l f i d e d a t 675 Κ fo r 4 hr i n a f low of 2% H2S i n 
H2> whereas the c a t a l y s t (Co/Mo=O.005) used i n the AEM study was 
s u l f i d e d i n the same gas mixture a t 1175 Κ and kept a t t h i s temper
a ture f o r 24 h r . 

The a lumina-supported Co-Mo and Ni-Mo c a t a l y s t s were prepared 
accord ing to the method desc r ibed i n (12) by i n c i p i e n t wetness i m 
pregna t ion o f M0/AI2O3 c a t a l y s t s ( 8 . 6 £ Mo impregnated on η-Αΐ2θ3 
w i t h sur face area o f 250 nr^g" 1) w i t h s o l u t i o n s c o n t a i n i n g c o b a l t n i 
t r a t e or n i c k e l n i t r a t e fo l lowed by d r y i n g and c a l c i n i n g i n a i r a t 
775 Κ f o r 2 h r . 

The mic roscop ic a n a l y s i s was c a r r i e d out u s ing a JEOL 100 STEM-
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SCAN system modi f ied to make i t e s p e c i a l l y s u i t a b l e fo r measuring 
sma l l element concen t r a t i ons i n m i c r o c r y s t a l s . The unsupported c a t a 
l y s t s were s u l f i d e d under s u c c e s s i v e l y more severe c o n d i t i o n s u n t i l 
the r e s u l t i n g M0S2 c r y s t a l s were much l a r g e r ( ca . 4000 Â) than the 
e l e c t r o n beam diameter ( c a . 100 A ) . MES confirmed tha t Co-Mo-S was 
the on ly Co-Mo-S phase p resen t . When a n a l y z i n g the Co concen t r a t i ons 
i n edge and basa l plane r e g i o n s , 45° t i l t i n g o f the M0S2 p l a t e s was 
employed such tha t the t o t a l number o f surface atoms i s the same i n 
the two p o s i t i o n s . The abso lu te Co concen t r a t ions were c a l c u l a t e d 
us ing an A l f i l m o f known th i cknes s as r e f e r ence . The AEM measure
ments are presented i n d e t a i l elsewhere together w i t h HREM r e s u l t s 
(18 ) . 

The Môssbauer emiss ion measurements were performed us ing the 
c o n s t a n t - a c c e l e r a t i o n spectrometer and i n s i t u c e l l system desc r ibed 
i n ( 11 ) . 

I n f r a r ed spec t r a were recorded on a Pe rk in -E lmer 180 g r a t i n g 
spect rometer . S e l f - s u p p o r t i n g wafers o f the c a t a l y s t powder were 
p laced i n an in s i t u quar tz IR c e l l (19) which a l lowed pretreatments 
a t v a r i o u s c o n d i t i o n s . Before the NO adso rp t ion exper iments , N2 (pu
r i f i e d by passage through Cu tu rn ings a t 523 Κ and a molecu la r s i e v e 
t rap (Linde 5A) kept a t 195 K) was passed over the c a t a l y s t a t 673 Κ 
f o r 16 h r . Th i s was fo l lowed by c o o l i n g to ambient temperature. N i 
t r i c ox ide (99? p u r i t y ) was fu r the r p u r i f i e d by freeze-thaw c y c l e s . 
Fur the r d e t a i l s have been g iven p r e v i o u s l y (20 ) . 

Most o f the magnetic s u s c e p t i b i l i t i e s were measured by the 
Faraday technique at a f i e l d s t r eng th o f 12,000 Oe i n the temper
a ture range 5-277 K . No c o r r e c t i o n s f o r diamagnetic c o n t r i b u t i o n s 
were a p p l i e d . P r e l i m i n a r y d e s c r i p t i o n s o f the i n s t rumen ta t i on and 
s tandard d e v i a t i o n s o f temperatures and s u s c e p t i b i l i t i e s are g i v e n 
i n ( 21 ) . The c a t a l y s t s were s u l f i d e d ou t s ide the s u s c e p t i b i l i t y ap
paratus i n a r e a c t o r equipped w i t h a s ide arm tube which c o u l d be 
sea led o f f a f t e r s u l f i d i n g . Without con tac t to a i r , the c a t a l y s t was 
t r a n s f e r r e d to the sample c e l l s u s ing a s t a i n l e s s s t e e l high-vacuum 
glove-box equipped w i t h a turbomolecular pump. Some measurements o f 
the magnetic s u s c e p t i b i l i t i e s were a l s o c a r r i e d out between l i q u i d 
he l ium and room temperature i n the low frequency v i b r a t i n g magneto
meter desc r ibed p r e v i o u s l y (22 ) . These measurements were c a r r i e d out 
w i t h f i e l d s up to 60,000 Oe. The s u s c e p t i b i l i t i e s repor ted here were 
c a l c u l a t e d from the magne t i za t ion curves below s a t u r a t i o n . 

Resu l t s and D i s c u s s i o n 

A l l o f the r e s u l t s obta ined so f a r , i n c l u d i n g the Mo EXAFS s t u d i e s 
(14, 16) , i n d i c a t e tha t the Co-Mo-S s t r u c t u r e has a MoS2-like s t r u c 
ture (see e . g . , 6, 8 ) . 

F i g u r e 1 shows the M0S2 s t r u c t u r e w i t h some o f the p o s s i b l e l o 
c a t i o n s . P o s i t i o n (a) represents the p o s i t i o n proposed i n the o r i g i 
n a l i n t e r c a l a t i o n model, (b) represen ts an edge or " p s e u d o - i n t e r c a -
l a t e d " Co atom, (c) Co s u b s t i t u t i n g f o r Mo i n the i n t e r i o r , (d) Co 
l o c a t e d a t the edges o f the s l a b s ( e . g . , a t a sur face s u b s t i t u t i o n a l 
s i t e ) , and (e) Co at b a s a l p l anes . 

The combined r e s u l t s from MES (9 , 11, 12) and IR (23, 24) o f 
the same C0-M0/AI2O3 c a t a l y s t s revea led tha t Co-Mo-S may be present 
i n c a t a l y s t s where s i n g l e s l ab M0S2 s t r u c t u r e s dominate. In these 
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238 SOLID STATE C H E M I S T R Y IN CATALYSIS 

s t r u c t u r e s , i n t e r c a l a t i o n ( p o s i t i o n (a)) or p s e u d o - i n t e r c a l a t i o n 
( p o s i t i o n (b)) s i t e s do not e x i s t s i nce a t l e a s t two S-Mo-S s l a b s 
must be s tacked on top o f each other i n order to have i n t e r c a l a t i o n 
or p s e u d o - i n t e r c a l a t i o n p o s i t i o n s . Thus, the i n t e r c a l a t i o n models do 
not desc r ibe the s t r u c t u r e o f Co-Mo-S, a l though the b a s i c i dea o f an 
a s s o c i a t i o n between Co and M0S2 appears to be r i g h t . 

The EXAFS s t u d i e s of the Co K-edge (15, 16) are not c o n s i s t e n t 
w i t h the s u b s t i t u t i o n of Co i n the bulk o f M0S2 ( i . e . p o s i t i o n (c ) ) 
s ince the number o f s u l f u r s sur rounding the Co seems to be l e s s than 
s i x and the observed Co-S d i s t ance i s s i g n i f i c a n t l y sma l l e r than the 
Mo-S d i s t ance i n M0S2. 

The on ly Co l o c a t i o n s c o n s i s t e n t w i t h a l l o f the above measure
ments on Co-Mo-S are the b a s a l plane ( p o s i t i o n (e)) or edge p o s i 
t i o n s ( p o s i t i o n ( d ) ) . Such p o s i t i o n s are a l s o c o n s i s t e n t w i t h the 
obse rva t ion by MES (see e . g . , (6 ,9 ) ) and EXAFS (15, 16) tha t the Co 
atoms are surface atoms. 

I t has been d i f f i c u l t to o b t a i n d e f i n i t e p roof whether the Co 
atoms are l o c a t e d a t edge or b a s a l plane p o s i t i o n s a l though the f o r 
mer has been favored (see e . g . , 5, 6, 8 ) . C o n s i d e r i n g the M0S2 
s t r u c t u r e the edge p o s i t i o n would seem more favorab le than the b a s a l 
plane p o s i t i o n . The bonding between S-Mo-S s l abs comprises o f weak 
van der Waals f o r c e s . Consequent ly , M0S2 w i l l r e a d i l y c leave a long a 
van der Waals gap and s ince none o f the cova len t bonds are broken by 
such a c l eavage , the exposed basa l plane sur faces w i l l be expected 
to be r e l a t i v e l y i n e r t . In c o n t r a s t , the edge sur faces have coo r -
d i n a t i v e l y unsa tura ted Mo atoms. I t c o u l d a l s o be mentioned tha t the 
two types o f sur faces have d i f f e r e n t adso rp t ion and c a t a l y t i c prop
e r t i e s (25-29) . 

D i r e c t i n fo rma t ion on the l o c a t i o n o f the Co atoms i n Co-Mo-S 
was obta ined from a n a l y t i c a l e l e c t r o n microscopy (AEM) s t u d i e s o f 
unsupported Co-Mo c a t a l y s t s . These e x h i b i t e d l a r g e M0S2 c r y s t a l s and 
MES showed tha t the Co atoms were e x c l u s i v e l y present as Co-Mo-S. 
D i f f e r e n t c r y s t a l l o g r a p h i c a l l y r e g u l a r M0S2 c r y s t a l s were s e l e c t e d . 
For each p l a t e - l i k e c r y s t a l , the r e l a t i v e Co c o n c e n t r a t i o n was mea
sured i n both i n t e r i o r and edge r e g i o n s . The r e s u l t s o f many such 
analyses are g i v e n i n Table I (see a l s o ( 1 8 ) ) . I t was found tha t 
w i t h the beam i n the i n t e r i o r p o s i t i o n s o f the M0S2 c r y s t a l s , the Co 

Table I . AEM measurements o f the Co c o n c e n t r a t i o n i n i n t e r i o r and 
edge plane r eg ions o f l a r g e M0S2 c r y s t a l s e x h i b i t i n g Co-Mo-S. 

E l e c t r o n beam p o s i t o n Co c o n c e n t r a t i o n 
(expressed as Co/Mo) 

i n t e r i o r below d e t e c t i o n l i m i t 
(& O.001) 

edge planes c a . O.8 a > 

a ) r e f e r r e d to the d e n s i t y o f Mo atoms i n an edge p l a n e . 

c o n c e n t r a t i o n was below the l i m i t o f d e t e c t i o n . Th i s a l l ows one to 
make s e v e r a l c o n c l u s i o n s concern ing the l o c a t i o n o f the Co atoms i n 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

13
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
27

9.
ch

01
4

In Solid State Chemistry in Catalysis; Grasselli, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



14. TOPS0E ET AL. Promoter Atoms in Co-Mo and Ni-Mo Catalysts 239 

Co-Mo-S. F i r s t o f a l l , i n agreement w i t h e a r l i e r r e s u l t s we can ex
c lude the presence o f Co i n bu lk i n t e r c a l a t i o n ( p o s i t i o n (a) i n F i g . 
1) and bulk s u b s t i t u t i o n a l p o s i t i o n s ( p o s i t i o n ( c ) ) . With the p r e s 
ent l i m i t o f d e t e c t i o n , the maximum amount o f Co tha t cou ld be p r e s 
ent i n these p o s i t i o n s corresponds to O.1 a t? Co. I t can a l s o be 
concluded from these measurements tha t no s i g n i f i c a n t amount o f Co 
i s present a t the b a s a l plane surfaces ( p o s i t i o n (e)) (the d e t e c t i o n 
l i m i t corresponds to about 5% coverage o f the ba sa l p l a n e s ) . 

In view o f the above r e s u l t s , the l a r g e Co s i g n a l measured w i t h 
the e l e c t r o n beam probing the edge reg ions must be e x c l u s i v e l y 
caused by Co atoms loca t ed at the edge su r f aces . Th i s i s probably 
the f i r s t d i r e c t evidence f o r the edge l o c a t i o n o f the Co atoms i n 
Co-Mo-S. The AEM r e s u l t s a lone do not a l l o w one to conclude whether 
the edge Co atoms are l o c a t e d a t edge s u b s t i t u t i o n a l ( p o s i t i o n (d)) 
or edge i n t e r c a l a t i o n p o s i t i o n s ( p o s i t i o n ( b ) ) . However, i n view o f 
the e a r l i e r r e s u l t s d i scussed above, the edge i n t e r c a l a t i o n p o s i t i o n 
i s not l i k e l y . 

The Co coverage at the edges g iven i n Table I probably c o r r e 
sponds c l o s e to the maximum ach ievab le s ince f u r t h e r s u l f i d i n g a t 
h igh temperatures leads to p a r t i a l segrega t ion o f Co from Co-Mo-S to 
form CogS8* 

AEM s t u d i e s o f unsupported Ni-Mo c a t a l y s t s w i t h l a rge c r y s t a l s 
suggest tha t the N i atoms are a l s o l o c a t e d a t the M0S2 edges but the 
r e s u l t s are more q u a l i t a t i v e than i n the case o f the Co-Mo c a t a 
l y s t s . 

P rev ious s t u d i e s o f M0S2 s i n g l e c r y s t a l s (27) have shown tha t 
the NO adso rp t ion occurs a t the edge p l anes . Thus, adso rp t ion s t u d 
i e s u s ing NO should prov ide the p o s s i b i l i t y o f fu r the r e l u c i d a t i n g 
the p r o p e r t i e s o f Mo c a t a l y s t s promoted by e i t h e r Co or N i . In the 
present NO adso rp t i on s t u d i e s i n f r a r e d spectroscopy was used s i nce 
t h i s a l lowed d i s t i n c t i o n between the adso rp t ion o c c u r r i n g on molyb
denum and promoter atoms (see (20) f o r d e t a i l s ) . The Ni-Mo and Co-Mo 
c a t a l y s t s s tud ied were prepared by adding d i f f e r e n t amounts o f p r o 
moter atoms to the same M0/AI2O3 c a t a l y s t . EXAFS s t u d i e s on the s u l -
f i d e d c a t a l y s t s i n d i c a t e tha t the s i z e o f the s m a l l M0S2 domains i s 
about the same fo r a l l the c a t a l y s t s ( 1 4 , 1 6 ) . Thus, the t o t a l number 
o f Mo edge s i t e s i s a l s o expected to be the same. Neve r the l e s s , w i t h 
i n c r e a s i n g Co l o a d i n g i n c r e a s i n g amount o f promoter atoms adsorb ing 
NO i s seen, whereas the number o f Mo edge atoms a v a i l a b l e f o r ad 
s o r p t i o n decreases ( F i g . 2a and c ) . Th i s i n d i c a t e s tha t the Co or N i 
promoter atoms a t the M0S2 edges p a r t i a l l y cover the Mo atoms. Com
p a r i s o n w i t h MES r e s u l t s (12) shows tha t these Co atoms form Co-Mo-S 
s t r u c t u r e s . From the NO a d s o r p t i o n ( F i g . 2a and c) and a c t i v i t y data 
( F i g . 2b and d ) , i t i s c l e a r tha t fo r the promoted c a t a l y s t s the HDS 
and h y d r o g é n a t i o n a c t i v i t i e s are mainly a s soc i a t ed w i t h the edge 
promoter atoms w h i l e the edge Mo s i t e s are l e s s impor tan t . The a c t i 
v i t y r e s u l t s a l s o show tha t the h y d r o g é n a t i o n i s l e s s promoted than 
the HDS r e a c t i o n . Th i s i s i n agreement w i t h p rev ious r e s u l t s i n the 
l i t e r a t u r e (30-32) . 

By combining the IR and AEM r e s u l t s i t f o l l o w s tha t the nature 
o f the a c t i v e phases i s s i m i l a r i n supported and unsupported HDS c a 
t a l y s t s . Th i s i s i n accordance w i t h MES r e s u l t s (6 , 9 , 11) which 
show tha t s i m i l a r Co-Mo-S type s t r u c t u r e s e x i s t i n both systems. 
From these r e s u l t s one may understand why Voorhoeve and S t u i v e r (33) 
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240 SOLID STATE C H E M I S T R Y IN CATALYSIS 

Figu re 2. IR absorbances o f the NO abso rp t ion bands and a c t i v i 
ty data fo r s e r i e s o f s u l f i d e d C0-M0/AI2O3 ( (a) and (b)) and 
Ni-Mo/AI2O3 c a t a l y s t s ( ( c ) and ( d ) ) . 
(Due to opagueness o f the h igh N i l o a d i n g samples, the IR data 
are only shown fo r c a t a l y s t s w i t h Ni /Mo r a t i o s l e s s than O.3). 
Figu re adapted from Ref s . (20, 32). 
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and several later authors (see e.g., (3, 4, 13, 17, 34)) have ob
served many catalytic similarities between unsupported and supported 
catalysts. 

Magnetic susceptibility has previously been used in many i n 
stances to study Co-Mo HDS catalysts (35-42). Most of the studies 
have been devoted to the calcined state of the catalysts and only in 
few cases to the sulfided state (39-42). In the f i r s t studies of 
sulfided Co-Mo/AI2O3 catalysts, the magnetic moments were above 4yg 
and were quite close to the values found for the catalysts before 
sulfiding (39, 41). This was taken as an indication that the Co at
oms are not sulfided or only sulfided to a very small extent. In a 
more recent study (42), the magnetic moment was observed to decrease 
after sulfiding to a value of about 3.2 μβ. This decrease indicates 
that a sulfided Co surface phase was formed and on the basis of var
ious assumptions concerning the Co phase distribution, a magnetic 
moment of about 1.73 (i«e. Co(II) low-spin) was estimated for the 
surface Co phase. 

In view of the recent Môssbauer investigation, the differences 
in magnetic moments observed in previous studies are probably re
lated to differences in the Co phase distribution which, in fact, 
has been found to be sensitive to the choice of preparation para
meters. To avoid such ambiguities, i t i s thus necessary to measure 
the magnetic susceptibility on samples where the Co phase distribu
tion i s known. This w i l l also allow one to obtain magnetic proper
ties for the catalytically active Co-Mo-S species. 

In order to avoid the contribution from Co in the alumina, we 
have studied unsupported Co-Mo catalysts for which a l l the Co atoms 
were found by MES to be present as Co-Mo-S. Measurements of the mag
netic susceptibility vs. temperature show (see Fig. 3) that the ef
fective moment per cobalt atom varies smoothly from O.39 UB a t 5.1 Κ 
to O.73 μβ at 275 K. The very low magnetic moment indicates that Co 
i s in a sulfide environment. However, the results are not compatible 
with Co in any magnetically isolated configuration (i.e. high or low 
spin Co(II) or Co(III)) independent of the geometry and nature of 
surrounding non-magnetic ligating atoms. Rather the result suggests 
that extensive electron derealization i s occurring due to the in
teractions with the neighboring non-magnetic atoms. 

The reduced low temperature moment indicates some degree of 
antiferromagnetic ordering of the spin l a t t i c e . The antiferromag-
netic interactions are expected to take place via sulfur atoms along 
the long chains of nearest neighbor Co centers at the edges of the 
M0S2 particles. In view of the above findings, the neighboring Mo 
atoms may also be involved in the exchange paths. 

The determination of the magnetic moment of Co in Co-Mo-S for 
the more important alumina supported catalysts i s more d i f f i c u l t 
since the Co atoms may be present in several different phases (e.g., 
Co-Mo-S, Co in alumina, and CogSg). Therefore, in order to calculate 
the magnetic moment of Co-Mo-S i t i s necessary to know both the 
phase composition as well as the magnetic moments of C09S8 and Co in 
alumina. Consequently, magnetic measurements were carried out on ca
talysts for which the Co phase composition previously has been de
termined by use of MES (12). The magnetic susceptibility of C09S8 
has been found by several investigators (see e.g., (43, 44)) to be 
very low and i s not expected to give any significant contribution to 
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the magnetic moments. Al though the Co atoms present i n the alumina 
are found i n both oc t ahed ra l and t e t r a h e d r a l c o o r d i n a t i o n i n c a l 
c ined Co-Mo c a t a l y s t s (45 , 46) , d e t a i l e d MES s t u d i e s (45) i n d i c a t e 
tha t on ly the t e t r a h e d r a l l y coord ina ted Co atoms remain a f t e r s u l f i -
d a t i o n . The magnetic moment o f such Co spec ies i s expected to be 
around 4.1 ]ΐβ ( 42 ) . Thus on bas i s o f the Co phase c o m p o s i t i o n , a 
moment o f 4.1 UR f o r Co i n the alumina and n e g l e c t i n g the c o n t r i b u 
t i o n from C 0 9 S 8 , the magnetic moment o f Co i n Co-Mo-S can be e s t i 
mated by use o f the e x p r e s s i o n : 

V = Σ a. μ? (1) 
i 

where i represen ts Co i n a l l d i f f e r e n t c o n f i g u r a t i o n s . In F i g . 4 we 
have shown the i n v e r s e s u s c e p t i b i l i t i e s o f c a t a l y s t s w i t h d i f f e r e n t 
Co/Mo r a t i o s and i n Table I I the r e s u l t i n g average magnetic moments 
o f the c a t a l y s t s are g i v e n together w i t h the c a l c u l a t e d moments f o r 
Co-Mo-S. 

Table I I . Magnetic moments a t room temperature o f Co-Mo/AI2O3 C a t a -
l y s t s 

C a t a l y s t Co phase d i s t r i b u t i o n (a t %) Magnetic moments ( P R ) 
Co/Mo Co:Al203 C 0 9 S 8 Co-Mo-S u t o t a l μ C o - M o - S 

O.09 11+4 0+4 89+4 2.05 1.41-1.80 

O.27 15+5 0+4 85+5 1.95 O.74-1.54 

1.19 8+4 73+4 20+4 1.52 1.35-2.61 

2 .09 1.12 -

For each Co:Mo r a t i o , an i n t e r v a l i s g iven f o r the d e r i v e d mo
ment o f the Co atoms i n Co-Mo-S, as c a l c u l a t e d from the es t imated 
u n c e r t a i n t i e s o f the Co phase d i s t r i b u t i o n s . The i n t e r v a l s are wide 
but o v e r l a p p i n g w i t h an average va lue o f around 1.4 μ g per Co atom. 
I t i s seen tha t a l though the content o f Co i n the alumina fo r a l l 
the c a t a l y s t s i s very s m a l l i t g i v e s r i s e to the l a r g e s t c o n t r i b u 
t i o n to the observed moment. There fo re , the u n c e r t a i n t i e s i n the 
magnetic moment o f Co i n Co-Mo-S (see Table I I ) are mainly d e t e r 
mined by the u n c e r t a i n t y i n the de te rmina t ion o f the content o f Co 
i n a lumina . 

The magnetic moment o f the unsupported c a t a l y s t (pure Co-Mo-S 
phase) i s temperature dependent, and i t s room temperature va lue i s 
s u b s t a n t i a l l y sma l l e r than tha t found i n the supported c a t a l y s t s . 
These r e s u l t s suggest tha t the e l e c t r o n d e r e a l i z a t i o n and exchange 
e f f e c t s are more important fo r Co-Mo-S i n the unsupported c a t a l y s t s 
than i n the supported c a t a l y s t s . A p o s s i b l e e x p l a n a t i o n f o r t h i s be
h a v i o r i s the presence o f support i n t e r a c t i o n s . Such i n t e r a c t i o n s 
may i n v o l v e oxygen b r idges between the Mo atoms i n Co-Mo-S and the 
a lumina . The presence o f such oxygen l i g a n d s i n the M 0 S 2 s t r u c t u r e , 
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0 100 200 300 Κ 

Figure 3. Magnetic susceptibility (left scale; cgs units per 
gram atom Co) and effective moment (right scale; Bohr magnetons) 
versus temperature for an unsupported Co-Mo HDS catalyst 
exhibiting Co-Mo-S as the only Co phase (295 data points are 
shown). 
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Figure 4. Inverse magnetic susceptibility (cgs units gram atom 
Co) versus temperature for a series of sulfided C0-M0/AI2O3 
catalysts with different Co/Mo ratios. 
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which i s a serai-conductor, may very well alter i t s electronic and 
magnetic properties in a way that i t becomes less conductive. This 
may result in less electron derealization and thus in a higher mo
ment of the Co atoms present in the alumina supported Co-Mo-S phase. 
It i s also possible that in the alumina supported catalysts, which 
have the highest M0S2 dispersion, Mo3+ or Mô + species may con
tribute to the observed moment. 

Exposure of the catalysts to even small traces of oxygen leads 
to large increases in the observed magnetic moment. In agreement 
with previous MES (9, 11) and EXAFS studies (15, 16), this shows 
that the Co edge atoms easily coordinate to oxygen. This result also 
implies that i t i s important to carry out in situ studies of 
Co-Mo-S. 
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15 
Preparation and Properties of Cobalt Sulfide, Nickel 
Sulfide, and Iron Sulfide 

D. M. PASQUARIELLO, R. KERSHAW, J. D. PASSARETTI1, K. DWIGHT, and A. WOLD2 

Department of Chemistry, Brown University, Providence, RI 02912 

Co9S8, Ni3S2, and Fe7S8 were prepared as single-phase 
polycrystalline materials by heating the appropriate 
metal sulfates in a controlled mixture of H 2 and H2S 
at low temperature. The products were characterized 
by x-ray diffraction, thermogravimetric analysis, and 
magnetic susceptibility measurement. The x-ray 
diffraction pattern and field dependent magnetic 
susceptibility of Fe7S8 were affected by the thermal 
history of the sample. The observed differences can 
be related to the vacancy ordering associated with 
ferrimagnetic Fe 7 S 8 . 

The transition metal sulfides CogSg, N13S2 and FeySg have been 
identified as possible promotors in hydrodesulfurization catalysts. 
However, the actual catalysts are amorphous, and discrete sulfide 
phases have never been observed in γ-Αΐ2θ3 supported systems within 
the composition range of commercial catalysts. 

Since the preparation of CogSg, Ni3S2,and FeySg is d i f f i c u l t to 
achieve by direct combination of the elements, a low temperature 
synthesis involving the treatment of anhydrous sulfates in a 
controlled H 2 / H 2 S atmosphere was developed at Brown University (1). 
Since magnetic susceptibi l i ty appears to be capable of 
distinguishing the various members of the Fe-S, Co-S and Ni-S 
systems (2-4), i t was decided to characterize the low temperature 
single-phase products by magnetic susceptibi l i ty measurements as 
well as x-ray diffraction analysis. 

Delafosse, et a l . (S), have shown that sulfides of nickel and 
cobalt can be prepared by heating their anhydrous sulfates in a 
stream of H 2 / H 2 S at low temperatures. However, the experimental 
conditions for obtaining pure N13S2 and CogSg were not specified. 
It has been shown (2), (6) that both CogSg and N13S2 permit l i t t l e 
variation from ideal stoichiometry. For both compounds, there is no 
observable variation in the latt ice parameter as determined from 
x-ray analyses, and magnetic measurements of CogSg have confirmed 
i t s narrow homogeneity range. 
1Current address: Exxon Research & Engineering Company, Annandale, ΝJ 08801 
2Author to whom correspondence should be directed. 

0097-6156/85/0279-0247$06.00/0 
© American Chemical Society 
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S y n t h e t i c samples of the low temperature phase o f FeySg have 
been prepared by L o t g e r i n g (4) and magnetic measurements confirmed 
the work of o ther i n v e s t i g a t o r s (7-9) tha t the spontaneous magnetism 
of FeySg represents a f e r r i m a g n e t i c s t r u c t u r e which i s based upon an 
o r d e r i n g of i r o n vacanc i e s . Th i s can be represented by the formula 
Fe4[Fe3 Q ]Sg. I f t h i s model i s c o r r e c t , then randomiza t ion of the 
vacanc ies should a f f e c t markedly the observed magnetic behav io r . 

Exper imenta l S e c t i o n 

P r e p a r a t i o n of Samples. The s u l f i d e s CogSg, N13S2, and FeySg were 
prepared by t r e a t i n g p r e - d r i e d s u l f a t e s a l t s of c o b a l t , n i c k e l , and 
i r o n w i t h a mixture H2 and H2S i n a v e r t i c a l r e a c t o r (F igure 1) a t 
325°C f o r FeySg, and 525°C f o r CogSg and N13S2. Cobal t and n i c k e l 
s u l f a t e s were d r i e d i n i t i a l l y a t 135°C.; p r e l i m i n a r y d r y i n g of f e r r i c 
s u l f a t e was unnecessary. A f t e r placement of the s u l f a t e i n the 
r e a c t o r tube, the system was purged w i t h n i t r o g e n , and a d r y i n g s tep 
f o l l o w e d . A f t e r one hour o f d r y i n g under a n i t r o g e n f l o w , the 
d e s i r e d f low r a t e s f o r H2 and H2S were s e l e c t e d and a l lowed to 
e q u i l i b r a t e . At t h i s p o i n t , the temperature was e l eva ted to ensure 
complete r e a c t i o n . For both CogSg and N13S2, the r e a c t o r tube was 
removed from the furnace a t the end of the r e a c t i o n and a i r quenched 
to room temperature. The quenched samples of FeySg were prepared i n 
a s i l i c a r e a c t o r tube ( f i t t e d w i t h a Vycor f r i t ) which was cooled 
r a p i d l y w i t h i c e water a t the end of the r e a c t i o n . An annealed 
sample of FeySg was prepared by hea t ing the quenched product i n a 
sea led evacuated s i l i c a tube f o r two weeks at 300°C. The tube was 
a l lowed to reach room temperature o v e r n i g h t . S low-cooled samples of 
FeySg were prepared by lower ing the temperature o f the r e a c t o r from 
325°C to 175°C at a r a t e o f l ° C / m i n . The r e a c t o r tube was then 
removed from the furnace and a l lowed to reach room temperature. For 
a l l the syntheses , once the r e a c t o r tube reached room temperature, 
the system was purged w i t h n i t r o g e n before the samples were 
removed. 

The exper imenta l c o n d i t i o n s f o r the p r epa ra t i on of CogSg, N13S2, 
and FeySg are g iven i n Table I . 

C h a r a c t e r i z a t i o n of Samples. Powder d i f f r a c t i o n pa t te rns of the 
samples were obta ined w i t h a P h i l i p s d i f f r a c t o m e t e r u s ing 
monochromated h i g h - i n t e n s i t y CuKai r a d i a t i o n (λ = 1.5405A). For 
q u a l i t a t i v e i d e n t i f i c a t i o n o f the phases p resen t , the pa t t e rns were 
taken from 12° < 2Θ <72° w i t h a scan r a t e of 1° 26/min and a char t 
speed o f 30 i n / h r . The scan r a t e used to o b t a i n x - r a y pa t te rns f o r 
p r e c i s i o n c e l l constant de te rmina t ion was O.25° 26/min w i t h a char t 
speed o f 30 i n / h r . C e l l parameters were determined by a 
l ea s t - squa res refinement of the r e f l e c t i o n s . 

The c r y s t a l l i t e s i z e was determined by the Scher re r method, and 
a shape f a c t o r o f O.9 was a p p l i e d (10) . A computer program was used 
to d i g i t i z e the s e l e c t e d x - r a y (slow scan) peaks and determine the 
peak w i d t h . 

Thermogravimetr ic a n a l y s i s was performed f o r each m a t e r i a l u s ing 
a Cahn e l e c t r o b a l a n c e (Model RG). Each s u l f i d e was f i r s t heated i n 
a stream of oxygen and then reduced to the metal i n a stream of 
85%Ar-15%H 2. 
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Magnetic data were obta ined over the temperature range 80-300K 
u s i n g a Faraday balance equipped w i t h a Cahn e l ec t roba l ance (Model 
RG). Measurements were performed at f i e l d s t rengths between 6.2 and 
10.4 kOe. The balance was c a l i b r a t e d us ing p la t inum wire (xg = 
O.991 χ 1 0 " 6 emu/g at 273K) as a s tandard ; temperatures were 
measured w i t h a Ga-As d iode . The core diamagnetic c o r r e c t i o n was 
not a p p l i e d to these measurements because of the l a rge u n c e r t a i n t y 
i n the magnitude o f the c o r r e c t i o n r e l a t i v e to the s u s c e p t i b i l i t y o f 
the m a t e r i a l s s t u d i e d . 

R e s u l t s and D i s c u s s i o n 

Pure C09S3 i s d i f f i c u l t to prepare by d i r e c t combinat ion of the 
e lements . S u l f u r d e f i c i e n t products ( l e s s than 47.06 atomic percent 
s u l f u r ) conta ined f ree c o b a l t , as i n d i c a t e d by the presence of the 
(111) r e f l e c t i o n of cub ic c o b a l t , which i s i n agreement w i t h 
L i n d q u i s t (12 ) . I t has been shown tha t such samples show a magnetic 
s u s c e p t i b i l i t y which i s s t r o n g l y f i e l d dependent. The magnetic data 
f o r s t o i c h i o m e t r i c C09S3 showed a f i e ld - independen t s u s c e p t i b i l i t y 
c o n s i s t e n t w i t h P a u l i paramagnetism, and the observed value o f O.85 
χ 1 0 " 6 emu/g i s i n reasonable agreement w i t h the r e s u l t s o f Knop 
(13) . 
S t o i c h i o m e t r i c samples o f CogSg can best be prepared by hea t ing 
c o b a l t s u l f a t e i n a stream of H 2 / H 2 S at 525°C. Whereas i t takes 
almost two weeks to o b t a i n C09S3 by the d i r e c t combinat ion of the 
e lements , pure s ing le -phase products can be obta ined from the 
s u l f a t e i n s i x hours . 

N13S2 and FeySg are a l s o d i f f i c u l t to prepare by d i r e c t 
combina t ion . K u l l e r u d and Yund (6) reac ted n i c k e l and s u l f u r f o r 
168 hours a t 500°C., and L o t g e r i n g (4) annealed FeySg f o r one month 
a t 270°C. The technique f o r hea t ing s u l f a t e s i n a c o n t r o l l e d H 2 / H 2 S 
atmosphere i s the re fore a r a p i d method f o r o b t a i n i n g homogeneous 
s ing le -phase products o f s u l f i d e s which r e s i s t p r epa ra t i on by other 
methods. 

X - r a y and thermogravimetr ic ana lyses o f the products are g iven 
i n Table I I . C e l l constants o f a = 9.930(2) f o r CogSg and a = 
5 .738(2 ) , c = 7.126(2) f o r N i 3 S 2 correspond w i t h those repor ted 
p r e v i o u s l y (13-14) . The r e l a t i v e c r y s t a l l i t e s i z e s are a l s o g iven 
i n Table I I . 

Table I I . X - r a y and TGA A n a l y s i s 

C e l l C r y s t a l l i t e % Meta l % Meta l 
S u l f i d e Parameters S i z e ( A ) Obs. C a l c . 
CogSg a = 9.930(2) 380 67.0(2) 67.4 

N i 3 S 2 
a = 5.738(2) 400 73.1(2) 73.3 
c = 7.126(2) 

(quenched) a = 3.447(2) 290 60.4(2) 60.4 
FeySg c = 5.747(2) 
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The magnetic s u s c e p t i b i l i t y was found to be f i e l d independent 
f o r both C09S3 and N 1 3 S 2 . Th i s i n d i c a t e s the absence o f any 
fer romagnet ic i m p u r i t y . In a d d i t i o n , the s u s c e p t i b i l i t i e s f o r both 
of these m a t e r i a l s are temperature independent, and t h e i r r e s p e c t i v e 
va lues o f 1 . 3 x l 0 ~ 6 and O.6xl0~6 emu/g are c o n s i s t e n t w i t h P a u l i 
paramagnetism. 

The c e l l constants g iven i n Table I I f o r a quenched sample o f 
FeySg, a = 3.447(2) and c = 5.747(2)A correspond to the va lues 
repor ted by E r d , et a l . , (15) f o r the hexagonal p s e u d o c e l l . The 
x - r a y pa t t e rn o f an annealed FeySg y i e l d s d-spacings which 
correspond to those repor ted by E r d , et a l . , (L5) and c a l c u l a t e d 
from the monoc l i n i c s u p e r l a t t i c e repor ted by Tokanami, et a l . (16 ) . 
These d-values are compared i n Table I I I . I t can be seen tha t 
annea l ing of FeySg samples generates an ordered monoc l i n i c c e l l . A 
sample o f FeySg was slow cooled a t l °C /min from 325°C to 175°C and 
then quenched to room temperature. The r e s u l t i n g x - r a y d i f f r a c t i o n 
p a t t e r n showed the onset o f o r d e r i n g , as i n d i c a t e d by the appearance 
of some of the s u p e r l a t t i c e peaks. 

Magnetic s u s c e p t i b i l i t y measurements were a l s o able to f o l l o w 
the o r d e r i n g process i n FeySg. Quenched samples from 325°C showed 
f i e l d independent magnetic s u s c e p t i b i l i t y , whereas the annealed 
sample i n d i c a t e d s t rong f i e l d dependency. The r e s u l t s o f these 
s tud i e s are shown i n F igure 2. Here the i n t e r c e p t g ives the 
magnitude o f the s u s c e p t i b i l i t y o f a sample, and the s lope i s 
p r o p o r t i o n a l to i t s spontaneous magne t i za t ion . 

Ber tau t (8) d i scussed the f e r r i m a g n e t i c behavior o f n a t u r a l l y 
o c c u r r i n g FeySg samples i n terms of the o r d e r i n g of i r o n vacanc ies 
as w e l l as o f s p i n s . In t h i s s tudy , the quenched FeySg shows a 
temperature independent s u s c e p t i b i l i t y from l i q u i d n i t r o g e n to room 
temperature, which i s c o n s i s t e n t w i t h a random d i s t r i b u t i o n of i r o n 
v a c a n c i e s . The observed magnitude of 2 5 x l 0 ~ 6 emu/g f o r the 
s u s c e p t i b i l i t y o f the quenched sample i s what would be a n t i c i p a t e d 
f o r an ant i - fe r romagnet w e l l below T^. Observa t ion o f f i e l d 
dependency f o r annealed samples of FeySg c o i n c i d e s w i t h the 
appearance of s u p e r l a t t i c e l i n e s i n the x - r a y d i f f r a c t i o n p a t t e r n s . 

Summary 

The treatment of the s u l f a t e s a l t s o f c o b a l t , n i c k e l , and i r o n w i t h 
a c o n t r o l l e d mixture o f H 2 and H 2 S a t low temperatures y i e l d e d 
CogSg, N i 3 S 2 , and FeySg. The s u l f i d e s prepared here were 
c h a r a c t e r i z e d by x - r a y d i f f r a c t i o n , magnetic s u s c e p t i b i l i t y , and 
thermogravimetr ic a n a l y s i s . The method of p r e p a r a t i o n was found to 
y i e l d s i n g l e phase m a t e r i a l s which were f ree o f fer romagnet ic 
i m p u r i t i e s . CogSg and N i 3 S 2 e x h i b i t e d temperature independent 
magnetic s u s c e p t i b i l i t y which i s c o n s i s t e n t w i t h P a u l i 
paramagnetism. 

The f i e l d dependent magnetic s u s c e p t i b i l i t y measurements f o r 
FeySg were s e n s i t i v e to the thermal h i s t o r y of the sample. Annealed 
samples showed s t rong f i e l d dependent behavior ( i . e . , l a rge 
spontaneous m a g n e t i z a t i o n ) , whereas quenched samples d i d n o t . 
S low-cooled samples e x h i b i t e d l e s s f i e l d dependent behavior than the 
annealed samples which i n d i c a t e d l e s s o r d e r i n g of the v a c a n c i e s . 
These observa t ions are c o n s i s t e n t w i t h the Ber tau t model f o r vacancy 
o r d e r i n g i n f e r r i m a g n e t i c FeySg. 
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Table III. Diffraction Data for FeySg Samples 

Monoclinic Calc • (b) 
Quenched Annealed Superlattice Superlattice 

5. ,79 5. 75 5. 75 
5. 29 5. 27 
4. 72 4. 68 

3. ,11 3. 13 
2.98 2. ,97 2. 97 2. 97 
2.87 2. ,85 2. 84 2. 85 

2. ,70 2. 70 2. 74 
2.64 2. ,64 2. 64 2. 64 

2. ,52 2. 55 
2. ,42 2. 36 

2. ,27 2. ,25 
2, ,21 2. ,21 2. ,23 
2. .15 2. ,16 2. ,15 

2.07 2, .06 2. ,06 2. ,06 
2. .01 2. .01 

1. .971 1. .973 
1, .946 1, .954 

1. .911 1, .914 1, .917 
1.720 1, .717 1, .717 1, .717 

1. .630 1, .632 1, .631 
1.614 1. .604 1, .606 1, .600 

1. .561 1, .565 
1.491 1. .498 1.496 
1.478 1, .487 1.488 1.488 
1.442 1, .442 1 .439 1 .438 

1.430 1 .424 1 .424 
1.325 1, .320 1 .320 1 .317 
1.296 1, .289 1 .286 1 .289 
(a)Reference 15 
(b)Reference 16 
NOTE: Because of the complexity of the structure, unambiguous 

assignment of the Miller indices at high 2Θ values is not 
possible from powder data. 
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P A S Q U A R I E L L O E T A L . Preparation of Co9S8, Ni3S2, and Fe7S8 
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F igure 2. Magnetic s u s c e p t i b i l i t y versus r e c i p r o c a l f i e l d f o r 
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Zeolite Chemistry in Catalysis 

JACQUES C. VEDRINE 

Institut de Recherches sur la Catalyse, Albert Einstein, 69626 Villeurbanne, France 

The importance of molecular sieves catalysts in 
industrial catalysis has increased significantly over 
the past two decades. To date, a l l commercial 
applications of zeolite catalysts have involved 
acidic zeolites, particularly the ultra stable rare 
earth Y-type zeolite used in the catalytic cracking 
processes. Recent investigations of zeolite chemistry 
have revealed some particular features of both basic 
and acidic zeolites and have opened the new field of 
improved fuel processing. The new chemical evidence 
has raised the possibil ity that physico-chemical 
features play a role in catalysis. A large effort has 
therefore been devoted to the shape-selectivity 
properties of such materials. Moreover, increasing 
interest has been focussed recently on the 
understanding of crystallization of zeolites during 
synthesis, in the synthesis of new zeolites and in 
the chemical modifications of zeolites with the 
objective of expanding the applications of such 
materials. 

The word zeolite stems from the Greek "zeo" (boiling) and "litos" 
(stone) meaning a material able to eliminate large amounts of water 

when heated. More than forty different structures of zeolites have 
been identified while grea progress has been gained in synthetic 
zeolites, particularly by Linde and Mobil . 

Zeolites are usually alumino s i l icates with a general formula 

M D (Al S i , 0 N 0 o ), mHo0 χ y x+2y n-(x+2y) 2n ' 2 

where M and D cĵ esignajje respectively a mono-(H+, Na + , K + , cjt. .) or 
a divalent (Ba , Mg , Ca , . . . ) cation. They are formed of A10. 

0097-6156/85/0279-0257$06.00/0 
© 1985 American Chemical Society 
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and S i O , t e t r a h e d r a bonded t o g e t h e r v i a the oxygen atoms and 
assembled i n such such a way to c o n s t i t u t e c a v i t i e s , cages a n d / o r 
c h a n n e l s l e a d i n g t o a r e g u l a r l a t t i c e . The ca t i ons compensate the 
negat ive charge born by A l due to i t s f o u r f o l d c o o r d i n a t i o n . 

The d e h y d r a t i o n o f these m a t e r i a l s makes vo id volume a v a i l a b l e 
to molecules whose shape and s i z e have to be c o m p a t i b l e w i t h the 
s i z e o f the c a v i t i e s and p o r e s . The diameter o f these c a v i t i e s or 
pores depends on the type of z e o l i t e and v a r i e s from O.4 nm ( L i n d e 
type A) to O.75 nm ( L i n d e - Y ) which corresponds t y p i c a l l y to the s i z e 
o f molecules and i s expressed i n the word "molecular s i e v e " given to 
such m a t e r i a l s . I t f o l l o w s t h a t d i f f u s i v i t i e s o f r e a g e n t s o r 
products o f ten p l a y a de te rmin ing r o l e i n c a t a l y s i s . This holds t rue 
p a r t i c u l a r l y i n shape s e l e c t i v i t y f ea tu res . 

In F igure 1 examples o f s t r u c t u r e o f some z e o l i t e s are g i v e n 
t o p i c t u r e some t y p i c a l s p a t i a l a r rangements o f c h a n n e l s , 
c a v i t i e s , e t c . 

In T a b l e s I and I I a re r e p o r t e d the d imensional p r o p e r t i e s o f 
c u r r e n t z e o l i t e s w i t h s p e c i a l emphas is on the t r i - o r 
m o n o - d i m e n s i o n a l i n t e r c o n n e c t i o n s be tween c a g e s , c a v i t i e s o r 
channels which a l l o w more o r l e s s the t r a f f i c o f r eagen t a n d / o r 
p r o d u c t m o l e c u l e s t h r o u g h the z e o l i t i c n e t w o r k . On the b a s i s o f 
pore s i z e , z e o l i t e s can be c l a s s i f i e d i n t h r e e groups : the l a r g e 
pore z e o l i t e s , w h i c h show twelve-merabered r i n g s (such as mordenite 
and f a u j a s i t e ) , the i n t e r m e d i a t e pore z e o l i t e s w i t h 10-membered 
r i n g s ( s u c h as Z S M - 5 , Z S M - 1 1 , f e r r i e r i t e ) and the s m a l l pore 
z e o l i t e s w i t h 8-membered r i n g s ( such as e r i o n i t e , A , c h a b a z i t e , 
Z K - 5 ) . The s i z e o f the pores o r c a v i t i e s are comparable to the 
c r i t i c a l molecu la r d imens ions f o r some h y d r o c a r b o n s as shown i n 
Table I I I . 

A z e o l i t e framework bears a net negat ive charge per u n i t c e l l 
e q u a l t o the number o f t e t r a c o o r d i n a t e d A l i t c o n t a i n s . T h i s 
n e g a t i v e charge i s compensated by c a t i o n s as d i scussed above. These 
c a t i o n s are exchangeable w h i c h a l l o w s one to i n t r o d u c e a d e s i r e d 
c a t i o n . They are no t l o c a t e d i n the framework at l a t t i c e atom 
p o s i t i o n but are loca ted i n some def ined s i t e s w i t h i n the c a v i t i e s 
or cages. Such l o c a t i o n s could be c h a r a c t e r i z e d by X - r a y d i f f r a c t i o n 
s t u d i e s and were designated for Y type z e o l i t e as S .̂ (cent re o f the 
h e x a g o n a l p r i s m ) , S^ f and S , w i t h i n the s o d a l i t e cage (near the 
hexagonal pr ism and near the window toward the s u p e r c a g e , r e s the 
s o d a l i t e cage ( n e a r the hexagonal pr ism and near the window toward 
the s u p e r c a g e , r e s p e c t i v e l y ) and i n the large cage ( O . I t was 
t hus i n t e r e s t i n g to determine the l o c a t i o n of exchanged ca t i ons and 
i t was o b s e r v e d t h a t d e h y d r a t i o n or o u t g a s s i n g r e s u l t s i n a 
m i g r a t i o n of the c a t i o n s from S J T or S T T , s i t e s towards inner s i t e s 

under ambient a tmospheres and t e m p e r a t u r e s i s one o f the most 
s t r i k i n g features o f z e o l i t e m a t r i c e s . 

as S o r S such c a t i o n s 
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F i g . l : S t r u c t u r e s o f some p e c u l i a r z e o l i t i c frameworks. 
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Table I . Pore structure of some z e o l i t e s . 

Z e o l i t e s Size of channels (nm) I n t e r c o n n e c t i o n 
system 

Chabazite 8 O.36x0.37 3 D 
E r i o n i t e 8 O.36x0.52 3 D 
Fa u j a s i t e (X, Y ) jj2 O.74 3 D 
F e r r i e r i t e 10 O.43x0.55 <r* 8 O.34x0.48 1 D 
ZK-5 8 O.39 3 D 
Linde A 8" O.41 3 D 
Linde L 12 O.71 1 D 
ZSM-11 10 O.51x0.55 3 D 
ZSM-5 10 O.54x0.56 «-> 10 O.51x0.55 3 D 
Mordenite Ζ 12 O.67x0.70 «-> 8 O.29x0.57 1 D 
O f f r e t i t e Î2 O.64 (ID) <r* 8 O.36x0.52 (2D) 
Rho V O.39x0.51 " 3 D 

The underlined numbers correspond to the number o f 0 i n the r i n g 
o p e n i n g . 1 D, 2 D, 3 D r e p r e s e n t s the dimension of the i n t e r -
connecting system. 

Table I I . Size of c a v i t i e s of some z e o l i t e s 

Z e o l i t e s Type of c a v i t i e s free dimension 
(nm) 

Chabazite 20-hedron O.65 X 1.1 
E r i o n i t e 23-hedron O.63 X 1.3 
Fa u j a s i t e (X, Y ) S o d a l i t e O.66 

Supercage (26-hedron) 1.18 
O f f r e t i t e 14-hedron O.60 X O.74 
Sodalite Sodalite cage O.66 
ZK-5 18-hedron O.66 X 1.08 

26-hedron 1.14 
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Table I I I , C r i t i c a l molecu la r s i z e s 

Molecules C r i t i c a l diamter Chain length 
(nm) (nm) 

n - p a r a f f i n s 

i s o - p a r a f f i n s 

aromatics 
benzene 
toluene 
p-xylene 

o- ,m-xylene 
1,3,5-trimethy1-benzene 
1 ,3 ,5 - t r i e thy l -benzene 
1 ,3 ,5 - t r i i sop ropy l -benzene 
1,2,4,5-tetramethyl-benzene 
1,2,3,5-tetramethyl-benzene 

naphtalene 

O.47 O.53 
O.47 O.65 
O.47 O.78 
O.47 1.03 
O.47 1.53 
O.54 

O.68 O.34 
O.68 O.34 
O.68 O.34 - O.40 
O.74 O.34 - O.40 
O.84 O.34 - O.40 
O.92 O.34 - O.40 
O.94 O.34 - O.40 
O.74 O.34 - O.40 
O.86 O.34 - O.40 
O.69 O.4 

A q u e s t i o n w h i c h o b v i o u s l y a r i s e s when a l k a l i exchangeable 
c a t i o n s from the syn thes i s are exchanged by other ca t i ons i s to know 
i f the l a t t e r c a t i ons are a l l at exchangeable l o c a t i o n s or i f a par t 
o f them i s not i n such l o c a t i o n s and the re fore may form an o c c l u d e d 
compound. I t was f o r ins tance shown (4) tha t for c a l c i n e d Mg-Y and 
Ca-Y z e o l i t e s (Tr600°C) a par t o f the Mg and Ca ca t i ons forms s m a l l 
p a r t i c l e s o f MgO and CaO. X ray d i f f r a c t i o n was unable to evidence 
such s m a l l p a r t i c l e s bu t ESR t e c h n i q u e o f ) ^ - i r r a d i a t e d samples 
c l e a r l y showed t h e i r presence. Another example can be found i n the 
Rh-exchanged z e o l i t e s by u s i n g Rh s a l t s o f d i f f e r e n t s i z e ( a m i n e s , 
c h l o r i d e s . . . ) fo r z e o l i t e s o f d i f f e r e n t pore s i z e s . I t was shown by 
XPS (5) ( a n a l y s i s o f the Rh / (S i+Al ) r a t i o s vs the chemical c o n t e n t ) 
tha t f a c i l e u s ing Rh s a l t s o f d i f f e r e n t s i z e (amines, c h l o r i d e s . . . ) 
f o r z e o l i t e s o f d i f f e r e n t pore s i z e s . I t was shown by XPS (5) 
( a n a l y s i s o f the R h / ( S i + A l ) r a t i o s vs the chemical content) that 
f a c i l e exchange occured i n the l a rge-pore z e o l i t e s Y and m o r d e n i t e . 
Rh i o n s were found i n the c h a n n e l s and on the s u r f a c e o f the 
medium-pore z e o l i t e s ZSM-34 ( o f f r e t i t e - t y p e ) , ZSM-5 and ZSM-11 
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sugges t ing that both exchange and surface h y d r o l y s i s occured . On the 
s m a l l pore z e o l i t e s ( e r i o n i t e , A , Z K - 5 ) s u r f a c e h y d r o l y s i s was 
m a i n l y o b s e r v e d w i t h s u r f a c e Rh d e p o s i t i o n o f a R h - o x y - h y d r o x y 
hydrate complex. 

R e d u c i b l e c a t i o n s may be r educed f o r i n s t a n c e under 
atmosphere at 300°C r e s u l t i n g i n m e t a l l i c p a r t i c l e s wh ich may be 
encaged i n s i d e the z e o l i t e c a v i t i e s ( u s u a l l y free diameter <|> <lnm) 
or may migra te at the surface o f the z e o l i t e g ra ins or be trapped i n 
defec t s or broken c a v i t i e s for m e t a l l i c p a r t i c l e s i z e s l a r g e r than 1 
nm ( 6 ) . M a n y s t u d i e s on P t , P d , Rh, I r p a r t i c l e s (6*8) on z e o l i t e s 
have been c a r r i e d out w i t h the aim to p r e p a r e a n a r r o w s i z e 
d i s t r i b u t i o n of very s m a l l m e t a l l i c p a r t i c l e s and to s t u d y t h e i r 
p r o p e r t i e s . 

Chemistry of Z e o l i t e s 

The i n t r a c r y s t a l l i n e channel cav i ty -po re -cage system i n z e o l i t e s i s 
surrounded by the l a t t i c e and therefore i s submitted to the z e o l i t e 
c r y s t a l f i e l d . T h i s r e s u l t s i n s o l v e n t - l i k e and even 
e l e c t r o l y t e - t y p e p r o p e r t i e s . One has seen above how ca t ions cou ld be 
e a s i l y e x c h a n g e a b l e . I t may a l s o e x i s t an i n t e r a c t i o n between any 
o c c l u d e d i o n i c compound and the z e o l i t i c f ramework. S a l t s , 
e s p e c i a l l y s a l t s o f u n i v a l e n t anions , have been shown to penetrate 
the z e o l i t e s t r u c t u r e and f i l l the a v a i l a b l e space even i f the 
o p e n i n g s o f the c a v i t i e s (as the O ^ - r i n g o f O.24 nm i n s i z e i n 
s o d a l i t e cage o f Y z e o l i t e ) i s s m a l l e r t han the s i z e o f the a n i o n 
( C 1 0 ^ , NO^ f o r i n s t a n c e ) . The i n t e r e s t i n g f e a t u r e i s then the 
enhanced thermal s t a b i l i t y o f the occluded s a l t . 

A p a r t i c u l a r l y important r e a c t i o n i n z e o l i t e s generates a c i d i c 
OH groups a t t a c h e d to framework c a t i o n s w h i c h are d i r e c t l y 
r e s p o n s i b l e for a c i d i c behav iour . The i r a c i d i c features i n c l u d e the 
nature o f the s i t e s , t h e i r s t reng th and d i s t r i b u t i o n i n s t r e n g t h , 
t h e i r c o n c e n t r a t i o n and are c h a r a c t e r i z e d by many methods (90 such 
as IR s p e c t r o s c o p y , TPD, NMR, m i c r o c a l o r i m e t r y , Hammet t ' s 
i n d i c a t o r s , e t c . 

I o n i z a t i o n e f f e c t s have a l s o been shown i n the case o f 
o c c l u s i o n o f a l k a l i metals or gases. For ins tance a l k a l i metals were 
r e p o r t e d (10) t o r educe NaX and NaY z e o l i t e s . Sodium ions capture 
the e l e c t r o n + f r o m t h e + o c c l u d e d a l k a l i atoms forming i n the l a rge 
c a v i t i e s Na^ and Na. i o n i z e d ensembles r e s p e c t i v e l y as evidenced 
and c h a r a c t e r i z e d by ESR. T r a n s i t i o n m e t a l i o n s at exchangeab l e 
c a t i o n l o c a t i o n s may be e a s j ^ y " s o l v a t e d " r e s u l t i n g i n c a t i o n i c 
c o m p l e x e s . Fo r i n s t a n c e ^ Cu ions may^jreact w i t h NH^ or p y r i d i n e 
g i v i n g r i s e to Cu(NH~)^ o r C u ( p y r . ) ^ complexes w i t h i n the 
z e o l i t e c a v i t i e s ( 1 1 ) . T e r t a i n t r a n s i t i o n metal ions may a l so i o n i z e 
NO o r NO. m o l e c u I ê T s , f o r m i n g e l e c t r o n t r a n s f e r complexes such as 
(12-13) : 

C u ^ - Y + NO -> (Cu*-N0*)-Y 
N i - Y + NO .» ( N i -NO ) -Y 

A l l t h e se r e a c t i o n s a l t h o u g h , e n d o t h e r m i c (=: 500 k J . m o l *) 
occur at moderate temperature, d e m o n s t r a t i n g the h i g h a f f i n i t y o f 
z e o l i t e s for i o n i c s p e c i e s . 
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T r a n s i t i o n metal i o n may be reduced or o x i ^ z e d i n z e o l i t e s to 
unusual o x i d a t i o n s t a t e . For ins tance Pd and £d cou ld be observed 
i n Y - t y p e z e o l i t e by reduc ing or o x i d i z i n g Pd ( 1 4 ) . N i ions (d ) 
c o u l d a l s o be formed f o r i n s t a n c e i n N i Ca -Y z e o l i t e reduced at 
200°C by hydrogen. React ions o f such ions w i t h CO, 0^, NO at ambient 
t empera tu re r e s u l t i n N i ( l ) complexes c h a r a c t e r i z e d by ESR and 
U V - v i s . spec t roscopies ( 1 5 ) . 

T r a n s i t i o n metal ions complexes may be entrapped i n t o z e o l i t i c 
c a v i t i e s . Moreover a d e s i r e d complex may be d i r e c t l y s y n t h e s i z e d 
i n t o the z e o l i t e c a v i t i e s . F o r ins tance R h ( I I I ) ions i n Y - z e o l i t e 
a re c o n v e r t e d by CO i n t o a R h ( l ) d i c a r b o n y l complex at 2100 and 
2040 cm ) as e v i d e n c e d by IR and XPS techniques (lbV. Rh (CO) 
R h ^ ( C O ) , I r 6 ( C O ) 1 6 and Ir^(CO) are p o t e n t i a l l y a c t i v e c a t a l y s t s 
for r e ac t i ons such as hydro fo rmyla t ion o f o l e f i n s , h y d r o g é n a t i o n o f 
o l e f i n s and aromat ics , e t c . I m m o b i l i z a t i o n o f these c l u s t e r s i n t o a 
z e o l i t e m a t r i x i s e x p e c t e d to i n c r e a s e t h e i r s t a b i l i t y toward 
a g g r e g a t i o n . When Rh exchanged Y z e o l i t e was r e a c t e d w i t h COrH^ 
equiraolecular mix tu re at 130°C under 80 b a r s , R h ^ ( C O ) ^ was shown to 
be formed and e n t r a p p e d w i t h i n the c a v i t i e s whereas s u b l i m e d 
Rh (CO) ^ was shown not to enter the same c a v i t i e s but to s i t on the 
e x t e r n a l surface (18 ) . These Rh and I r ca rbonyl compounds e n t r a p p e d 
w i t h i n the z e o l i t e s e x h i b i t e d i n t e r e s t i n g c a t a l y t i c p r o p e r t i e s fo r 
ins tance i n the hydro fo rmyla t ion o f 1-hexene ( 1 9 ) . To da te however 
t h e i r c a t a l y t i c behaviour i s not good enough to i n d u s t r i a l l y r ep l ace 
the w e l l known homogeneous p r o c e s s e s . F u r t h e r work i n t h a t f i e l d 
r ema ins o f i m p o r t a n c e i n the f u t u r e , p a r t i c u l a r l y when one i s 
l o o k i n g f o r the h e t e r o g e n e i z a t i o n o f homogeneous c a t a l y t i c 
p rocesses . 

Z e o l i t e C a t a l y s i s 

A c i d i c C a t a l y s i s . The i n t e r e s t of z e o l i t e s i n c a t a l y t i c r e a c t i o n s 
has appeared i n the e a r l y s i x t i e s w i t h the obse rva t ion that sma l l 
q u a n t i t i e s o f z e o l i t e s i n c o r p o r a t e d i n s i l i c a - a l u m i n a and 
s i l i c a - c l a y m a t e r i a l s s i g n i f i c a n t l y improve the p r o p e r t i e s o f 
p e t r o l e u m c r a c k i n g c a t a l y s t s ( 1 9 ) . The r e s u l t i n g savings to the 
i n d u s t r y amounts to over s e v e r a l ~ i l l i o n s d o l l a r s a yea r . 

Another p roper ty of z e o l i t e s i s the h i g h c o n v e r s i o n r a t e s i n 
the channel system. I t was a l so observed that w i th d i f f e r e n t s p a t i a l 
c o n f i g u r a t i o n s o f channels , c a v i t i e s , windows , e t c , the c a t a l y t i c 
p r o p e r t i e s are changed and the s e l e c t i v i t y o r i e n t a t e s toward l e s s 
b u l k y molecules due to l i m i t a t i o n i n v o i d volume near the a c t i v e 
s i t e s o r to r e s i s t a n c e to d i f f u s i v i t y . T h i s f e a t u r e termed 
s h a p e - s e l e c t i v i t y , was f i r s t proposed by McBain (20) demonstrated 
e x p e r i m e n t a l y by W e i s z e t a l (21) and reviewed r e c e n t l y ( 2 2 ) . For 
i n s t a n c e CaA z e o l i t e was observed to g ive s e l e c t i v e dehydra t ion o f 
n-butanol i n the presence o f more bu lky i - b u t a n o l (23) wh i l e CaX non 
s e l e c t i v e z e o l i t e c o n v e r t e d bo th a l c o h o l s . In a mix ture o f l i n e a r 
and b r a n c h e d p a r a f f i n s , the c o m b u s t i o n o f the l i n e a r ones was 
s e l e c t i v e l y o b s e r v e d on P t / C a A z e o l i t e ( 2 4 ) . Moreover, s e l e c t i v e 
c r a c k i n g o f l i n e a r p a r a f f i n s was obta ined from petroleum reformate 
streams r e s u l t i n g i n an improvement of the octane number known to be 
h i g h e r f o r b r anched p a r a f f i n s and f o r a r o m a t i c s than for l i n e a r 
p a r a f f i n s . Shape s e l e c t i v i t y u s u a l l y combines a c i d i c s i t e s w i t h i n 
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the z e o l i t e pore s t r u c t u r e w i t h the s p a t i a l a r rangement and 
i n t e r c o n n e c t i o n o f the c h a n n e l s and c a v i t i e s . I n d u s t r i a l 
a p p l i c a t i o n s o f z e o l i t e s are summarized i n Table I V . 

Table IVο Main commercial processes i n v o l v i n g z e o l i t e s 

Process C a t a l y s t Bene f i t 

C a t a l y t i c c r a c k i n g 

Hydrocrack ing 

Toluene d i s p r o p o r -
t i o n a t i o n 

A l k y l a t i o n o f 
aromatics 

Xylene i s o m e r i -
z a t i o n 

De wax i n g 

Se lec to forming 

RE-Y, US-Y 

Co, Mo, W, N i 
on f a u j a s i t e , 
mordeni te , 
e r i o n i t e 

ZSM-5 

ZSM-5 

ZSM-5 

Ni /ZSM-5 

N i / e r i o n i t e 

High convers ion ra te 

High convers ion ra te 

Methanol to gaso l ine ZSM-5 

I n c r e a s e i n p - x y l e n e 
y i e l d 

I n c r e a s e i n p - x y l e n e 
y i e l d . I n c r e a s e i n 
e t h y l - b e n z e n e y i e l d . Low 
by-product formation 

Increase i n p-xylene 
y i e l d . Low by-product 
y i e l d 

Increase i n octane number 

Increase i n octane number 
LPG produc t ion 

H i g h y i e l d o f g a s o l i n e 
w i t h h igh octane number 

B a s i c C a t a l y s i s . The c a t a l y t i c p r o p e r t i e s o f a l k a l i z e o l i t e s 
f r e e o f a c i d i c s i t e s have been i n v e s t i g a t e d for the c r a c k i n g o f 
hexanes ( 2 5 , 2 6 ) . At 500°C K-Y z e o l i t e c racks e a s i l y n-hexane and 
i t s i s o m e r s r e s u l t i n g i n product d i s t r i b u t i o n s markedly d i f f e r e n t 
from those o b t a i n e d ove r a c i d i c z e o l i t e s o r even by t h e r m a l 
c r a c k i n g ( p y r o l y s i s ) . Free r a d i c a l - t y p e mechanism predominates on 
the z e o l i t e su r f ace . The r e l a t i v e r a t e s o f H atom a b s t r a c t i o n 
( b i m o l e c u l a r ) and β - s c i s s i o n (un imolecu la r ) are g r e a t l y a f fec ted 
by the z e o l i t e m a t r i x . Z e o l i t e s a l s o c o n c e n t r a t e h y d r o c a r b o n 
r e a c t a n t s w i t h i n the c r y s t a l , w h i c h enhances the r a t e o f 
b i m o l e c u l a r r e a c t i o n s t e p . Compar i son w i t h s i l i c a l i t e ( A l - f r e e 
ZSM-5 z e o l i t e ) and q u a r t z c h i p s has been done i n o r d e r t o 
c h a r a c t e r i z e the z e o l i t i c e f f e c t . S i l i c a l i t e behaves as i n e r t 
q u a r t z c h i p s w i t h no e f f e c t on the r a t e o f Η - a b s t r a c t i o n s tep , 
i . e . no e f f e c t on t h e r m a l c r a c k i n g r e a c t i o n . I t f o l l o w s t h a t 
a l k a l i i o n s i n K-Y z e o l i t e s p lay a r o l e i n the r a t e o f β - s c i s s i o n 
wh i l e the z e o l i t e m a t r i x i t s e l f has on ly a concen t r a t i on e f f e c t . 
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Synthesis of z e o l i t e s . The chemistry of the synthesis of such 
materials i s very complicated and not well understood . The 
crystallization of such solids involves f i r s t the polymerization 
of s i l i c a t e anions in the solution mixture which depends on the 
pH, on the OH /^O ratio, on the reactant relative concentration, 
on the stirring, on the temperature, etc. Usually synthesis occurs 
under pressure. The synthesis conditions (concentrations of 
reactants, temperature, pH, duration of synthesis ...) result in 
dif f e r e n t sizes and morphologies of z e o l i t i c grains and in 
homogeneous or heterogeneous Al d i s t r i b u t i o n along the z e o l i t i c 
framework and along the grains. It follows that c a t a l y t i c 
properties, particularly shape selectivity, and aging by coking, 
are greatly influenced by such differences. For instance high 
Si/Al ratios and monomeric Na s i l i c a t e in the mother solution 
result in small ZSM-5 microcrystallites while Al rich ingredients 
and polymeric s i l i c a y i e l d large c r y s t a l s (27) . There i s a 
competitive interaction between alkali and organic cations with 
the alumino-silicate polymeric anions. 

The use of organic cations has opened a new f i e l d in the 
synthesis of new zeolites ( 28-30). These cations are thought to 
increase the solubility of the sili c a t e and aluminate ions and to 
arrange the water molecules in a template-like fashion . Using 
tetramethylammonium cations X + and Y type z e o l i t e s + were 
synthetized. Alkylammonium (R^N ), alkylphosphonium (R^P ) and 
other organic complexes were also used. More recently the use of 
tetrapropylammonium and tetrabutylammonium cations resulted in the 
formation of new zeolites designated ZSM-5 (31 ) and ZSM-11 (32) 
respectively by Mobil. Their interconnecting channels (see Fig. 1) 
present a very interesting spatial configuration because of their 
structure (no c a v i t i e s ) , the limited size of the channels 
( Ξ O.55 nm) and the three dimensional t r a f f i c of molecules. The 
limited size of the product hydrocarbons (C with η < 10) results 
in low coking and deactivation rates in methanol conversion 
reactions (33) . This i s a c h a r a c t e r i s t i c of selective zeolites 
(34). 

Modification of Zeolites. The purpose of any modification is to 
improve catalytic properties. The most common modification is the 
dealumination of zeolites which has been shown to increase 
c r y s t a l l i n e thermal s t a b i l i t y . Three dealumination procedures can 
be used (35) : chemical dealuminat ion, thermal or hydrothermal 
dealumination and combination of thermal and chemical 
dealuminations. 

i . The c h e m i c a l d e a l u m i n a t i o n (36) may occur under chemical 
treatment. A suitable reagent in solution (acids, salts, 
chelating agents) or in the vapor phase (SiCl^) may be used. 
Hydrochloric acid, chromium chloride, ammonium fluorosilicate 
( 3J3 ) , EDTA (3^7), ace t y l ace tone (38) have been employed 
of ten.The aluminum is extracted from the lattice, leaving a 
nest of hydroxyl groups. Further calcination at temperatures 
as high as 500 or 600°C eliminates these hydroxyl groups and 
presumably leads to silicon transport to f i l l the vacancies 
formed (39) or even leads to a reconstruction of the lattice, 
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S i atoms r e p l a c i n g the m i s s i n g A l atoms ( 4 0 ) . A n o v e l 
d e a l u m i n a t i o n p r o c e d u r e was used by Beye r e t a l ( 4 1 ) . I t 
c o n s i s t s on h igh temperature (~ 500°C) r e a c t i o n o f the z e o l i t e 
w i t h a v o l a t i l e compound, namely S i C l , v a p o r . Framework 
s u b s t i t u t i o n o f S i from S i C l , f o r A l t a k e s p l ace , wh i l e the 
r e s u l t i n g A1C1 i s v o l a t i l i z e d . M o r d e n i t e was t hen l e s s 
d e a l u r a i n a t e d (2b %) t h a n f a u j a s i t e Y (SiO : A l ^ from 5 to 
46 ) , presumably because of a l i m i t e d a c c e s s i b i l i t y to S i C l ^ . 

i i . Hydrothermal Treatment : the samples are h e a t e d at 
6 0 0 - 7 0 0 ° C under f l o w s a t u r a t e d w i t h water vapor . A l atoms 
are e x t r a c t e d from the l a t t i c e w h i l e an A l - 0 compound i s 
d e p o s i t e d i n the c a v i t i e s o r channe l s . The s t r u c t u r e g f t h i s 
A l - 0 compound i s unknown. Species such as A 1 ( 0 H ) , A l (42) 
hydroxy aluminum a c i d (43) e t c , have been suggested. 

i i i . Hydrothermal and Chemical Treatments : ve ry h igh ex ten ts 
o f d e a l u m i n a t i o n can be r eached by c a r r y i n g out s u c c e s s i v e 
h y d r o t h e r m a l and chemica l t rea tments . The chemical reagent i s 
of ten h y d r o c h l o r i c a c i d w h i c h d i s s o l v e s the A l - 0 compound 
formed us ing hydrothermal t rea tment . Opera t ing s eve ra l t imes i n 
such a c y c l i c way, a l lows one to o b t a i n h i g h l y dealuminated and 
h i g h l y s t ab le raordenites (44,45) and f a u j a s i t e s ( 4 6 ) . 

These d e a l u m i n a t i o n procedures r e s u l t i n A l d e f i c i e n t z e o l i t e s 
of the h igh thermal s t a b i l i t y . In the case o f f a u j a s i t e Y , the so 
c a l l e d u l t r a - s t a b l e Y z e o l i t e ( U S - Y ) i s used as a c a t a l y s t f o r 
c r a c k i n g c a t a l y s i s ( 4 7 ) . I t was repor ted that the t o t a l a c i d i t y o f 
(48) A l - d e f i c i e n t zeoTTtes was l e s s than that o f the parent z e o l i t e 
bu t w i t h s t r o n g e r a c i d i c s i t e s ( 4 9 ) . F o r mordeni te , t h i s a c i d i t y 
d e c r e a s e s l i n e a r l y w i t h A l con ten t (50, 5 1 ) . However c a l o r i m e t r i c 
measurement o f the NH^ heat o f adsorp t ion has shown that when the 
t o t a l number o f a c i d i c s i t e s decreases r e g u l a r l y wi th dea lumina t ion , 
as c o u l d be reasonably expected, the s t reng th of the s t ronges t a c i d 
s i t e s i s enhanced ( 5 2 ) . 

I t c o u l d a l s o happen that a m i l d a c i d dea lumina t ion r e s u l t s i n 
a more a c t i v e m a t e r i a l t han the p a r e n t z e o l i t e . I t was t hen 
s u g g e s t e d t h a t the a c i d t r e a t m e n t has e i t h e r removed amorphous 
m a t e r i a l s w i t h i n the channels l ower ing the d i f f u s i o n r e s i s t a n c e or 
generated s t ronger a c i d s i t e s , which enhanced the c a t a l y t i c a c t i v i t y 
or even b o t h . I t i s i n t e r e s t i n g to note that a s t rong d e a l u m i n a t i o n 
o f a m o r d e n i t e from L a Grande P a r o i s s e u s i n g the above c y c l i c 
p r o c e d u r e r e s u l t s i n a m a t e r i a l c a p a b l e o f p r e f e r e n t i a l l y 
c o n v e r t i n g methanol i n t o propene w i t h a h igh c a t a l y s t l i f e time and 
l i m i t e d c o k i n g ( 4 5 ) . I t i s s u g g e s t e d t h a t the low a c i d i t y o f the 
m a t e r i a l p r e v e n t s p o l y c o n d e n s a t i o n o f p ropene , p a r t i c u l a r l y to 
a l k y l a t e d aromat ics , which are precursors o f coke fo rmat ion . 

Thermal dea lumina t ion a l so tends to decrease the e f f e c t i v e pore 
diameter e i t h e r by shrinkage o f the u n i t c e l l a n d / o r by g e n e r a t i n g 
amorphous m a t e r i a l s i n the z e o l i t e c h a n n e l s . T h i s r e s u l t s i n an 
increase o f the r e s i s t a n c e to d i f f u s i v i t y and an i n c r e a s e d shape 
s e l e c t i v i t y . This has opened seve ra l new p o t e n t i a l a p p l i c a t i o n s for 
z e o l i t e ma t r i ces w i t h c o n t r o l l e d s e l e c t i v i t y . 
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C h e m i c a l M o d i f i e at i o n s o f Z e o l i t e s . Some chemical t reatments may 
m o d i f y the z e o l i t e mate r 1TÎ w i thou t dea lumina t ion . The purpose o f 
such t reatments i s e i t h e r to d i s s o l v e some amorphous m a t e r i a l s 
l o c a t e d w i t h i n the c h a n n e l s o r c a v i t i e s as d i scussed above or to 
incorpora te some c h e m i c a l compound on to a c t i v e s i t e s w i t h i n the 
c h a n n e l s o r c a v i t i e s o r even to a r t i f i c i a l l y in t roduce amorphous 
compound or b u l k y ca t i ons i n t o the z e o l i t e pores or channels . In the 
l a t t e r two cases i t i s purposedly d e s i r e d to reduce the pore volume 
or the pore mouth r e s u l t i n g i n l a r g e r d i f f u s i v i t y r e s i s t a n c e and, 
s u b s e q u e n t l y , produce d i f f e r e n t c a t a l y t i c p r o p e r t i e s . In the l a t t e r 
case the a c t i v e s i t e s may o r may no t be m o d i f i e d but the shape 
s e l e c t i v i t y i s expected to be enhanced by c o a t i n g the inner w a l l s o f 
the pore and t h e r e b y i n c r e a s e r e s i s t a n c e to d i f f u s i v i t y . Fo r 
i n s t a n c e i n the case of ZSM-5 type z e o l i t e many compounds o f Ρ (53, 
5 5 ) , Mg ( 5 3 ) , Β ( 5 6 ) , Z n , Sb, S i . . . (57) have been in t roduced , 
r e s u l t i n g i n an improvement o f s e l e c t i v e para-xylene format ion by 
toluene a l k y l a t i o n w i t h m e t h a n o l . When a phosphorus compound i s 
in t roduced u s ing seve ra l Ρ compounds e . g . t r i m e t h y l p h o s p h i t e , i t was 
shown by XPS, m i c r o c a l o r i m e t r y and i r techniques (55) t ha t , f i r s t l y , 
the Ρ compound entered the channels and d i d not p lug or depos i t on ly 
on the o u t e r s u r f a c e o f the z e o l i t e g r a i n s and s e c o n d l y the Ρ 
compound p a r t i a l l y n e u t r a l i z e d the c a t a l y t i c a l l y a c t i v e a c i d i c 
h y d r o x y l groups. The Ρ oxygenated compound was suggested (55) to be 
a t t a c h e d to l a t t i c e oxygen and to l a y w i t h i n the z e o l i t e channe l s . 
This r e s u l t e d i n an enhanced r e s i s t a n c e to d i f f u s i v i t y and a b e t t e r 
y i e l d i n p a r a - x y l e n e w i t h r e s p e c t to the o ther isomers i n toluene 
a l k y l a t i o n r e a c t i o n wi th methanol ( 55 ) . 

E f f e c t o f the S i z e o f the Ze ο 1 i t e Gr a i n s : E f f e c t ^ on Shape 
S e l e c t i v i t y P'rOpeVt'ies ~~ 

When r e f e r i n g to shape s e l e c t i v i t y p r o p e r t i e s r e l a t e d to 
d i f f u s i v i t y , i t seems obvious that the l a r g e r the z e o l i t e g r a i n , 
the h i g h e r w i l l be the v o l u m e / s u r f a c e r a t i o s and the shape 
s e l e c t i v i t y , s ince the r e a c t i o n w i l l be more d i f f u s i o n c o n t r o l l e d . 
The e x t e r n a l surface area represents d i f f e r e n t percents o f the t o t a l 
z e o l i t e area d e p e n d i n g on the s i z e o f the g r a i n s w h i c h c o u l d be 
i m p o r t a n t i f the a c t i v e s i t e s at the e x t e r n a l surface a l so p l ay a 
r o l e i n the s e l e c t i v i t y . Fo r i n s t a n c e i n the case o f t o l u e n e 
a l k y l a t i o n by m e t h a n o l , the e x t e r n a l surface ac id s i t e s w i l l favor 
the t h e r m o d y n a m i c a l e q u i l i b r i u m due to i s o m e r i z a t i o n r e a c t i o n s 
(o :m:p-xylene = 25:50:25 at 400 e C) w h i l e d i f f u s i v i t y r e s i s t a n c e w i l l 
favor the l e s s b u l k y isomer namely the pa ra -xy l ene . I t may therefore 
be u s e f u l to n e u t r a l i z e the e x t e r n a l surface a c i d i t y e i t h e r by some 
b u l k y b a s i c molecules or by t e r m i n a t i n g the s y n t h e s i s w i t h some A l 
free l aye r s o f s i l i c e o u s z e o l i t e . 

The concep t o f molecu la r shape - se l ec t i ve c a t a l y s i s i s based on 
the a c t i o n o f c a t a l y t i c a l l y a c t i v e s i t e s i n t e r n a l to the z e o l i t i c 
framework, to d i f f u s i v i t y r e s i s t a n c e e i t h e r to reac tan t molecules or 
to product molecules or to both and to v o i d l i m i t a t i o n to r e a c t i o n 
i n t e r m e d i a t e s . T h i s i m p l i e s an i n t i m a t e i n t e r a c t i o n be tween the 
shape, s i z e and c o n f i g u r a t i o n o f the m o l e c u l e s and the d i m e n s i o n , 
geometry and t o r t u o s i t y o f the channels and cages o f the z e o l i t e . 
Severa l types o f e f f e c t s e x i s t : 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

13
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
27

9.
ch

01
6

In Solid State Chemistry in Catalysis; Grasselli, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



268 SOLID STATE C H E M I S T R Y IN CATALYSIS 

i . R e a c t a n t S e l e c t i v i t y o c c u r s i f o n l y a p a r t o f the reac tan t 
molecules i s able t o e n t e r and to d i f f u s e f r e e l y w i t h i n the 
z e o l i t e s t r u c t u r e and therefore to r eac t on the i n t e r n a l a c t i v e 
s i t e s wh i l e more b u l k y molecules do not enter and do not r e a c t . 
T h i s p r o p e r t y i s used for shape - se l ec t i ve c a t a l y t i c c r a c k i n g , 
hyd roc rack ing and se l ec to fo rming s ince l i n e a r molecules w i l l be 
p r e f e r e n t i a l l y cracked w i t h respect to branched m o l e c u l e s . 

i i . P r o d u c t S e l e c t i v i t y occurs i f reac tan t molecules can enter 
f r e e l y i n t o the z e o l i t e framework but from the p r o d u c t 
molecules the l e s s b u l k y ones d i f f u s e much more f r e e l y than the 
o ther m o l e c u l e s . This aspect i s important for the p roduc t ion o f 
p a r a - a r o m a t i c compounds and for the r e s i s t a n c e to d e a c t i v a t i o n 
by cok ing of z e o l i t e s . 

i i i . R e s t r i c t e d T r a n s i t i o n - S t a t e M o l e c u l a r Shape S e l e c t i v i t y i s 
observed when l o c a l c o n f i g u r a t i o n c o n s t r a i n s t s a t the a c t i v e 
s i t e s p reven t or decrease the occurence p r o b a b i l i t y o f a g iven 
t r a n s i t i o n s t a t e ( e . g . b i m o l e c u l a r ) o f r e a c t i o n i n t e r m e d i a t e 
and t h e r e f o r e m o d i f y the usual r e a c t i o n mechanism. This ho lds 
t r u e p a r t i c u l a r l y f o r a c i d type r e a c t i o n s s i n c e t e r t i a r y 
c a r b o n i u m i o n are more e a s i l y formed than secondary and much 
more than pr imary i o n s . Shape s e l e c t i v i t y may then c o m p l e t e l y 
change t h i s chemical behav ior and even reverse the o r d e r . 

T h i s e f f e c t i s p r e sumab ly r e s p o n s i b l e o f the low y i e l d i n 
b y - p r o d u c t s i n x y l e n e i s o m e r i z a t i o n ( n e a r - a b s e n c e o f 
t r a n s a l k y l a t i o n ) and i s r a the r b e n e f i c i a l i n i n d u s t r i a l p rocesses . 

The e f f e c t o f the c r y s t a l s i z e on shape s e l e c t i v i t y p r o p e r t i e s 
o f z e o l i t e s has been n i c e l y demonstrated by researchers at M o b i l for 
ZSM-5 z e o l i t e ( 5 3 , 55 -59) . Many examples can be found i n r e f . 21^ 
22 , 60 , 6 1 . Shape s e l e c t i v i t y o b v i o u s l y increases w i t h the s i z e o f 
the g ra ins s ince the path length o f the molecules i n c r e a s e s . 

Table V . Toluene a l k y l a t i o n by methanol at 400°C. (62) 

Z e o l i t e H-ZSM--5 H-ZSM-•11 

g r a i n s i z e (um) O.3 O.5-1 1-3 O.4-O.8 O.6-1.2 4-8 ** 
1-3 

* 
Toluene convers ion 
% xylenes 

19 
80 

16 
88 

21 
86 

26 
80 

25 
81 

23 
81 

20 
80 

para-xylene 
meta-xylene 
o r tho -xy lene 

32 
49 
19 

52 
37 
11 

62 
27 
11 

32 
43 
25 

25 
53 
22 

38 
43 
19 

58 
30 
12 

WHSV - 5 h 
* . 

CH^OH : To luene = 1:4 m o l a r l e a d i n g to a maximum convers ion or 
to luene o f 25 %. Methanol i s t o t a l l y conver t ed . 

w e l l c r y s t a l l i z e d t w i n n e d c r y s t a l s k i n d l y supp l i ed by P . Jacobs 
(Leuven) . 
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The e f f e c t o f g r a i n s i z e i s not always observed e x p e r i m e n t a l l y . 
Tab le V r e p o r t s some d a t a about the a l k y l a t i o n o f t o l u e n e w i t h 
methanol as a func t ion o f the g r a i n s i z e o f ZSM-5 and ZSM-11 z e o l i t e 
samples. I t c l e a r l y appears tha t , as expected, a h igher s e l e c t i v i t y 
to p a r a - x y l e n e i s obta ined when the g r a i n s i z e of the ZSM-5 z e o l i t e 
i n c r e a s e s . T h i s does no t seem to h o l d t r u e f o r Z S M - 1 1 , samples 
p r e p a r e d i n our l a b o r a t o r y . However , a d e t a i l e d h i g h r e s o l u t i o n 
e l e c t r o n microscopy (HREM) study o f the morphology of the gra ins has 
shown (631) that : 

i . our ZSM-5 samples are m a i n l y s i n g l e c r y s t a l type or twinned 
c r y s t a l s , 
i i . our ZSM-11 samples are i ndeed formed o f aggregates o f t i n y 
p a r t i c l e s (10-50 nm i n s i z e ) as shown by c a r e f u l HREM a n a l y s i s o f 
t h i n s ec t ions o f the g r a i n s . 

I t f o l l o w s t h a t our ZSM-11 samples p r e s e n t a c t u a l l y a much 
h ighe r a c t u a l surface to b u l k r a t i o o f z e o l i t e m a t e r i a l than ZSM-5 
samples for the same "apparent" g r a i n s i z e . This r e s u l t i s supported 
by an i n t e n s e IR band at 3740 cm due to t e rmina l s i l a n o l groups 
for ZSM-11 samples at the surface of the t i n y p a r t i c l e s at v a r i a n c e 
w i t h ZSM-5 c r y s t a l s w h i c h . p resen t o n l y a weak band. The low shape 
s e l e c t i v i t y o f ZSM-11 samples for para-xylene formation i s there fore 
due to the morphology of the gra ins (aggregates o f t i n y c r y s t a l s and 
therefore smal le r channel length) r a the r than to the d i f f e r e n c e i n 
c h a n n e l t o r t u o s i t y be tween ZSM-11 and ZSM-5 z e o l i t e s ( F i g . 1) as 
suggested p r e v i o u s l y (64 ) . 

Synthes is οf Novel Z e o l i t e s 

In an a t tempt to s y n t h e t i z e novel z e o l i t e m a t e r i a l s w i t h d i f f e r e n t 
c a t a l y t i c or thermal p r o p e r t i e s , z e o l i t i c s t r u c t u r e s r e l a t e d to 
ZSM-5 z e o l i t e have been o b t a i n e d . The purpose was e i t h e r to get 
b e t t e r c a t a l y t i c performances i n shape s e l e c t i v i t y and r e s i s t a n c e to 
a g i n g o r to overcome M o b i l p a t e n t s . In such a way A l free ZSM-5 
(designated s i l i c a l i t e ) (67) , B-ZSM-5 ( A l rep laced by Β i n b o r a l i t e 
(60) o r b o r o s i l i c a t e s ( 6 J O ) , F e - Z S M - 5 ( A l r e p l a c e d by Fe) ( 6 8 ) 
z e o l i t e s have been p r e p a r e d . A l s o , C r , V , Ge, Z r , T i , . . . were 
repor ted to have been used to r e p l a c e A l o r S i i n z e o l i t e s . Some 
i n t e r e s t i n g improvements i n c a t a l y t i c p r o p e r t i e s have then been 
c l a i m e d . The key ques t ion i s whether or not the s u b s t i t u t e d e lement 
i s the a c t i v e s i t e or i f r e s i d u a l A l i s do ing a l l the work 

Fo r o b v i o u s r e a s o n s much e f f o r t has been d i r e c t e d toward 
i n t r o d u c i n g elements o ther than S i and A l i n t o z e o l i t e s such as A, 
X , Y , mordeni te . One may expect d i f f e r e n c e s i n pore channel and cage 
sys tems and i n the a c t i v e s i t e p r o p e r t i e s . Since z e o l i t e s are o f t en 
considered as a " s o l v e n t " for r eac tan t s because o f e l e c t r i c f i e l d 
f e a t u r e s , one may e x p e c t some m o d i f i c a t i o n s i n such " s o l v e n t " 
p r o p e r t i e s . At the p r e s e n t t ime the b o r a l i t e s seem to have 
i n t e r e s t i n g new p r o p e r t i e s . A decrease i n u n i t c e l l dimensions have 
been o b s e r v e d as a f u n c t i o n o f Β i n c o r p o r a t i o n ( 6 6 - 6 7 ) i n d i c a t i n g 
t h a t Β i s a c t u a l l y i n c o r p o r a t e d i n t o the f ramework, w h i c h was 
supported by MASNMR s tud ie s of B . 
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A l u m i n o p h o s p h a t e z e o l i t e s w i t h i n t e r e s t i n g m o l e c u l a r s ieve 
p r o p e r t i e s have a l so been syn thes ized (69) but the pentavalency and 
t r i v a l e n c y o f Ρ and A l r e s p e c t i v e l y do not r e s u l t i n a supplementary 
n e g a t i v e cha rge as o b s e r v e d i n s i l i c o - a l u m i n a t e z e o l i t e , and 
s u b s e q u e n t l y no a c i d i t y i s e x p e c t e d . However , 
a l u m i n o - s i l i c o - p h o s p h a t e z e o l i t e s w i t h v a r i a b l e A l and Ρ c o n t e n t s 
may w e l l be o f i n t e r e s t i n the fu tu re . 

Conclus ions and future i n c a t a l y s i s 

Z e o l i t e m a t r i c e s have appeared r e c e n t l y to be o f f a s c i n a t i n g 
i n t e r e s t both f o r i n d u s t r i a l and u n i v e r s i t a r y p u r p o s e s . For the 
i n d u s t r y many a p p l i c a t i o n s , p a r t i c u l a r l y for a c i d i c z e o l i t e s , have 
been found sav ing b i l l i o n s o f d o l l a r s each y e a r . For u n i v e r s i t y o r 
b a s i c r e s e a r c h the w e l l def ined s t r u c t u r e of the z e o l i t e m a t e r i a l s 
c o n s t i t u t e s a r e l a t i v e l y s imple m o d e l . The main p r o p e r t i e s o f the 
z e o l i t e s i n c a t a l y s i s a r i s e from (70) 
- the a c i d i t y o f Brbnsted or Lewis type 
- the exchangeab l e c a t i o n s ( n a t u r e , l o c a t i o n , a c c e s s i b i l i t y o f 
c a t a l y t i c a l l y a c t i v e c a t i o n s ) 
- the m e t a l l i c p a r t i c l e s entrapped i n t o the z e o l i t i c c a v i t i e s 
- the s i z e o f the channel , openings and c a v i t i e s , wh ich r e g u l a t e s 
the d i f f u s i v i t y o f r e a c t a n t s o r p r o d u c t s and the s i z e o f the 
in te rmedia te r e a c t i o n c o m p l e x e s , r e s u l t i n g i n "shape s e l e c t i v e " 
p r o p e r t i e s 

The z e o l i t i c framework i n v o l v i n g c h a n n e l s , c a v i t i e s , cages 
i n d u c e s v e r y p e c u l i a r p r o p e r t i e s . Due to l o c a l c r y s t a l and 
e l e c t r i c a l f i e l d p a r t i c u l a r i o n i z a t i o n p r o p e r t i e s are observed w i t h 
a s o l v e n t - l i k e na tu re . 

The c o m m e r c i a l use o f z e o l i t e s depends on t h e i r p r o p e r t i e s 
c o n t r o l l e d by t h e i r s t r u c t u r a l chemis t ry ( t h e i r uses as a d s o r b e n t s 
and no t as c a t a l y t i c m a t e r i a l s are no t d i s cus sed i n t h i s paper) , 
t h e i r a v a i l a b i l i t y and t h e i r c o s t . The la rge g e o l o g i c a l e x p l o r a t i o n 
e f f o r t s f o r z e o l i t e d e p o s i t s t h r o u g h o u t the w o r l d have probably 
r e s u l t e d i n the i d e n t i f i c a t i o n o f a l l z e o l i t i c m a t e r i a l o f 
c o m m e r c i a l s i g n i f i c a n c e . The great improvement i n syn thes i s methods 
has opened a very la rge f i e l d for commercial p roduc t ion of s y n t h e t i c 
z e o l i t e s . The emergence o f new z e o l i t e s , o f new chemical or p h y s i c a l 
m o d i f i c a t i o n s o f " o l d " z e o l i t e s and o f z e o l i t e i o n exchange 
p r o c e s s e s and a p p l i c a t i o n s i s p romis ing for the fu tu re . Note a l so 
that the hydrophobic or h y d r o p h y l i c p r o p e r t i e s o f z e o l i t e s depending 
on t h e i r A l c o n t e n t i s i m p o r t a n t i n c a t a l y s i s f o r i n s t a n c e i n 
m e t h a n o l c o n v e r s i o n r e a c t i o n ( h y d r o p h o b i c i t y i n c r e a s e s w i t h 
d e a l u m i n a t i o n ) . 

The wide p o s s i b i l i t i e s to syn thes ize and/or to modify a l l k inds 
o f z e o l i t e s such as they present channel networks w h i c h d i f f e r by 
t h e i r s p a t i a l d i s t r i b u t i o n ( a l l o w i n g more or l e s s the c i r c u l a t i o n o f 
hydrocarbons) and by t h e i r s i z e , such as they may bear a c t i v e s i t e s 
at d i f f e r e n t l o c a t i o n s ( a c i d i c s i t e s , c a t a l y t i c a l l y a c t i v e 
t r a n s i t i o n meta l i o n s , entrapped m e t a l l i c p a r t i c l e s or c l u s t e r s . . . ) 
make the z e o l i t e future look b r i g h t . At the present time i t 
seems that the z e o l i t e s c o n s t i t u t e an e x c e l l e n t and p r o m i s i n g f i e l d 
o f r e sea rch , where the imag ina t ion and the ideas o f the chemists may 
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f u l l y f ind an area for accomplishment in new z e o l i t e s , in new 
catalytic reactions and in improved catalytic processes. 
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17 
The Hydroisomerization Activity of Nickel-Substituted 
Mica Montmorillonite Clay 

R. A. VAN SANTEN, K.-H. W. RÖBSCHLÄGER, and C. A. EMEIS 

Koninklijke-Shell-Laboratorium, Amsterdam, Shell Research B.V., Badhuisweg 3, Amsterdam-N, 
The Netherlands 

Three-layer sheet aluminosilicates, when exchanged 
into the acidic form, are far less active as hydroiso
merization catalysts than zeolites having a comparable 
surface proton density. However, introducing Ni2+ or 
Co2+ into the octahedral positions of the Al3+ layer 
in synthetic beidellite results in hydroisomerization 
catalysts of an activity similar to that of a zeolite. 
From pyridine poisoning experiments and FT/IR measure
ments it can be concluded that this increased activity 
stems from the increased acidity of the resulting 
NiSMM (Ni-synthetic mica montmorillonite) clay, due to 
reduction of Ni. 
By intercalating the clay with aluminium oligomers 
"pillared" clays of enhanced surface area have been 
synthesized. The increase in catalytic activity with 
enhanced basal surface area indicates that the acidic 
sites are located in the basal plane of the synthetic 
clay particles. 

There has been renewed interest in catalyt ica l ly active clays since 
the report by Swift and Black (1) to the effect that replacement of 
octahedrally coordinated aluminium ions by nickel or cobalt in syn
thetic smectite clays, as done by Granquist (2), results in a new 
type of catalyst, called nickel - (or cobalt-) substituted mica mont
morillonite (Ni(Co)SMM), which is very active in the isomerization 
and cracking of hydrocarbons. 

Its act iv i ty is comparable to that of zeolites, but - because 
of i ts layered structure - i t does not contain the small micropores 
of the zeolite.- Thus this catalyst is a potential alternative to 
zeolites in cases where effects due to pore diffusion have to be 
avoided. 

Earl ier novel c lay- l ike systems consisting of sil ica-alumina-
s i l i c a layers (2:1 layers) with unit c e l l composition (3) : 

[(Al 4 )octa ( A l x S i 8 x ) t e t r a 0 2o (OH,F) 4 ] x " χ NH 4

+ .H 2 0 
with χ about 1.5 were synthesized, which had a much lower act iv i ty . 

0097-6156/85/0279-0275$06.00/0 
© 1985 American Chemical Society 
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The alumina l a y e r , i n which the aluminium ions are i n octahe
d r a l p o s i t i o n s , i s sandwiched between two s i l i c a l aye r s w i th the 
t e t r a h e d r a l s i l i c o n ions p a r t l y rep laced by aluminium i o n s , g i v i n g 
a net nega t ive charge to the 2:1 l a y e r s . Since these systems con
t a i n both m i c a - l i k e (non-wate rswel lab le ) and m o n t m o r i l l o n i t e - l i k e 
l a y e r s , they have been c a l l e d s y n t h e t i c mica m o n t m o r i l l o n i t e , SMM 
(40. A f t e r deammoniation the r e s u l t i n g pro ton g ives SMM i t s a c i d i c 
p r o p e r t i e s . 

Much a t t e n t i o n has been g iven to the h i g h l y a c t i v e N i - s u b s t i t u -
ted mica m o n t m o r i l l o n i t e (Ni-SMM) c l a y s . 

The a c t i v i t i e s o f n o b l e - m e t a l - i m p r é g n a t e d s y n t h e t i c c l a y s for 
the i s o m e r i z a t i o n o f pentane are compared i n Table I . Pd-NiSMM i n 
i t s p r o t o n i c form has been pre-reduced at 350 ° C . 

Table I . Comparison o f the a c t i v i t i e s o f some c l ays 

C l a y 8 Temp. Convers ion k 3 5 0 ( ° C ) C 

(°C) g . g - ^ h - l 

H e c t o r i t e - H a 403 2 2 χ Ι Ο " 4 

B e i d e l l i t e - H a 285 2 8 χ 10~ 3 

N i SMM-H a 250 55 2.133 

Z e o l i t e -

M o r d e n i t e - H 7 b 260 55 O.73 

S t o i c h i o m e t r y : H e c t o r i t e - H 
( S i 8 ) ( M g 5 # 2 2 L i O.48)°20OH2.5F1.5 

S to i ch iome t ry : B e i d e l l i t e - H 
( S i 5 m78A12.22 >AI4O20OH2.5^1.5 

Sto i ch iome t ry : Ni-SMM-H 
( s i 5 . 2 6 A 12 . 7 4 > < A 1 1 . 3 2 N i 4.02 > <>20ΟΗ2. 5 F 1 . 5 

S t o i c h i o m e t r y : Mordeni te -H 
( S i 0 2 / A l 2 0 3 - 17) 

a %w Pd: O.7; surface area 150 m 2 / g ; WHSV = 2 g . g ^ . h " 1 ; H 2 / C 5 -
1.25. 

b %w Pd: O.5; LHSV = 1 m l . m l " 1 . h " 1 ; H 2 / C 5 - 1.81. 
c C a l c u l a t e d r a t e o f C5 convers ion a t 250 °C., E a c t = 25 k c a l / m o l . 

The c l a y s used a l l belong to the c l a s s o f smec t i t e s . Except for 
the NiSMM c l a y t h e i r a c t i v i t i e s are a p p r e c i a b l y sma l l e r than those 
o f the z e o l i t e s . 

The n i c k e l replacement o f A l 3 + ions i n the oc tahedra l l aye r s 
occurs by hydrothermal treatment of a c l a y r e a c t i o n mixture i n which 
pa r t o f the aluminium ions are rep laced by N i 2 + i o n s . I t has been 
found that the n i c k e l ions i n the r e s u l t i n g c l a y occupy oc tahedra l 
p o s i t i o n s , two aluminium ions being r ep laced by three n i c k e l i o n s , 
one n i c k e l i o n occupying an o r i g i n a l l y empty oc tahedra l h o l e . 

Therefore , t h i s new m a t e r i a l i s a mixed d i o c t a h e d r a l - t r i o c t a -
h e d r a l s y n t h e t i c c l a y , i n which the r e l a t i v e amount o f t r i o c t a h e d r a l 
l aye r s i s d i r e c t l y r e l a t e d to the percentage n i c k e l i n the f i n i s h e d 
m a t e r i a l . 
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So f a r , no s a t i s f a c t o r y e x p l a n a t i o n o f i t s h igh c a t a l y t i c a c 
t i v i t y has been g i v e n . An experiment w i t h N i 2 + exchanged on SMM 
r e s u l t e d i n a v e r y poor h y d r o i s o m e r i z a t i o n c a t a l y s t , which i n d i c a t e d 
that the h i g h c a t a l y t i c a c t i v i t y i s due to the presence o f N i 2 + i n 
the c l a y l a t t i c e . However, i t was found tha t the c a t a l y s t i s on ly 
a c t i v e a f t e r r e d u c t i o n of pa r t o f i t s n i c k e l . 

XRD experiments i n d i c a t e weak l i n e s due to reduced m e t a l l i c 
n i c k e l . The c a t a l y t i c a c t i v i t y i s enhanced by impregnat ion o f the 
c a t a l y s t w i th a noble metal which has been found to c a t a l y z e the 
r e d u c t i o n of l a t t i c e n i c k e l ions ( 5 ) . 

Work by Burch (6) and Sohn and Ozaki (7 , 8) i n d i c a t e s that 
h igher d i spe r sed n i c k e l may enter i n t o a s p e c i a l k i n d o f i n t e r a c t i o n 
wi th s i l i c a , l e ad ing to a h i g h i s o m e r i z a t i o n a c t i v i t y . 

Heinerman et a l . (5) found a r e l a t i o n between the amount o f 
reduced n i c k e l and the pentane i s o m e r i z a t i o n r a t e , which suggests a 
m e t a l - c a t a l y z e d r e a c t i o n . 

However, ammonia adso rp t i on experiments i n our l a b o r a t o r i e s (5) 
demonstrated an enhanced a c i d i t y a f t e r r e d u c t i o n (F igure 1 ) , So a 
dua l func t ion mechanism (9, 10) , i n which meta l s i t e s are r e s p o n s i 
b l e for the (de)hydrogenat ion o f (a lkanes) alkenes and a c i d s i t e s 
i somer ize the a lkenes v i a a ca rboca t ion mechanism, may a l s o e x p l a i n 
the h i g h i s o m e r i z a t i o n a c t i v i t y . 

With the a i d o f s e l e c t i v e p y r i d i n e - p o i s o n i n g exper iments , we 
w i l l show that i s o m e r i z a t i o n o f alkanes over NiSMM i s a b i f u n c t i o n -
a l l y c a t a l y z e d r e a c t i o n . 

The format ion o f a c i d i c and m e t a l l i c s i t e s has been i n v e s t i g a 
ted i n d e t a i l a t pressures o f 2 to 5 Torr (O.3-O.6 kPa) a f t e r i n - s i t u 
r e d u c t i o n o f c a t a l y s t samples and by FT- IR i n v e s t i g a t i o n o f p y r i d i n e 
adso rp t i on as a f unc t i on o f temperature. The amounts o f hydrogen 
chemisorbed proved to be pressure- independent under these c o n d i t i o n s . 

The paper w i l l be concluded w i t h a d i s c u s s i o n o f c r o s s l i n k i n g 
experiments o f NiSMM samples w i t h alumina o l igomers . 

Exper imenta l 

C a t a l y s t s 

The NiSMM c a t a l y s t s used were o f the f o l l o w i n g g l o b a l compos i t ion , as 
found from e lementa l a n a l y s i s : 

( A l l e l N Î 4 e 4 0 c t a ( S i 6 . 6 A 1 l , 4 ) t e t r a 02o (OH) 3 # 2 F 0.8 ( N H 4h.4. 
We used the same syn thes i s procedure as d e t a i l e d by Heinerman et a l . 
( 5 ) . 

A t y p i c a l r e a c t i o n mixture used for the p r epa ra t i on o f SMM con
s i s t e d o f 88 g S i 0 2 / A l 2 0 3 (25 % A 1 2 0 3 ) , 67.2 g A l ( i s o p r o p ) 3 , 9.1 g 
N H 4 F , and some water . About 120 g o f whi te product was obta ined 
a f t e r hydrothermal treatment (16 h at 300 °C) and XRD confirmed that 
the product thus formed was pure s y n t h e t i c b e i d e l l i t e . Since 
b e i d e l l i t e i s NiSMM without N i 2 + , i t can a l s o be desc r ibed as 
s y n t h e t i c mica m o n t m o r i l l o n i t e (SMM). The composi t ion of the c l a y 
was : 

( A l 4 ) o c t a ( S i 7 e 3 A l 0 . 7 ) t e t r a 0 2 θ ( 0 Η ) 3 β 2

F 0 . 9 ( Ν Η 4 ) θ . 7 
By r e p l a c i n g par t o f the A l 3 + by N i * + i n the syn thes i s mixture and 
f o l l o w i n g the same procedure a NiSMM c l a y was obtained c o n t a i n i n g N i 
i n the oc t ahed ra l l a y e r . Pt or Pd was exchanged onto the c a t a l y s t s , 
us ing the te traamine c h l o r i d e complexes. 
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ABSORBANCE 

Figure 1. FT/IR spectra of NH3 adsorbed onto NiSMM 
bottom: unreduced 
middle: reduced 
top : a f t e r removal of zero-valent n i c k e l 
. NiSMM was outgassed at 540 °C. Ammonia was adsorbed at 170 °C., 

followed by evacuation at 180 °C (bottom). 
. Then ammonia was removed by outgassing at 540 °C. A f t e r reduc

t i o n i n flowing hydrogen at 440 °C., ammonia was adsorbed as 
described above (middle). 

. Then the NiSMM p e l l e t was outgassed at 540 °C and the reduced 
n i c k e l removed by rea c t i o n with CO at about 120 °C. A f t e r out-
gassing at 540 °C ammonia was adsorbed as described above (top). 
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The samples were d r i e d at 120 °C and c a l c i n e d for O.5 h at 
540 °C., p r i o r to r e d u c t i o n i n f lowing hydrogen at temperatures from 
350 to 450 ° C . 

The XRD p a t t e r n d i s p l a y e d i n F igure 2 c l e a r l y demonstrates the 
l aye red s t r u c t u r e o f the m a t e r i a l ob t a ined . This i s confirmed by 
t r ansmis s ion e l e c t r o n m i c r o s c o p i c s tud ies (21 ) . 

I somer i za t i on Experiments 

The c a t a l y t i c experiments were performed i n a conven t iona l m ic ro f low 
r e a c t o r , us ing a few grams o f 30-80 mesh c a t a l y s t p a r t i c l e s . The 
r e a c t i o n products were analyzed o n - l i n e by GLC w i t h a 100-m squalane 
c a p i l l a r y column. 

In f ra red Experiments 

In f ra red spec t ra o f p y r i d i n e adsorbed onto Pd-NiSMM and Pd-SMM were 
recorded a t room temperature w i t h a D i g i l a b FTS 15 C F o u r i e r t r a n s 
form i n f r a r e d spect rometer . 

Hydrogen Chemisorpt ion 

The chemisorp t ion o f hydrogen was 
at room temperature and pressures 
i n - s i t u r e d u c t i o n o f the c a t a l y s t 
chemisorbed proved to be p re s su re -
Resu l t s 

s t ud i ed i n a v o l u m e t r i c apparatus 
o f 2 to 5 Torr (O.3-O.6 kPa) a f t e r 
samples. The amounts o f hydrogen 
independent under these c o n d i t i o n s 

Hydro i somer i za t i on o f P a r a f f i n s 

In t h i s s e c t i o n we present exper imenta l evidence for a b i f u n c t i o n a l 
a lkane i s o m e r i z a t i o n mechanism obta ined by s e l e c t i v e po i son ing o f 
the a c i d i c s i t e s o f Pd-NiSMM w i t h p y r i d i n e , which was p u l s e - i n j e c t e d 
i n t o the l i q u i d hydrocarbon feed stream. The p o s s i b i l i t y o f a d d i 
t i o n a l po i son ing o f the m e t a l l i c s i t e s was checked by s tudy ing the 
h y d r o g é n a t i o n of benzene and the i s o m e r i z a t i o n and r i n g opening o f 
methylcyclopentane (MCP). 

The i s o m e r i z a t i o n o f n-hexane at 250 °C., 26 ba r . a ^ / h y d r o c a r 
bon (HC) molar r a t i o o f 22 .4 , and a WHSV o f 3.3 g . g - l . t T 1 over f resh 
Pd-NiSMM l ed to a convers ion o f 56 %, almost wi thout c r a c k i n g . This 
i s o m e r i z a t i o n a c t i v i t y was t o t a l l y and i r r e v e r s i b l y destroyed a f t e r 
i n j e c t i o n o f about 10^1 molecules p y r i d i n e per g Pd-NiSMM. Benzene 
h y d r o g é n a t i o n over the poisoned c a t a l y s t (260 °C., 26 ba r , H 2 / H C = 25) 
showed tha t the h y d r o g é n a t i o n f u n c t i o n o f the c a t a l y s t was s t i l l 
a c t i v e enough to hydrogenate benzene t o t a l l y to cyclohexane, i n d i c a 
t i n g that the m e t a l l i c s i t e s had on ly been p a r t i a l l y poisoned , i t a t 
a l l . 

Since benzene h y d r o g é n a t i o n was s t i l l i n e q u i l i b r i u m over 
p y r i d i n e - p o i s o n e d NiSMM, we s t u d i e d the convers ion o f MCP to de t e r 
mine the e f f e c t o f p y r i d i n e on the a c i d i c and metal s i t e s . Under the 
c o n d i t i o n s chosen, the main r e a c t i o n of MCP i s i s o m e r i z a t i o n to 
cyclohexane (CH). In a d d i t i o n , MCP can undergo r i n g opening, which 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

13
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
27

9.
ch

01
7

In Solid State Chemistry in Catalysis; Grasselli, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



280 SOLID STATE C H E M I S T R Y IN CATALYSIS 

may proceed e i t h e r a c i d - c a t a l y z e d or m e t a l - c a t a l y z e d . A d i s t i n c t i o n 
between these mechanisms can e a s i l y be made, s ince a c i d - c a t a l y z e d 
r i n g opening o f MCP leads to the s e l e c t i v e formation of n-hexane 
(11) , wh i l e m e t a l - c a t a l y z e d r i n g opening o f MCP leads e i t h e r to the 
formation o f ma in ly methylpentanes (MP) or to a s t a t i s t i c a l cleavage 
o f a l l r i n g bonds, depending on the meta l and the s t a t e o f the metal 
(12) . 

The r e a c t i o n s o f MCP at about 300 °C are d i s p l a y e d i n F igure 3. 
The i n i t i a l CH/(CH-MCP) r a t i o shown i n d i c a t e s that e q u i l i b r i u m i s o 
m e r i z a t i o n convers ion i s ob t a ined . The second c l a s s o f products 
found are about 4 % hexanes, r e s u l t i n g from r i n g opening. The 
n-hexane/ iso-hexanes r a t i o found i s O.4. Since t h i s agrees n e i t h e r 
w i t h a c i d - c a t a l y z e d nor w i t h m e t a l - c a t a l y z e d r i n g opening, i t i n d i 
cates a secondary i s o m e r i z a t i o n o f the p r i m a r i l y formed r i n g opening 
products or a c o n t r i b u t i o n o f both mechanisms. I somer i za t ion i s 
t o t a l l y and i r r e v e r s i b l y poisoned by means o f s e v e r a l p y r i d i n e 
p u l s e s , wh i l e r i n g opening goes through a minimum and reaches the 
former l e v e l aga in when po i son ing i s d i s c o n t i n u e d . The r a t i o o f 
2-MP/3-MP/n-hexane i s now 1 0 : 8 : 1 , which i s s i m i l a r to the r a t i o 
repor ted i n the l i t e r a t u r e for m e t a l - c a t a l y z e d r i n g opening o f MCP 
over N i (13, 14) . Therefore , i t i s concluded that MCP r i n g opening 
over NiSMM i s c a t a l y z e d by the meta l s i t e s , which are r e v e r s i b l y 
poisoned by p y r i d i n e , wh i l e i s o m e r i z a t i o n i s c a t a lyzed by the a c i d i c 
s i t e s , which are i r r e v e r s i b l y poisoned by p y r i d i n e . F igure 4 n e a t l y 
shows the r e p r o d u c i b i l i t y o f the r e v e r s i b l e po i son ing o f the m e t a l -
c a t a l y z e d MCP r i n g opening over NiSMM. Having shown the importance 
o f the a c i d i c s i t e s o f NiSMM for i s o m e r i z a t i o n and i n v i ew o f the 
prev ious f i n d i n g that metal s i t e s are a l s o r equ i r ed for alkane i s o 
m e r i z a t i o n over NiSMM (5), we conclude that t h i s r e a c t i o n fo l lows a 
b i f u n c t i o n a l mechanism. 

The A c i d i c S i t e s 

F T / I R measurements o f adsorbed NH3 on NiSMM c a t a l y s t s have shown 
that the number of s i t e s , most p robably Br^nsted s i t e s , increases 
due to N i r e d u c t i o n (.5). This suggests that the newly formed a c i d i c 
s i t e s are r e s p o n s i b l e for the inc reased a c t i v i t y o f NiSMM compared 
w i t h e . g . , b e i d e l l i t e , i n which no N i 2 + i s s u b s t i t u t e d for A l 3 + i n 
the oc t ahedra l s i t e s . The newly formed s i t e s should then be h i g h l y 
a c i d i c . In order to v e r i f y t h i s statement we have s t ud i ed the t he r 
mal de so rp t ion of p y r i d i n e from Pd-NiSMM before and a f t e r r e d u c t i o n , 
by means o f F T / I R spec t roscopy . For comparison, the same study was 
made w i t h Pd-exchanged s y n t h e t i c b e i d e l l i t e . 

A f t e r admiss ion o f p y r i d i n e and pumping at 20 °C., the c a t a l y s t s 
conta ined p y r i d i n e bound to Br^nsted s i t e s (NH bending mode at 1550 
cm""1) and to Lewis s i t e s ( r i n g v i b r a t i o n s at 1613 cm"*1); see F i g 
ure 5. The r e l a t i v e amounts o f p y r i d i n e desorbed by pumping a t 150, 
250, and 400 °C are g i v e n i n F igure 6. The deso rp t ion was almost 
complete a t 400 ° C . The de so rp t i on temperature o f p y r i d i n e can be 
regarded as a measure o f the a c i d s t r eng th o f the c l a y . 

I n - s i t u r e d u c t i o n (16 h at 350 °C) o f the sample increases the 
number o f free (3750 c m - 1 ) and a s s o c i a t e d (around 3550 cm""1) hy 
d r o x y l groups. P y r i d i n e a d s o r p t i o n g ives a spectrum (see F igure 5 ) , 
which shows f i v e times (case B) as many Br^nsted s i t e s as before 
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INTENSITY 
9.0 r 

86.0 107.0 
20 (DEGREES) 

Figure 2 . XRD of nickel-substituted mica montmorillonite (NiSMM) 
prepared according to the procedure detailed in ref. 2 . 

9 r 

RING OPENING, %w 
PYRIDINE PULSES 

ISOMERIZATION, 
CH/(MCP + CH) 

10 
TIME, 1/36 mln 

Figure 3. Effect of pyridine on the conversion of MCP. 
WHSV: 2 g/l.h. 
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A B S O R B A N C E 

1700 1600 1500 
W A V E N U M B E R , c m - i 

Figu re 5 . F o u r i e r t ransform i n f r a r e d spec t r a o f p y r i d i n e adsorbed 
before (B) and a f t e r (A) r e d u c t i o n of Pd-NiSMM. 
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r e d u c t i o n (case A ) . The number o f Lewis s i t e s does not change much. 
A s h i f t o f a pa r t o f the 1613 c m - 1 band to h ighe r wave numbers may 
i n d i c a t e an inc rease o f the s t r eng th o f the Lewis s i t e s . The desorp
t i o n experiments show that the newly formed Br^nsted s i t e s are 
indeed s t r o n g l y a c i d i c , s ince they adsorb p y r i d i n e at h igher tempera
tures (see F igure 6). 

The Lewis and Brrfnsted a c i d i t i e s o f P d - b e i d e l l i t e do not change 
at a l l du r ing the r e d u c t i o n t reatment . This means that (a) the 
water formed dur ing Pd r e d u c t i o n does not d i s t u r b the balance between 
Lewis and Brorfsted s i t e s , and (b) no new Br^ns ted s i t e s are formed 
du r ing r e d u c t i o n of Pd . This i m p l i e s that a f t e r c a l c i n a t i o n Pd i s 
no longer l oca t ed i n exchange p o s i t i o n s and i s a l r eady m e t a l l i c . 

The number and the average s t r eng th o f the Br^nsted s i t e s are 
lower for P d - b e i d e l l i t e than for reduced Pd-NiSMM (Figure 7) . 
Pd-NiSMM conta ins 15 times as many s t rong Br^nsted s i t e s (def ined as 
s i t e s which adsorb p y r i d i n e above 250 °C) as P d - b e i d e l l i t e . We have 
measured the a c t i v i t y o f P d - b e i d e l l i t e , t o o . At 250 °C and 30 bar 
pressure (H2/HC = 1.25; WHSV = 2 g . r ^ . t T 1 ) we obta ined a n-pentane 
convers ion o f 1.8 %; O.9 % was converted to i so -pen tane . This 
corresponds to a k £ s o m o f about 1 g . g -^ .h" " 1 . Thus the measured i s o 
m e r i z a t i o n a c t i v i t i e s q u a l i t a t i v e l y i n agreement w i t h the number o f 
Br^nsted s i t e s which adsorb p y r i d i n e above 250 ° C . 

We conclude that most o f the h i g h l y a c i d i c Br^nsted s i t e s which 
are r e s p o n s i b l e for the h i g h i s o m e r i z a t i o n a c t i v i t y o f NiSMM are 
formed dur ing the r e d u c t i o n o f Ni 2"*" i n the oc t ahedra l l a y e r o f the 
NiSMM c l a y . 

The Meta l Func t ion 

The m e t a l l i c s i t e s o f NiSMM are formed by r e d u c t i o n o f oc t ahedra l 
l a t t i c e N i 2 + and o f a d d i t i o n a l Pt or Pd exchanged onto or impregna
ted on the c a t a l y s t p r i o r to c a l c i n a t i o n and r e d u c t i o n . Pt and Pd 
are known to c a t a l y z e the r e d u c t i o n o f N i (1 ) . Without Pt or Pd , N i 2 + 

can be reduced above 380 ° C . The amounts o f reduced N i have been 
assessed by X - r a y d i f f r a c t i o n (5) . For m e t a l - and b i f u n c t i o n a l l y 
c a t a l y z e d r e a c t i o n s i t i s e s s e n t i a l to know the d i s p e r s i o n and su r 
face area o f the m e t a l . 

TEM shows that a f t e r 16 h r e d u c t i o n at 440 °C N i c r y s t a l l i t e s 
o f s i z e s from 5 to 15 mm are formed. Hydrogen chemisorp t ion r evea l s 
that O.14 % N i ° per gram c a t a l y s t adsorbs H2. 

With Pd- or P t - c o n t a i n i n g c a t a l y s t s the problem a r i s e s how to 
d i s c r i m i n a t e between reduced N i and the reduced m e t a l . Temperature-
programmed r e d u c t i o n experiments (5) have shown that Pd i s reduced 
arond 80 °C . Reduct ion o f N i s t a r t s a t 200 to 300 ° C . Reox ida t ion 
and r e r e d u c t i o n p o i n t to a p o s s i b l e P d - N i a l l o y format ion . We have 
s t ud i ed Pd-NiSMM and Pt-NiSMM samples a f t e r r e d u c t i o n at 350 and 
450 °C by TEM combined w i t h e l e c t r o n microprobe a n a l y s i s . Meta l 
c r y s t a l l i t e s w i t h a maximum diameter o f 20 nm are formed. Par t o f 
them c o n t a i n Pd and P t , r e s p e c t i v e l y . Because o f the background o f 
l a t t i c e N i 2 + , reduced N i i s d i f f i c u l t to d i s t i n g u i s h by t h i s t e ch 
n i q u e . S ince , moreover, l a rge metal c r y s t a l l i t e s are observed from 
which no Pd or Pt s i g n a l i s obta ined a t a l l , i t seems reasonable to 
assume that these c r y s t a l l i t e s are reduced N i . The presence o f 
a l l o y s cannot be r u l e d ou t . 

We have a l s o t r i e d to d i s c r i m i n a t e between reduced N i and Pd or 
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O.5 h O.5 

θ 
BRONSTED SITES 

20-150 150-250 250-400 20-150 150-250 250-400 
T, °C 

Figure 6. Amount of pyridine desorbed as a function of tempera
ture for reduced (shaded bars) and unreduced Pd-NiSMM (nonshaded 
bars). 

60 % 

40 % 

20% 

SHADED B A R S : P d / S M M 
NON - S H A D E D B A R S : P d / N i S M M 

BRONSTED SITES 

2 
Λ 

20-150 150-250 250-400 

ATdes [°C] 
Figure 7. Amount of pyridine desorbed from reduced Pd-NiSMM 
catalysts relative to Pd-SMM. 
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Pt by hydrogen chemiso rp t ion . Since N i r e d u c t i o n i s s low compared 
w i t h the r e d u c t i o n o f Pd or P t , we r e l a t e d the amount o f H2 chemi-
sorbed a f t e r 1 h r e d u c t i o n at 350 °C to the H/Pt or H/Pd molar r a t i o . 
P d - b e i d e l l i t e as reference shows that Pd r e d u c t i o n i s then complete. 
The measured H/Pt and H/Pd r a t i o s are r a the r low and range from O.13 
to O.5, depending on the h i s t o r y o f the c a t a l y s t (Table I I ) . A f t e r 
prolonged r e d u c t i o n the H2 chemisorp t ion c a p a c i t y of the c a t a l y s t s 
increases due to N i r e d u c t i o n . A f t e r 16 h r e d u c t i o n at 350 °C., the 
s tandard r e d u c t i o n procedure , a s u b s t a n t i a l pa r t o f the metal surface 
area c o n s i s t s o f reduced N i . The r e l a t i v e c o n t r i b u t i o n o f N i and Pt 
or Pd to the meta l a c t i v i t y o f the c a t a l y s t s fur ther depends on the 
i n t r i n s i c a c t i v i t y o f the v a r i o u s metals under the g iven r e a c t i o n 
c o n d i t i o n s . 

Table I I . H2 chemisorp t ion 

C a t a l y s t 

%w Pd/Pt 
Reduct ion 
treatment 

1 h 120 °C 
1 h 350 °C 

16 h 350 °C 
+2 h 450 °C 
H/Me r a t i o d 

Pd-NiSMM Pd-NiSMM Pd-SMM Pd-SMM Pt-NiSMM Pt-NiSMM 
(B)* ( A ) b (B)a ( A ) b ( B ) a ( B ) b 

O.7 O.7 O.7 O.7 O.73 O.73 

H2 chemisorp t ion ( mol /g c a t . ) 

4.8 1.5 
4.4 17.1c 5.3 8.9 11.0 

24.2 10.2 15.6 22.9 
15.9 

O.13 O.5 O.16 O.5 O.6 

a Exchange onto d r i e d c a t a l y s t . 
b Exchange onto c a l c i n e d c a t a l y s t . 
c O.5 h : 16.9 μιηοΐ /g c a t . 
d See t e x t . 

Balance between Meta l and A c i d Funct ions 

In the s e c t i o n on h y d r o i s o m e r i z a t i o n we have shown that p a r a f f i n 
i s o m e r i z a t i o n over Pd-NiSMM i s a b i f u n c t i o n a l l y c a t a l y z e d r e a c t i o n . 
The metal and a c i d funct ions o f the c a t a l y s t were c h a r a c t e r i z e d i n 
the subsequent s e c t i o n s . For o p t i m i z a t i o n o f a b i f u n c t i o n a l c a t a l 
ys t i t i s necessary to know whether the a c t i v i t y i s l i m i t e d by one 
o f the c a t a l y t i c f u n c t i o n s . 

I t has been shown that over NiSMM without Pd or Pt the r a t e o f 
n-pentane i s o m e r i z a t i o n depends on the meta l f unc t ion (5). Pt-NiSMM 
and Pd-NiSMM c a t a l y s t s are o n l y about 2-5 times more a c t i v e than 
pure reduced NiSMM ( 5 ) , so i t i s ques t ionable whether the mere a d d i 
t i o n of Pt or Pd i s s u f f i c i e n t to op t imize the a c i d i c p r o p e r t i e s o f 
NiSMM. 

Since m e t a l l i c and a c i d i c s i t e s are both crea ted dur ing reduc
t i o n o f NiSMM, i t i s v e r y d i f f i c u l t to measure e x c l u s i v e l y the 
i n f l u e n c e o f the metal f unc t i on on the b i f u n c t i o n a l a c t i v i t y of the 
c a t a l y s t . 

For the c a t a l y s t s l i s t e d i n Table I I we found a c o r r e l a t i o n 
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between the H2 a d s o r p t i o n c a p a c i t y a f t e r 16 h r e d u c t i o n at 350 °C 
and the a c t i v i t y for n-pentane i s o m e r i z a t i o n a f t e r the same reduc
t i o n procedure (F igure 8 ) . On the bas i s o f t h i s obse rva t ion one can
not decide whether t h i s inc rease i n a c t i v i t y i s due to the inc reased 
number o f metal s i t e s a v a i l a b l e or to an increased number o f 
s t r o n g l y a c i d i c s i t e s formed a f t e r prolonged N i r e d u c t i o n , or bo th . 
Therefore i t i s necessary to have an independent measure o f the 
balance between the metal and the a c i d func t ion of a b i f u n c t i o n a l 
c a t a l y s t . 

Such an independent measure i s the s e l e c t i v i t y o f b i f u n c t i o n a l l y 
c a t a l y z e d consecut ive r e a c t i o n s , e . g . , the i s o m e r i z a t i o n fo l lowed by 
hydroc rack ing o f n-decane. By model c a l c u l a t i o n s one can show that 
for a b i f u n c t i o n a l c a t a l y s t l i m i t e d i n the a c i d f u n c t i o n , the s e l e c 
t i v i t y for in te rmedia te product i s h i g h and does not change upon 
v a r i a t i o n o f the a c t i v i t y o f the metal f u n c t i o n . Large changes i n 
s e l e c t i v i t y because o f such v a r i a t i o n s are expected for c a t a l y s t s 
where n e i t h e r the meta l f unc t i on nor the a c i d i c func t ion i s r a t e -
l i m i t i n g . I f a b i f u n c t i o n a l c a t a l y s t i s r e a l l y l i m i t e d i n the metal 
f u n c t i o n , t h i s l i m i t a t i o n i s accompanied by a ve ry low s e l e c t i v i t y 
for in te rmedia te p roduc t s . 

In F igure 9 the y i e l d o f iso-decane i s p l o t t e d aga ins t the con
v e r s i o n o f n-decane over NiSMM reduced a t 450 °C ( N i s ° = O.13 %), a 
O.7 %w Pd-NiSMM and a O.7 %w Pt-NiSMM reduced a t 400 ° C . The maximum 
y i e l d o f isodecanes i s 45 % over NiSMM 60 % over Pd-NiSMM, and 
reaches the v e r y h i g h va lue o f 80 % over Pt-NiSMM. The la rge 
d i f f e r e n c e s i n s e l e c t i v i t y show that on these b i f u n c t i o n a l c a t a l y s t s 
the balance between metal and a c i d i c a c t i v i t y i s changed and no r a t e -
l i m i t i n g step e x i s t s ( 15 ) . Perhaps the s p e c i f i c Pt-NiSMM sample 
t e s t ed i s c l o se to an i d e a l b i f u n c t i o n a l c a t a l y s t w i t h s u f f i c i e n t 
meta l a c t i v i t y to balance the h i g h a c i d i c a c t i v i t y o f NiSMM. 

These r e s u l t s imply that improvement o f both the metal func t ion 
and the a c i d i c f unc t i on may lead to the formation o f more a c t i v e 
c a t a l y s t s . 

C r o s s l i n k i n g experiments w i t h NiSMM c l a y s 

S w e l l i n g c l a y s can be cross l i n k e d (16-20) w i t h i n o r g a n i c metal 
hydroxide ol igomers to y i e l d t h e r m a l l y s t a b l e , p i l l a r e d c l a y s w i t h 
p r o p e r t i e s r emin i scen t o f z e o l i t e s . 

We a p p l i e d t h i s technique to the p i l l a r i n g o f NiSMM, i n order 
to determine the l o c a t i o n o f the c a t a l y t i c a l l y a c t i v e s i t e s . I f 
these are l oca t ed i n the b a s a l p l ane , an enhanced h y d r o i s o m e r i z a t i o n 
a c t i v i t y i s expected . The NiSMM m a t e r i a l prepared accord ing to 
Swif t and B l a c k ' s (1) procedures turns out not to be w a t e r - s w e l l a b l e . 
An a n a l y s i s o f the ene rge t i c s o f s w e l l i n g (F igure 10) shows two 
reg ions where c l a y s are expected to be n o n - s w e l l a b l e . One r e g i o n i s 
found at h igh A l t e t r a / S i t e t r a r a t i o s , where the negat ive charges on 
the l aye r s s t a b i l i z e the ca t ions between the l aye r s b e t t e r than the 
the s o l v a t i o n energy o f water , the other i s found at low A l t e t r a / 
S i t e t r a r a t i o s where the number o f ca t i ons per l a y e r area i s so low 
that the a t t r a c t i v e Van de Waals energy per u n i t l a y e r area i s 
l a r g e r than the g a i n o f s o l v a t i o n energy. 

We prepared w a t e r - s w e l l a b l e NiSMM by choosing the S i / A l / N i 
r a t i o i n the syn thes i s mixture such tha t enough, but not too much A l 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

13
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
27

9.
ch

01
7

In Solid State Chemistry in Catalysis; Grasselli, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



V A N S A N T E N E T A L . Nickel-Substituted Mica Montmorillonite Clay 

f.-r 

0 10 20 30 
H 2 -ADSORPTION, μ moLe/g CAT 

Figu re 8 . k i S O m as a func t ion of H2 a d s o r p t i o n . 

L S O - D E C A N E Y I E L D 

n-DECANE CONVERSION 

Figu re 9 . Y i e l d of iso-decanes versus n-decane convers ion for 
v a r i o u s NiSMM c a t a l y s t s . 
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F i g u r e 1 0 . E n e r g e t i c s o f s w e l l i n g . 
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i s i n a t e t r a h e d r a l c o o r d i n a t i o n . Good r e s u l t s are found for 
^ t e t r a / ^ i t e t r a r a t i o s between O.15 and O.3. 

C r o s s l i n k i n g o f such a NiSMM c l a y w i t h a s o l u t i o n o f a hydroxy-
alumina ol igomer i n H2O leads to cons ide rab le c a t a l y t i c enhancement 
(sample 1, Table I I I ) . The t ab l e shows the f i r s t - o r d e r ra te con
s t a n t , k , for c a t a l y s i s , before and a f t e r c r o s s l i n k i n g . For sample 
1 we used as c r o s s l i n k i n g agent a hydroxy-a luminium o l i g o m e r i c s o l u 
t i o n , made by r e f l u x i n g m e t a l l i c aluminium i n 1 m HC1 for 8 h and 
ageing t h i s s o l u t i o n for a t l e a s t 10 days . C r o s s l i n k i n g took p lace 
by s t i r r i n g a s l u r r y o f the c l a y w i t h t h i s s o l u t i o n at 70 °C for 
20 h . We used a r a t i o of 6 mmol A l / g c l a y i n the m i x t u r e . The 
Brunauer-Emmett-Tel ler surface area o f the c l a y a f t e r c a l c i n a t i o n at 
350 °C had inc reased from 170 to 230 m 2 / g . 

Table I I I . Hydro i somer i za t ion o f n-pentane at 250 °C., 
us ing samples reduced a t 343 ° C a 

Pd-Ni-SMM X . R . D . C k 
sample b (g .g"" 1 . h " 1 ) 

Before c r o s s - 1.26 2.5 
l i n k i n g 

(1) d 1.73 3.6 
(2) e 1.26 1.96 O.3 

a weighted h o u r l y space v e l o c i t y = 2 g . g ~ l . h " ~ l ; 
H 2 / f e e d = 1.25 m o l / m o l ; 
p ( H 2 ) - 30 ba r ; 
k = f i r s t - o r d e r r a t e constant 

b s t o i c h i o m e t r y o f Pd-Ni-SMM: t e t r a h e d r a l S 1 5 7 2 A l l . 2 8 
o c t r a h e d r a l A l i . 6 2 ^ 1 3 . 5 7 

c 001 r e f l e c t i o n , nm, a f t e r d r y i n g a t 110 °C 
d cross l i n k e d wi th A l ol igomer 
e c r o s s l i n k e d wi th S i - A l o l igomer 

The X- ray d i f f r a c t i o n ( X . R . D . ) peak corresponding to a repeat 
d i s t ance o f 1.26 nm for the n o n - c r o s s l i n k e d sample had been complete
l y r ep laced by the peak corresponding to the expanded l a t t i c e w i t h a 
repeat d i s t ance o f 1.73 nm. 

Completely d i f f e r e n t r e s u l t s were obta ined w i t h a NiSMM sample 
t r ea t ed wi th a s o l u t i o n c o n t a i n i n g a s i l i c a - a l u m i n a o l igomer . Cross -
l i n k i n g was c a r r i e d out a t a pH o f 4 . 8 , u s ing a s o l u t i o n prepared by 
r e f l u x i n g a mixture o f c h l o r o h y d r o l and a sodium s i l i c a t e s o l u t i o n 
for 24 h . 

With X . R . D . , on ly a weak s i g n a l o f the ba sa l spacing o f the 
expanded s t r u c t u r e was de tec ted , whereas the o r i g i n a l 001 r e f l e c t i o n 
a t 1.26 nm was s t i l l p r e sen t . The surface area o f the sample 
t r ea t ed as such had now decreased to 125 m^/g. 

Transmiss ion e l e c t r o n micrographs (21) show a s i g n i f i c a n t 
amount o f agglomerat ion i n the basa l d i r e c t i o n i n the product c r o s s -
l i n k e d wi th the s i l i c a ol igomer s o l u t i o n . This probably i s the 
cause o f the decrease i n t o t a l surface area observed a f t e r treatment 
w i t h the s i l i c a - a l u m i n a ol igomer s o l u t i o n . The much l a r g e r decrease 
i n c a t a l y t i c a c t i v i t y (sample 2, Table I I I ) i n d i c a t e s that the major-
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i ty of the cata lyt ica l ly active sites are located in the lateral 
layers or the edges of lateral and basal planes. 

The cause of agglomeration is basical ly the same as that which 
induces p i l l ar ing of the clays. The posit ively charged oligomers 
exchange with the surface cations. In this particular case the 
charge of the oligomers is such that i t is not only compensated by 
the negative charge in the surface layers of one crys ta l l i t e , but 
can also exchange with charge of another surface. 

Discussion and Conclusions 

The isomerization of n-alkanes over NiSMM is a bifunctional reaction, 
i . e . , both the metal sites and the acid sites are involved in the 
reaction mechanism. 

The high act iv i ty of this catalyst can be ascribed to Br^nsted 
sites of high ac idi ty , which are mainly formed during reduction of 
latt ice nickel . The acidic act iv i ty of NiSMM is so strong that, 
even with O.7 %w Pd or Pt on the catalyst, effects due to too low a 
metal ac t iv i ty on the bifunctional ac t iv i ty and select ivi ty cannot 
be excluded. 

Since fluorine is contained in NiSMM prepared by the conven
tional procedure, one may suspect i t to be responsible for the 
enhanced acidi ty . 

However, an experiment with NiSMM prepared without fluorine 
gave the same enhancement after nickel reduction, so that fluorine 
cannot be responsible for the increased ac id i ty . 

Elsewhere (22) a model for the highly acidic sites is discussed 
that is supported by electrostatic potential calculations. Accord
ing to that model the act iv i ty is due to generation of protons coor
dinated to oxygen ions that connect the silicon-containing tetra-
hedra with aluminium-containing octrahedra. Such sites , however, 
can only contribute to catalysis at lateral planes, at latt ice dis
locations in the basal plane or at the edges of the lateral and 
basal planes. 

The dislocations have been observed by TEM and are part ia l ly 
generated because of nickel reduction. The presence of dislocations 
in the basal planes may induce some dependence of the catalytic 
act iv i ty on the basal-plane surface area. 

At present, rearrangement of s i l i c a tetrahedra and alumina 
octahedra into zeolite-type tetrahedra in the basal plane cannot be 
excluded. 
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18 
Alkali-Promoted Copper-Zinc Oxide Catalysts for Low 
Alcohol Synthesis 

G. A. VEDAGE, P. B. HIMELFARB, G. W. SIMMONS, and K. KLIER 

Center for Surface and Coatings Research and Department of Chemistry, Lehigh University, 
Bethlehem, PA 18015 

Alkali and barium hydroxide promotion of the Cu/ZnO 
methanol synthesis catalysts has been investigated with 
the following results: (i) at low temperatures, high 
H2/CO ratios, water-free and CO 2-free synthesis gas, 
the alkali promote methanol synthesis rates in the 
order Cs>Rb>K>Na>Li; (ii) the alkali hydroxides are 
highly dispersed on the catalyst surface; ( i i i ) Ba 
hydroxide agglomerates and shows little effects; 
(iv) at temperatures above 280°C and low H2/CO ratios, 
the synthesis of higher alcohol is promoted by the 
alkali via a mechanism in which the addition of C1 

intermediate on the beta carbon of the growing alcohol 
chain dominates; and (v) methyl esters are side 
products of the higher alcohol synthesis. A method 
is given for a quantitative treatment of X-ray photo-
electron spectra for the determination of the surface 
concentration of the dopant. 

It has been known since the 1930's that the addition of a l k a l i to 
high temperature ( 4 0 0 - 4 5 0 ° C ) , high pressure (200-250 atm) methanol 
synthesis catalysts promotes the synthesis of higher alcohols and 
oxygenates from carbon monoxide and hydrogen. One of the earliest 
studies was conducted by Morgan et a l . (1) using Ο^Οβ/ΜηΟ catalysts. 
These investigators concluded that the most effective promoters for 
higher oxygenates were K, Rb and Cs with the latter being the most 
active. They postulated the formation of higher alcohols to occur by 
successive processes of aldolation of the C-̂  intermediate with other 
aldehydic intermediates, followed by par t ia l dehydration and hydro
g é n a t i o n . Graves (2), on the other hand, proposed that higher alco
hols originate by a direct dehydrocondensation of two lower alcohol 
molecules. Natta et a l . (3) investigated the promotion effect of 
a l k a l i on higher alcohol synthesis using several catalysts derived 
from calcined smithsonite, ZnCO^. These catalysts were found to 
exhibit poor s tab i l i ty , part icularly those containing copper. 

The high temperature, high pressure catalysts are of l i t t l e prac
t i c a l interest today because of the extreme conditions required for 

0097-6156/85/0279-0295$06.00/0 
© 1985 American Chemical Society 
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t h e i r use . The more r e c e n t l y developed methanol syn the s i s c a t a l y s t s 
operate under m i l d e r c o n d i t i o n s at temperatures below 300°C and 
pressure below 100 atm. The e f f e c t s of a l k a l i promoters on the 
syn the s i s of h ighe r a l c o h o l s over the low p res su re - low temperature 
methanol syn thes i s c a t a l y s t s have not been s t ud i ed e x t e n s i v e l y . 
Only r e c e n t l y , Smith and Anderson (4) have s y s t e m a t i c a l l y s t u d i e d 
the e f f e c t of K2CO3 on the Cu/ZnO/Al203 c a t a l y s t i n the syn thes i s of 
h ighe r a l c o h o l s . Th i s potassium-promoted c a t a l y s t produced h ighe r 
a l c o h o l s and hydrocarbons w i t h a d i s t r i b u t i o n s i g n i f i c a n t l y d i f f e r e n t 
from tha t of F i s c h e r - T r o p s c h s y n t h e s i s . Smith and Anderson developed 
a mathematical model of the a l c o h o l c h a i n growth i n c l u d i n g branching 
which d i d not r e q u i r e a d e t a i l e d knowledge of the mechanism. 
Al though such models have proven u s e f u l i n c h a r a c t e r i z i n g and i n p r e 
d i c t i n g the product compos i t ion over a s i n g l e c a t a l y s t , i t i s s t i l l 
d e s i r a b l e to determine the chemica l mechan i s t i c f ea tu res i n order to 
f u r n i s h the c a t a l y s t w i t h sur face dopants that perform a s p e c i f i c 
mechan i s t i c f u n c t i o n at an optimum r a t e . 

The p r i n c i p a l o b j e c t i v e of t h i s study was to address the mecha
n i s t i c ques t ions i n c l u d i n g the r o l e of the d i s t r i b u t i o n and chemical 
s t a t e of the a l k a l i by i n v e s t i g a t i n g the i n f l u e n c e o f d i f f e r e n t 
a l k a l i hydroxides on the a c t i v i t y and s e l e c t i v i t y of a low-tempera
t u r e , low-pressure methanol c a t a l y s t . The 30/70 Cu/ZnO methanol 
s y n t h e s i s c a t a l y s t tha t has been p r e v i o u s l y c h a r a c t e r i z e d i n terms 
of a c t i v i t y , s t a b i l i t y , compos i t i on , morphology and s t r u c t u r e (5,6) 
was chosen f o r t h i s i n v e s t i g a t i o n . The product d i s t r i b u t i o n s were 
determined f o r each of the a l k a l i - d o p e d c a t a l y s t s a t 250°C and 288°C 
w i t h d i f f e r e n t r a t i o s of H2/CO and were compared w i t h the product 
d i s t r i b u t i o n obta ined w i t h undoped c a t a l y s t under the same t e s t i n g 
c o n d i t i o n s . To i d e n t i f y the p recu r so r s tha t may be i n v o l v e d i n the 
c h a i n growth to h ighe r a l c o h o l s , d i f f e r e n t a l c o h o l s were added to the 
H2/CO s y n t h e s i s gas . The y i e l d of the a l c o h o l s f o r which the added 
a l c o h o l i s a p r ecu r so r i s expected to i n c r e a s e . The e f f e c t s of CO2 
i n the syngas on the a c t i v i t y and s e l e c t i v i t y of the most a c t i v e 
a l k a l i - d o p e d c a t a l y s t were a l s o determined. 

The a c t i v i t i e s and s e l e c t i v i t i e s o f the c a t a l y s t s were c o r r e l a t e d 
w i t h the compos i t ion and m i c r o s t r u c t u r e of the c a t a l y s t s as d e t e r 
mined by X - r a y powder d i f f r a c t i o n , a n a l y t i c a l scanning t r a n s m i s s i o n 
e l e c t r o n microscopy and X - r a y p h o t o e l e c t r o n spec t roscopy. 

R e s u l t s and D i s c u s s i o n 

The sur face doping of the 30/70 Cu/ZnO c a t a l y s t was performed a f t e r 
the c a t a l y s t was reduced i n 2% H2/N2 at 250°C by an a d d i t i o n and t o t a l 
evapora t ion to dryness under f l o w i n g n i t r o g e n of an a l k a l i or an 
a l k a l i n e ea r th hydroxide s o l u t i o n . In t h i s manner, specimens of the 
30/70 Cu/ZnO c a t a l y s t were doped w i t h O.4 atomic % of L i O H , NaOH, 
KOH, RbOH, CsOH and B a ( 0 H ) 2 > and one specimen was doped w i t h O.2 a t . 
% Ba(0H)2« These samples were then charged i n t o the r e a c t o r under 
n i t r o g e n , t e s t e d , removed from r e a c t o r under n i t r o g e n and subjec t to 
X - r a y powder d i f f r a c t i o n a n a l y s i s . The XPS and e l e c t r o n mi c r o sc op i c 
analyses were c a r r i e d out on a i r - exposed samples. S i m i l a r ana lyses 
were c a r r i e d out on untes ted c a t a l y s t s . 

An inc rease i n the z i n c ox ide and copper p a r t i c l e s i z e s due to 
the doping by a l k a l i was apparent from the X - r a y powder d i f f r a c t i o n 
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r e s u l t s i n Table T. Fur the r evidence f o r change i n the p a r t i c l e s i z e s 
and morphologies of z i n c ox ide and copper was found by t r a n s m i s s i o n 
e l e c t r o n microscopy. For example, comparison of the dark f i e l d e l e c 
t r o n micrograph of ZnO i n an undoped c a t a l y s t i n F i g u r e l a , w i t h a 
s i m i l a r micrograph of ZnO i n a KOH-doped c a t a l y s t i n F igu re l b , shows 
tha t the dopant d i d induce growth of ZnO p a r t i c l e s . These r e s u l t s 
were fu r the r cor robora ted by the BET sur face area measurements which 
showed that the t e s t ed a l k a l i - d o p e d c a t a l y s t s , except L i O H , 32.6 m 2 / g , 
had sur face areas between 20 and 23 m 2 / g , compared to the B a ( 0 H ) 2 -
doped c a t a l y s t s w i t h 28-29 m 2 / g and the undoped t e s t ed c a t a l y s t w i t h 
36.5 m 2 / g . The p a r t i c l e s i z e measurements p rov ide a q u a l i t a t i v e e v i 
dence that both the z i n c ox ide and the copper p a r t i c l e s have grown as 
a consequence of doping and t e s t i n g . 

Table I . 

The P a r t i c l e Dimensions of ZnO and Cu as Determined 
from X-Ray D i f f r a c t i o n L i n e Broaden ing 3 

Tested 
C a t a l y s t Zn0<1010> 

Dimension 
Zn0<0002> 

(nm) 
Zn0<1011> Cu<l l l> 

Cu/ZnO 
(30/70) 13.4 15.9 13.0 9.5 

LiOH/Cu/ZnO 
(30/70/O.4) 16.9 19.8 15.2 14.0 

Cu/ZnO/NaOH 
(30/70/O.4) 23.2 20.5 17.4 17.6 

Cu/ZnO/KOH 
(30/70/O.4) 23.1 24.8 20.8 13.7 

Cu/Zn0/Rb0H 
(30/70/O.4) 

25.2 26.5 22.0 13.7 

Cu/ZnO/CsOH 
(30/70/O.4) 

17.4 20.5 15.8 11.6 

Cu/ZnO/Ba(OH) 2 

(30/70/O.4) 
14.9 18.5 14.7 13.0 

Cu/ZnO/Ba(OH) 2 

(30/70/O.2) 
15.1 18.2 13.8 13.0 

Λ The p a r t i c l e s i z e s were c a l c u l a t e d u s i n g the Scher re r equa t ion i n 
the form t = O.89X/cos9/(w2 - w 2)^* where θ i s the Bragg a n g l e , w x 

the h a l f - w i d t h of the measured r e f l e c t i o n and w Q the i n s t r u m e n t a l 
h a l f - w i d t h i n r a d i a n s , c f . J . R. Anderson, " S t r u c t u r e of M e t a l l i c 
C a t a l y s t s , " AP 1975, ρ 366. 

^ Concent ra t ions i n terms of o v e r a l l atomic % ( C u / Z n O / a l k a l i ) are 
g i v e n i n parentheses . 

The surface analyses of the c a t a l y s t s were performed i n the 
P h y s i c a l E l e c t r o n i c s Model 548 X-Ray P h o t o e l e c t r o n Spectrometer w i t h 
a 400W Mg X - r a y source i n the r e q u i r e d 50eV range w i t h 100 eV pass 
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F i g u r e 1. Dark f i e l d e l e c t r o n micrographs of ZnO i n (a) a t e s t ed 
Cu/ZnO (30/70 mol%) c a t a l y s t and (b) a t e s t ed Cu/ZnO/KOH (30/70/ 
O.4 mol%) c a t a l y s t . The dark f i e l d images were obta ined us ing the 
ZnO(0002) r e f l e c t i o n ( 6 ) . 
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energy at a scan r a t e of O.2eV/s. M u l t i p l e scans were averaged by a 
N i c o l e t Model 1072 m u l t i c h a n n e l ana lyze r and i n t e g r a t e d i n t e n s i t i e s 
were obta ined w i t h the use of a Z e i s s MOP-3 automatic i n t e g r a t o r . 
The measured i n t e g r a t e d i n t e n s i t i e s were converted to surface concen
t r a t i o n r a t i o s by a method o u t l i n e d i n the Appendix. The r e s u l t s of 
the XPS analyses are summarized i n Table I I . 

Table I I . 

X-Ray P h o t o e l e c t r o n Data and Analyses 

C a t a l y s t a w 
Tested: 

Cu/ZnO O.0 0 

Cu/&nO/LiOH o.ooc 0 

Cu/ZnO/NaOH O.0640 O.22 

Cu/ZnO/KOH O.0045 O.24 

Cu/ZnO/RbOH O.0084 O.29 

Cu/ZnO/CsOH O.0662 O.22 

Cu/ZnOBa(OH) 2 O.0145 O.05 

Cu/ZnO/Ba(OH) 2 (O.2) O.0151 O.05 

Untes ted : 

Cu/ZnO O.0 0 

Cu/ZnO/NaOH O.0247 O.09 

Cu/ZnO/RbOH O.0023 O.09 

Cu/ZnO/CsOH O.0138 O.05 

Cu/ZnO/Ba(OH) 2 O.0123 O.04 

a The molar r a t i o s i n a l l c a t a l y s t s were Cu/ZnO/MOH = 30/70/O.4 
except f o r the undoped Cu/ZnO sample and the Ba(0H)o-doped sample 
l a b e l e d (O.2) which had the molar compos i t ion 30 /70 /O .2 . 

^ C a l c u l a t e d as o u t l i n e d i n Appendix u s ing Equat ion ( A - 5 ) . 

L i t h i u m was not de tec ted because of the ve ry low p h o t o i o n i z a t i o n 
c ross s e c t i o n , c f . Table A - I . 

The atomic sur face c o n c e n t r a t i o n r a t i o s (X^/Xzn^ s r i o w tha t the 
a l k a l i are accumulated on the sur face i n the t e s t ed Cu/ZnO/MOH (M = 
Na ,K ,Rb ,Cs ) c a t a l y s t s i n approximate ly equa l c o n c e n t r a t i o n s . These 
concen t ra t ions are near the expected ones i f a l l the a l k a l i i ons are 
un i fo rmly spread i n t o a submonolayer as i s ev iden t from the f o l l o w 
i n g example: the atomic c o n c e n t r a t i o n of Cs , X ^ g = X § n 

where x| n = 1.1744 χ 1019 SZ n. Here ( x£ s / x | n ) i s the r a t i o o f s u r -
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face concen t ra t ions from Table 2,1.1744 χ 1 0 i y atoms/m 2 i s the s u r 
face d e n s i t y of z i n c atoms i n the (1010) ZnO face and S z n i s the area 
of z i n c ox ide per gram of c a t a l y s t , S Z n = 10 m 2 / g of c a t a l y s t c a l c u 
l a t e d from the t o t a l measured BET area 23 m 2 / g of the t e s t ed Cu/ZnO/ 
CsOH c a t a l y s t and the area of copper , S C u = 13 m 2 / g of c a t a l y s t ob
t a ined from the p a r t i c l e s i z e i n Table 1 assuming h e m i s p h e r i c a l p a r 
t i c l e shape. The p a r t i c l e shape of the ZnO c r y s t a l l i t e s i s complex 
(6) and f o r t h i s reason was not used i n the es t imate of S Z n . Wi th 
x f n = 1.1744 χ 1 0 2 0 atoms/g of c a t a l y s t and ( X § s / x | n ) = O . 2 2 from 
Table I I , X Q s = 2.58 χ Ι Ο 1 ^ sur face Cs atoms per gram of c a t a l y s t . 
Th is va lue i s c l o s e to the t o t a l amount of cesium doped onto the 
c a t a l y s t , 3.17 χ 10-^ atoms per gram of c a t a l y s t , and shows tha t over 
80% of the cesium dopant i s found on the su r f ace . Nea r ly equal s u r 
face concen t ra t ions were found on the N a , K , R b , and C s - doped tested 
c a t a l y s t s . On the c o n t r a r y , the surface concen t ra t ions of these e l e 
ments on untested c a t a l y s t s were found to be much s m a l l e r , i n d i c a t i n g 
that the a l k a l i hydroxides were f i r s t occluded or agglomerated imme
d i a t e l y a f t e r the doping and then spread i n t o a n e a r l y a t o m i c a l l y 
d i spe r sed sur face o v e r l a y e r du r ing t e s t i n g . The barium hyd rox ide -
doped c a t a l y s t s showed much lower surface c o n c e n t r a t i o n of Ba , how
ever , even a f t e r t e s t i n g , and agglomerat ion of Ba(0H)2 i n t o l a r g e 
p a r t i c l e s was confirmed by e l e c t r o n m i c r o s c o p i c evidence i n F i g u r e 2 . 
The a l k a l i , on the other hand, were d i spe r sed on a s c a l e below the 
e l e c t r o n microscope r e s o l u t i o n l i m i t of c a . 5nm. The tendency of 
the u n i v a l e n t i o n hydroxides to spread can be understood i n terms of 
t h e i r low l a t t i c e energy compared to tha t of d i v a l e n t i o n hyd rox ides , 
and i t i s concluded tha t more e f f e c t i v e c a t a l y t i c e f f e c t s w i l l be 
g e n e r a l l y achieved w i t h a l k a l i r a t he r than a l k a l i n e ea r t h compound 
doping , p r i m a r i l y because of the agglomerat ion of the l a t t e r . 

Al though the q u a n t i t a t i v e XPS analyses may be burdened by a con
s i d e r a b l e sys temat ic e r r o r ( 8 ) , the r e s u l t s summarized i n Table I I 
demonstrate c o n v i n c i n g l y tha t n e a r l y equal sur face concen t ra t ions of 
Na,K,Rb and Cs were achieved by the employed p r e p a r a t i o n method. The 
d i f f e r e n c e s i n sur face c a t a l y t i c e f f e c t s summarized below are t he r e 
fo re caused by the d i f f e r e n t nature of the a l k a l i i ons and not by 
t h e i r d i f f e r e n t sur face c o n c e n t r a t i o n s . 

Al though methanol was the dominant product over a l l the p r e s e n t l y 
s t u d i e d a l k a l i and a l k a l i n e earth-doped Cu/ZnO c a t a l y s t s as shown i n 
F igu res 3-5 , the r e s u l t s demonstrate three e f f e c t s of the a l k a l i p r o 
moters , namely: ( i ) i nc rease of the a c t i v i t y of the Cu/ZnO c a t a l y s t 
fo r methanol p r o d u c t i o n ; ( i i ) change of the C02~dependence of the 
methanol conve r s ion ; and ( i i i ) change of s e l e c t i v i t y i n favor of the 
C2-C4 a l c o h o l s and e s t e r s . The most s i g n i f i c a n t e f f e c t s were d i s 
p layed by the CsOH-doped c a t a l y s t , i n d i c a t i n g tha t ba se - ca t a lyzed 
r e a c t i o n s are be ing promoted i n the system. The promotion e f f e c t s 
i n the Ba(0H)2~doped c a t a l y s t s were s m a l l , most l i k e l y due to the 
agglomerat ion of Ba (0H) 2 p a r t i c l e s shown i n F igu re 2, which r e s u l t e d 
i n a low surface c o n c e n t r a t i o n of barium as i n d i c a t e d i n Table I I , 

One of the most s t r i k i n g e f f e c t s of the a l k a l i hydroxides was the 
change of methanol conver s ion a t 250°C i n carbon d i o x i d e - f r e e syn the
s i s gas summarized i n F igu re 3 and i n Table I I I . The CsOH doping had 
the g rea t e s t e f f e c t , w i t h a t w o - f o l d enhancement of the syn thes i s 
r a t e . The promotion e f f e c t s i n the syn the s i s gas C 0 2 / C 0 / H 2 = 0/30/70 
fo l lowed the order 
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F i g u r e 2. E l e c t r o n micrograph of a Ba(0H)2 p a r t i c l e i n the t e s t ed 
Cu/ZnO/Ba(OH) 2 (30/70/O.4 mol%) c a t a l y s t . The i n s e t i n the lower 
l e f t corner i s the convergent beam (40 nm diameter) d i f f r a c t i o n 
p a t t e r n from an area i n the Ba(0H) 2 c r y s t a l which i s c o n s i s t e n t 
w i t h tha t of a - B a ( 0 H ) 2 ( 7 ) . 
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500 
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METHANOL YIELD in 

g/Kg cat/hr 

250°C 75 atm 

H2/CO = 70/30 

200» 
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Ο 

F i g u r e 3 . The e f f e c t of a l k a l i on the i n i t i a l methanol y i e l d s a t 
250°C., 75 atm and a t o t a l gas f low of 15.0 £ ( S T P ) / h r over 2.45 g 
of the impregnated Cu/ZnO = 30/70 mol% reduced c a t a l y s t . 
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Cs > Rb > Κ > Ba * undoped > Na > L i 

w i t h equimolar amounts of the a l k a l i or barium hydroxides added to 
the Cu/ZnO c a t a l y s t . F u r t h e r , a t 250°C and 75 atm the a l k a l i hydrox
ides d i d not s i g n i f i c a n t l y a l t e r the h i g h s e l e c t i v i t y to methanol of 
the Cu/ZnO c a t a l y s t . 

Table I I I . 

The E f f e c t of CO2 on Carbon Convers ion to Methanol f o r 
the Cu/ZnO/CsOH and Cu/ZnO C a t a l y s t s 

Temperature 235°C.; Pressure 75 atm; T o t a l gas f low = 
= 15 l i t e r s (STP)/hr over 2.45 g of reduced c a t a l y s t . 

% Carbon Convers ion to CH 30H 

Gas Composi t ion Cu/ZnO/CsOH Cu/ZnO 

C 0 2 / C O / H 2 = 0/30/70 13.7 9.0 

C 0 2 / C O / H 2 = 2/28/70 22.4 51.0 

C 0 2 / C O / H 2 = 6/24/70 17.0 37.0 

Only 2% s i d e p roduc t s , i n decreas ing order methyl formate, meth
ane and e t h a n o l , appeared over the CsOH-doped c a t a l y s t de sp i t e the 
t w o - f o l d inc rease i n a c t i v i t y , and no s i d e products were observed 
over the KOH doped c a t a l y s t de sp i t e the 30% enhancement of the meth
ano l a c t i v i t y compared to the undoped c a t a l y s t . When 00 2 was added 
to the syn the s i s gas , the i nc rea se of methanol y i e l d was sma l l e r over 
the CsOH/Cu/ZnO c a t a l y s t ( T a b l e I I I ) t h a n over the undoped Cu/ZnO c a t a 
l y s t (10), r e s u l t i n g i n a r e v e r s a l of the order of a c t i v i t i e s to 
undoped Cu/ZnO>(greater than) Cu/ZnO/CsOH i n the C0 2 / C O / H 2 = 2/28/70 
syn the s i s gas . 

The enhancement of the methanol s y n t h e s i s r a t e i n the C02-free 
gas and the r e v e r s a l of t h i s t r end i n the C0 2 - c o n t a i n i n g syn thes i s 
gas f o r the CsOH-promoted c a t a l y s t i s suggested to occur i n the f o l 
lowing manner. CsOH reac t s w i t h carbon monoxide to produce a sur face 
formate, HCOOCs, which i s then hydrogenated to methanol by hydrogen 
a c t i v a t e d on the Cu/ZnO sur face i n the i n t i m a t e neighborhood of the 
CsOH s i t e s . Th i s r e a c t i o n accounts f o r the methanol syn thes i s r a t e 
enhancement a t low concen t r a t ions of CO2. As the CO2 c o n c e n t r a t i o n 
i s i n c r e a s e d , the normal mechanism i n v o l v i n g the whole a c t i v e sur face 
of the Cu/ZnO components takes over w i t h the p o s s i b l e wi thdrawal of 
cesium from the a c t i o n by the format ion of sur face carbonate . B e 
cause the sur face area of the Cs-doped c a t a l y s t i s on ly a f r a c t i o n 
of tha t of the undoped c a t a l y s t , i t s o v e r a l l a c t i v i t y i s lower a t 
in t e rmed ia te CO2 concen t r a t ions i n the syn the s i s gas . The CsOH s u r 
face moiety i s more r e a c t i v e than the other a l k a l i hydroxides because 
the l a r g e i o n r a d i u s of C s + makes the 0H~ groups the most a c c e s s i b l e 
as w e l l as the most b a s i c . 

The c o n d i t i o n s employed i n t h i s work a t which the syn the s i s of 
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304 SOLID STATE CHEMISTRY IN CATALYSIS 

higher oxygenates, i.e. alcohols and esters was favored, were temper
atures above 280°C., low l ^ / C O ratios, and gas hourly space velocities 
2600-5000. The results are summarized in Figures 4 and 5. Methyl 
esters which were also produced are not shown in these figures. A 
formal classification of the points of attack involved in the synthe
sis of the C 2

+ alcohols and esters i s introduced below. The injec
tion of alcohols indicates that higher alcohols and esters were form
ed from lower alcohols, as documented in Table IV, and therefore our 
classification scheme i s based upon a stepwise attachment of a C-̂  
intermediate to a growing alcohol chain. The C-̂  intermediate i s 
assumed to have an intact C-0 bond and to be capable of attaching 
i t s e l f by either the carbon atom or the oxygen atom to the growing 
alcohol chain as depicted below. 

° 0 -. 'c-o ι 
^ I Γ 

R - C - C - C - O - H 
t t t 

O-H 

The processes a c, &Q and are attachments of the C-^ intermediate 
by i t s carbon at the a, 3 or γ carbon of the reacting chain, a 0 i s 
the attachment of the intermediate by i t s oxygen at the α-carbon, 
i ç 0 and Î Q - H a r e insertions of the carbon end of the C-^ intermediate 
into the C - 0 and the 0-H bonds of the growing alcohol chain. The 
products obtained by these individual processes are shown in the 
diagram below with a star label on the carbon atom that originates 
from the C^ intermediate. 

R - C - C - C - O - H 

— R - C - C - C - O H 

- R - C - C - C - O H 
C* ι 

R - C - C - C - O H 

Ο 
II R - C - C - C - 0 - C * H , 

R - C - C - C - C * - O H 

Ο 
^ ^ R - C - C - C - O - C ^ H 
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Thus, secondary a l c o h o l s would be formed by the «c at tachment, b ranch
ed pr imary a l c o h o l s by &Q and y c , l i n e a r a l c o h o l s by ic-o» m e t ^ y l e s ~ " 
t e r s by a 0 , and formate e s t e r s by iQ-H* ^ e P r o < * u c t composi t ion 
found i n t h i s study i n d i c a t e s tha t OLQ and Yc are n e g l i g i b l e , tha t otQ 
i s more e f f e c t i v e than io - H ^ n the e s t e r format ion and that 3c domi
nates the syn thes i s of the C~§ p roduc t s . The orders of e f f i c i e n c y of 
the C.;L a d d i t i o n and i n s e r t i o n r e a c t i o n s can a l s o be determined from 
the product composi t ion and are summarized as f o l l o w s : 

H9 / C O » O.45 

Cu/ZnO c a t a l y s t : ^ 0

> : ί . 0 - Ο > α Ο > > > : ΐ Ό - Η , α 0'Ύα ~ 0 

CsOH/Cu/ZnO c a t a l y s t : 3 c > > i c - 0 > a o > > > i O - H > a C > Y C ~ 0 

njco = O.89 

Cu/ZnO c a t a l y s t : ic-0>otO>^C>>>:i-0-H>aC>'Yc ~ 0 

CsOH/Cu/ZnO c a t a l y s t : i c Q ^ ^ > α Ο > > > : ί Ο - Η , α 0 , γ 0 " 0 

I t i s ev iden t tha t the i nc rea sed H2 /CO r a t i o suppresses the 3c a d d i 
t i o n w h i l e the CsOH promoter enhances i t and tha t the 3c a d d i t i o n 
r e q u i r e s a s t ronger base than the ao a d d i t i o n or the l i n e a r growth 

The present f i n d i n g tha t the a d d i t i o n i s n e g l i g i b l e i s appar
en t , f o r example, from the absence of i s o p r o p a n o l i n our p roduc t s . 
E v i d e n t l y the CLQ attachment i s ove r r idden by the O I Q , 3 C a n Q l ic - 0 P R O ~ 
cesses under our exper imenta l c o n d i t i o n s . The l a c k of a d d i t i o n i s 
i n disagreement w i t h e a r l i e r r epor t s on the product composi t ion i n 
low a l c o h o l syntheses(2-4) . I t i s suggested tha t the e f f e c t i v e ac 
attachment may have been r e a l i z e d i n t h i s e a r l i e r work by an i s o m e r i 
z a t i o n of pr imary a l c o h o l s v i a a d e h y d r a t i o n - r e h y d r a t i o n mechanism 
i n v o l v i n g a c i d centers which are absent i n our c a t a l y s t s . 

Each of the growth s teps can m a t e r i a l i z e by s e v e r a l s p e c i f i c mech
anisms which have not been r e s o l v e d i n d e t a i l . We s h a l l g i v e exam
p l e s of p l a u s i b l e mechanisms f o r the three dominant processes 3c > ao 
and ic-o t 0 a c c o u n t f ° r the dependence of the product composi t ion on 
the H2 /CO r a t i o and on the b a s i c i t y of the a l k a l i hydroxide promoter . 
The 3Q a t t ack dominates a t low H2 /CO r a t i o s and i n the presence of 
CsOH, i n d i c a t i n g tha t a l d o l s y n t h e s i s o f aldehyde p recu r so r s o r p r o 
ducts of a l c o h o l dehydrogenat ion i s i n v o l v e d . As shown below, on ly 
pr imary or secondary but not t e r t i a r y 3-carbon i s a t t acked by the 3c 
process , a fea ture c h a r a c t e r i s t i c of a l d o l condensa t ion . 

RCH 2CH 2CH 2OH RCH 2CH 2CHO + H 2 

Θ 

RCH 2CH 2CHO + CsOH Ξ = Ξ RCH 2CHCHO + H20 

H Q Η Ο® \ // \ . / 
H 2 + C O — * C Η 3 = ^ C Η 
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18. VEDAGE ET AL. Alkali-Promoted Cu-ZnO Catalysts 309 

H CT 
Θ \ ® / 

RCH 2CHCHO + C - RCH 2 CH-CHO - RCH 2 CH-CH 2 OH + CsOH 

The i n s e r t i o n i c 0

 m a v proceed by the mechanism proposed by Na t t a 
and coworkers (3) i . e . , by the r e a c t i o n of sur face a l k o x i d e s w i t h CO 
as shown below: 

i C-0 RCH 2 d% CO *RCH 2 CO(f 

RCH 2 COO°+ 2H 2 *RCH 2CH 2OH + ΘΟΗ 

Since t h i s r e a c t i o n r e q u i r e s hydrogen, i t w i l l occur a t h ighe r r a t e s 
when the H^/CO r a t i o i s i n c r e a s e d , as observed. 

The methyl e s t e r - fo rming a t t a ck a Q cou ld be due to the C a n i z z a r o -
type condensat ion of two aldehydes , to the r e a c t i o n of sur face carboxy-
l a t e s w i t h fo rmyl or formaldehyde, o r to the r e a c t i o n of sur face meth-
oxide w i t h an aldehyde w i t h a hydr ide e l i m i n a t i o n . To be c o n s i s t e n t 
w i t h the exper imenta l o b s e r v a t i o n s , we s h a l l g i v e an example f o r the 
l a s t mechanism because i t r e q u i r e s the fewest number of s t eps , u t i l i 
zes methoxide which may be favored i n hydrogen r i c h s y n t h e s i s gas and 
does not r e q u i r e a s t rong base c a t a l y s t . 

a 0 f Ο θ Ο 
CH3cF+,C® > CH3-O-C-R > CH3OCR + H® 

H R H 

Methy l formate i s the product of t h i s r e a c t i o n when R = H . I f methyl 
formate were the r e s u l t of the i n s e r t i o n Î Q J J , one would expect t h i s 
r e a c t i o n to produce a l s o h ighe r formate e s t e r s , con t ra ry to the f i n d 
i n g tha t on ly methyl e s t e r s were produced. 

The p r i n c i p a l d i f f e r e n c e between the a l d o l a d d i t i o n 3^, the i n s e r 
t i o n i c o > a n d t n e a0 e d i t i o n i s tha t the f i r s t of these three r e a c 
t i o n types r e q u i r e s a s t rong base c a t a l y s t w h i l e the remaining two 
u t i l i z e a l k o x i d e s which are merely h e t e r o l y t i c a l l y d i s s o c i a t e d a l c o 
h o l s and are expected to be common sur face in te rmedia tes i n a wide 
range of H2/C0 r a t i o s and of sur face b a s i c i t y . I t i s t he re fo re e v i 
dent tha t the surface concen t ra t ions of the a l k a l i promoters and the 
H2/CO r a t i o can be used as n e a r l y independent v a r i a b l e s to achieve 
s e l e c t i v i t i e s g i v e n i n F igu re s 4 and 5. 

The s e l e c t i v i t y p a t t e r n c o n t r o l l e d by the processes 3^, i-c-0 a n c* 
CXQ has an inhe ren t l i m i t a t i o n , however, which i s apparent from the 
f o l l o w i n g c o n s i d e r a t i o n . I f one wishes to suppress the format ion of 
h ighe r l i n e a r a l c o h o l s , the i n s e r t i o n i^-o roust be minimized but as a 
consequence a l s o the f i r s t C-C bond forming r e a c t i o n from to C 2 

w i l l be suppressed s i n c e n e i t h e r 3ς; nor OLQ can be i n v o l v e d i n t h i s 
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310 SOLID STATE C H E M I S T R Y IN CATALYSIS 

r e a c t i o n . Hence the suppress ion of i ç o r e s u l t s i n s e l e c t i v e methanol 
syn the s i s no matter how e f f e c t i v e the c a t a l y s t may be f o r the 3ç a d d i 
t i o n . On the other hand, when the i ^ Q growth mechanism does opera te , 
the &Q a d d i t i o n must be s i g n i f i c a n t l y f a s t e r i n o rder tha t the a l c o h o l 
syn the s i s may be k i n e t i c a l l y r e s t r i c t e d so that on l y low a l c o h o l s are 
formed. I f one takes the r a t i o of ( l - b u t a n o l : l - p r o p a n o l ) i n the p r o 
duct as a crude measure of Î Q - Q a n c * t n e r a t i ° ° f ( 2 - m e t h y l - l - p r o p a n o l : 
1-propanol) as a measure of 3 ç , then i t appears from F igu re s 4 and 5 
tha t the e f f e c t of a l k a l i , p a r t i c u l a r l y CsOH, has been to i nc rease the 
& C : * C - 0 r a t ^ ° * n comparison to the undoped Cu/ZnO c a t a l y s t . 

Appendix 

C a l c u l a t i o n s of the sur face concen t ra t ions of a l k a l i and barium from 
XPS i n t e n s i t i e s 

The model f o r the c a l c u l a t i o n of sur face concen t ra t ions u t i l i z e d 

here i s that of D r e i l i n g (11) . The measured pho toe l ec t ron i n t e n s i t y 

1^ due to spec ies i tha t i s even ly d i s t r i b u t e d over a specimen of 

t h i cknes s t^ i s g i v e n by 

τ ± = ^ i X ^ g X i ( l - e x p [ - t i / g X i ] ) / E i ( A - l ) 

where Κ i s an i n s t r u m e n t a l cons tan t , i s the p h o t o i o n i z a t i o n c ross 

s e c t i o n , X? i s the atomic volume c o n c e n t r a t i o n of element i , g i s the 

escape angular f a c t o r , and λ . i s the escape depth of pho toe lec t rons 

of k i n e t i c energy E^ i n the specimen. The i n t e n s i t y 1^ may be a t t e n 

uated by a 

a f a c t o r e 

Def ine the atomic sur face c o n c e n t r a t i o n X? = X ? t ? where t ? i s the 

th i ckness of a monolayer, and take e f f e c t i v e t̂ . = t ^ X ^ / X ^ . Then the 

a t t en tua ted pho toe l ec t ron s i g n a l of spec ies i pass ing through an ove r -

l a y e r of t h i ckness t.. i s g i v e n by 

1± = K a i X ^ g X i ( l - t ? x J / ( g X . X ^ ) ) / E i (A-2) 

where we have taken i n t o account l a r g e t ^ / g X ^ . The i n t e n s i t y I j of 

pho toe lec t rons from spec ies j i n the t h i n o v e r l a y e r i s g iven by 

Ij - K a j X J t ° / E j - Κσ .Χ*/Ε. (A-3) 

which f o l l o w s from ( A - l ) f o r s m a l l t ° / g X . . . The r e l a t i v e i n t e n s i t i e s of 

the o v e r l a y e r spec ies j and the bu lk spec ies i a r e , from (A-2) and 

( A - 3 ) , 

uated by a sur face o v e r l a y e r of t h i ckness t.. c o n t a i n i n g spec ies j by 

a f a c t o r e x p ( - t ^ / g X i ) , which f o r ve ry t h i n l a y e r s approximates as 
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I σ X? Ε. t ? 

4 ^ * *r / ( i - t ; x ' / ( x i g x i ) ) ( a - 4 ) 

where we used X ^ t ° = X ^ . 

The r a t i o of sur face concen t ra t ions f o l l o w s from ( A - 4 ) . 

XS. I . gX, σ . Ε , t ? I . 

X? T i t ? a i E j t ° \ i i J ι 

Equa t ion (A-5) permi t s the i n t e n s i t y 1^ of the b u l k spec ies to be used 

as an i n t e r n a l reference f o r the de te rmina t ion of the sur face concen

t r a t i o n of the spec ies j tha t i s present i n the o v e r l a y e r o n l y . 

In the present work i n t e r e s t centers upon o v e r l a y e r s of a l k a l i 

compounds on the Cu/ZnO c a t a l y s t . The Zn 2p^ pho toe l ec t ron i n t e n s i t y 

i s taken as the i n t e r n a l re ference s i g n a l anâ hence the spec ies i i s 

Zn and spec ies j i s an a l k a l i i o n . The escape depth X ^ n was es t imated 

from a r e l a t i o n g i v e n by Chang (12) , 

λ Ζ η " ° . 2 ^ Ζ η ( A " 6 ) 

where t £ n = O.2824 nm was taken to be the spac ing between the ( 1 0 Ϊ 0 ) 

p lanes of ZnO (13) and E Z n = 232.1 eV, y i e l d i n g X Z n « O.86 nm. F o l 

lowing D r e i l i n g (11) , g = O.75 was used. Other da ta used i n the c a l 

c u l a t i o n s of the a l k a l i sur face concen t ra t ions are g i v e n i n Table A - I . 

Table A - I 

XPS Data f o r Pho toe lec t rons of Elements Analyzed i n the Present Work 

Element i P h o t o e l e c t r o n E ± ( e V ) o±

a 

L i I s 1198.1 O.0593 

Na I s 182.2 7.99 

Κ 2p£ 960.7 2.67 

Rb 
2 

3 d 3 > 1143.1 4 . 4 4 b 

Cs 2 529.6 22.93 

Ba 2 473.6 24.75 

Zn . 2 
2 P 1 232.1 18.01 

From reference (14). 
'Sum of p h o t o i o n i z a t i o n c ros s s e c t i o n s f o r the Rb 3 d | and 3 d | 
p h o t o e l e c t r o n s . The exper imenta l i n t e n s i t y ( c f . Table I I ) i s the 
i n t e g r a t e d i n t e n s i t y of these two p h o t o e l e c t r o n e m i s s i o n s . 
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312 SOLID STATE CHEMISTRY IN CATALYSIS 

The a lka l i monolayer thickness t ° was taken equal to the sum of 

the diameters of the OH group, O.272 nm, and of the a l k a l i ion, O.12 

nm for L i + , O.19 for Na + , O.266 for K + , O.296 for Rb + , O.338 for C s + , 

and O.27 for Ba 4 4*, yielding t ° ± = O.392, t ° a = O.462, t £ « O.538, 

t ° b = O.568, t ° s = O.610 and t ° « O.542 nm. Using these values of 
t A > ^' ^Zn a n ( * *"Zn a S n o t e c * above, the measured intensity ratios 

( I^ / l Z n ) shown in column 2 of Table I I» as well as the parameters 
S S 

l i s ted in Table A - I , the surface concentration ratios ( x ^ X Z n ^ w e r e 

calculated from equation (A-5) and summarized in column 3 of TableII . 
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Water Gas Shift over Magnetite-Based Catalysts 
Nature of Active Sites for Adsorption and Catalysis 

CARL R. F. LUND1, JOSEPH E. KUBSH2, and J. A. DUMESIC3 

1Exxon Research & Engineering Company, Annandale, ΝJ 08801 
2Davison Chemical Division-Research, W. R. Grace & Company, Columbia, MD 21044 
3Department of Chemical Engineering, University of Wisconsin, Madison, WI 53706 

Recent studies of the adsorptive and catalytic proper
ties of magnetite (Fe3O4) are discussed with respect to 
the water-gas shift reaction (WGS) in this review arti
cle. Proposed mechanisms are examined, and the proper
ties of the active sites required for these mechanisms 
are considered. Kinetic relaxation measurements of the 
rates of surface oxidation and reduction by WGS reac-
tants and products suggest that a primary WGS pathway 
involves successive oxidation and reduction of the mag
netite surface. This regenerative mechanism takes place 
over a small fraction (ca. 10%) of the catalyst surface. 
Surface coverages by CO and CO2 were determined volu-
metrically and gravimetrically at WGS temperatures 
(e.g., 660 K) through the use of CO/CO2 gas mixtures. 
These results suggested that coordinatively unsaturated 
iron cations were the sites for CO adsorption, while 
adsorption of CO2 was associated with surface oxygen 
species. This was confirmed directly by temperature 
programmed desorption studies of magnetite surfaces 
under ultra-high vacuum conditions. Studies of a series 
of silica-supported magnetite catalysts suggested that 
the total extent of adsorption from CO/CO2 gas mixtures 
was proportional to the number of active sites for WGS. 
In contrast, the nitric oxide uptake at room temperature 
was found to be equal to the BET monolayer uptake of 
magnetite. Thus, the ratio of the CO/CO2 uptake to the 
NO uptake provides a measure of the fraction of the 
magnetite surface which is active for WGS. Finally, 
catalytic effects of solid-state substitutions in magne
tite are discussed with respect to the geometric proper
ties of the WGS sites. It is suggested that octahedral-
ly-coordinated iron cations are important for the WGS 
reaction. 

0097-6156/85/0279-0313$07.50/0 
© 1985 American Chemical Society 
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314 SOLID STATE CHEMISTRY IN CATALYSIS 

M a g n e t i t e , Ρ β β Ο , , i s the major c o n s t i t u e n t and the a c t i v e component 
i n i n d u s t r i a l , nigh temperature ( c a . 650 K) water-gas s h i f t (WGS) 
c a t a l y s t s ( 1 ) , The k i n e t i c s of the WGS r e a c t i o n , 

CO + H 2 0 j C 0 2 + H 2 (1) 

have been s t u d i e d e x t e n s i v e l y , and s e v e r a l m e c h a n i s t i c i n t e r p r e t a 
t i o n s have been developed ( 1 , 2 ) , C o n s i d e r a b l y l e s s i n f o r m a t i o n i s 
a v a i l a b l e c o n c e r n i n g the nature of the a c t i v e s i t e f o r the r e a c t i o n . 
However, recent research i n the area has focused upon i d e n t i f y i n g 
the s u r f a c e f e a t u r e s of F e ^ which are r e s p o n s i b l e f o r i t s a c t i v i t y 
i n t h i s r e a c t i o n . 

The s o l i d s t a t e s t r u c t u r e of m a g n e t i t e , a s p i n e l (j$) , c o n t a i n s 
i r o n c a t i o n s i n two d i f f e r e n t o x i d a t i o n s t a t e s ( F e z + and F e J + ) and 
i n two l a t t i c e s i t e s of d i f f e r e n t c o o r d i n a t i o n ( o c t a h e d r a l and 
t e t r a h e d r a l ) ; t h e r e f o r e , the c a t a l y t i c s u r f a c e of t h i s m a t e r i a l may 
be expected t o p r o v i d e a v a r i e t y of p o s s i b l e s i t e s capable of a c t i n g 
as a d s o r p t i o n or r e a c t i o n c e n t e r s . A l s o , i t has been demonstrated 
t h a t s u b s t i t u t i o n of o t h e r c a t i o n s f o r i r o n can s i g n i f i c a n t l y a l t e r 
the c a t a l y t i c a c t i v i t y f o r WGS ( 4 , 5 ) . 

The nature of the s u r f a c e s i t e s f o r WGS on F e 3 0 4 i s the s u b j e c t 
of t h i s s h o r t r e v i e w . To b e g i n , the s o l i d s t a t e p r o p e r t i e s of mag
n e t i t e w i l l be b r i e f l y d e t a i l e d along w i t h proposed r e a c t i o n p a t h 
ways f o r WGS on m a g n e t i t e - b a s e d c a t a l y s t s . These pathways are d i s 
cussed w i t h r e s p e c t t o both t h e i r k i n e t i c i m p l i c a t i o n s and the 
c a t a l y s t s u r f a c e c h a r a c t e r i s t i c s which may f a c i l i t a t e these proposed 
mechanisms. A more d e t a i l e d i n v e s t i g a t i o n of the oxygen t r a n s f e r 
c h a r a c t e r i s t i c s of a m a g n e t i t e - b a s e d c a t a l y s t i s then presented and 
d i s c u s s e d w i t h r e s p e c t t o proposed o x i d a t i o n / r e d u c t i o n pathways f o r 
WGS. Chemisorpt ion experiments are then d e t a i l e d which p r o v i d e i n 
f o r m a t i o n about the t o t a l a v a i l a b l e magnetite s u r f a c e area and the 
d e n s i t y of s i t e s i n v o l v e d i n the redox r e a c t i o n pathway. F i n a l l y , 
s o l i d s t a t e s u b s t i t u t i o n s i n the magnetite l a t t i c e are r e l a t e d t o 
t h e i r e f f e c t on WGS a c t i v i t y . 

M a g n e t i t e S t r u c t u r a l and C a t a l y t i c P r o p e r t i e s 

M a g n e t i t e e x i s t s i n the s p i n e l s t r u c t u r e which can be represented by 
t h e formula ( F e ^ + ) [ F e 2 + , F e 3 + ] 0 4 , where the parentheses denote 
c a t i o n s i n t e t r a h e d r a l l a t t i c e s i t e s , and the b r a c k e t s denote 
c a t i o n s i n o c t a h e d r a l l a t t i c e s i t e s ( 3 ) . F i g u r e 1 i s a r e p r e s e n t a 
t i o n of the i d e a l i z e d s p i n e l s t r u c t u r e (note t h a t the s t r u c t u r e has 
been extended i n the [001] d i r e c t i o n f o r c l a r i t y ) . The oxygen 
anions form a c u b i c c l o s e - p a c k e d framework i n which t h e r e are 2 
t e t r a h e d r a l v a c a n c i e s and 1 o c t a h e d r a l vacancy per oxygen a n i o n . 
From the above f o r m u l a , i t can be seen t h a t o n e - e i g h t h of the t e t r a 
hedral s i t e s and o n e - h a l f of the o c t a h e d r a l s i t e s are occupied by 
i r o n c a t i o n s . The ordered o c c u p a t i o n of o c t a h e d r a l s i t e s shown i n 
F i g u r e 1 f a c i l i t a t e s e l e c t r o n hopping between f e r r o u s and f e r r i c 
c a t i o n s at temperatures above 119 As a r e s u l t , the o x i d a t i o n 
s t a t e of these o c t a h e d r a l c a t i o n s can be c o n s i d e r e d t o be +2.5. 
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19. LUND ET AL. Water Gas Shift over Magnetite-Based Catalysts 315 

U n f o r t u n a t e l y , at p r e s e n t , w h i l e the bulk s t r u c t u r e of magnetite i s 
w e l l u n d e r s t o o d , l i t t l e i s known about the s u r f a c e s t r u c t u r e of 
m a g n e t i t e - b a s e d c a t a l y s t s . In g e n e r a l , the s u r f a c e may be n o n s t o i -
c h i o m e t r i c ( F e ^ O ^ ) w i t h i r o n c a t i o n s i n both o c t a h e d r a l and t e t r a 
hedral s i t e s ( b ) . 

The l i t e r a t u r e p e r t a i n i n g t o the c a t a l y t i c p r o p e r t i e s of magne
t i t e focuses p r i m a r i l y on the water-gas s h i f t r e a c t i o n . A number of 
r e a c t i o n k i n e t i c s s t u d i e s have been r e p o r t e d i n which WGS r e a c t i o n 
pathways have been proposed ( 1 , 2 , 7 - 1 8 ) , In s h o r t , two types of 
mechanisms have been put f o r w a r d , these being the a d s o r p t i v e and 
r e g e n e r a t i v e mechanisms. In the a d s o r p t i v e pathway, r e a c t a n t s 
adsorb on the s u r f a c e where they r e a c t t o form s u r f a c e i n t e r m e d i 
a t e s , f o l l o w e d by decomposit ion t o products and d e s o r p t i o n from the 
s u r f a c e ( 1 2 - 1 8 ) , Support f o r t h i s a d s o r p t i v e mechanism has been p r o 
v ided by t r a c e r s t u d i e s and apparent s t o i c h i o m e t r i c number a n a l y s e s . 
Two such a d s o r p t i v e mechanisms c o n s i s t e n t w i t h experimental o b s e r v a 
t i o n s are shown below. 

c o ( a d s ) < 2 a ) 

2 H ( a d s ) + ° ( a d s ) < 2 b ) 

c 0 2 ( a d s ) ( 2 c ) 

C 0 2 ( g ) (2d) 

H 2 ( g ) <2 e> 

c o ( a d s ) <3 a> 

0 H ( a d s ) + H ( a d s ) < 3 b ) 

H C 0 0 ( a d s ) (3c) 

C 0 2 ( a d s ) + H ( a d s ) <3d> 

C 0 2 ( g ) (3e) 

H 2 ( g ) ( 3 f ) 

General statements c o n c e r n i n g the nature of the a d s o r p t i o n 
s i t e s r e q u i r e d by such a d s o r p t i v e mechanisms can be suggested based 
upon the chemical nature of CO, C 0 2 , H 2 0 , and Ho and the manner i n 
which these s p e c i e s have been shown t o i n t e r a c t w i t h metal oxide 
s u r f a c e s . 

Carbon monoxide, a s o f t base, i s expected t o i n t e r a c t w i t h a 
s o f t a c i d i c s u r f a c e s i t e ( 1 9 ) » The o c t a h e d r a l i r o n c a t i o n s (+2.5 
average o x i d a t i o n s t a t e ) are the s o f t e r of the a c i d s i t e s on magne
t i t e and may be expected t o p r o v i d e CO a d s o r p t i o n s i t e s . The 
i n i t i a l i n t e r a c t i o n should r e s u l t i n a carbonyl s u r f a c e s p e c i e s , and 
such s p e c i e s have been observed by i n f r a r e d s p e c t r o s c o p y (20-22)< 

c o ( g ) 

H 2 ° ( g ) 

c 0 ( a d s ) + ° ( a d s ) 

c 0 2 ( a d s ) 

2 H ( a d s ) 

c o ( g ) 

H 2 ° ( g ) 

c o ( a d s ) + 0 H ( a d s ) 

H C 0 0 ( a d s ) 

c 0 2 ( a d s ) 

2 H ( a d s ) 
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T h i s a d s o r p t i o n mode may undergo an a c t i v a t e d t r a n s f o r m a t i o n , 
i n t e r a c t i n g w i t h s u r f a c e oxygen t o form a b i d e n t a t e c a r b o n a t e . In 
c o n t r a s t , steam i s a hard base and p r e f e r s t o adsorb on hard a c i d 
s i t e s . C o o r d i n a t i v e l y u n s a t u r a t e d F e 3 + c a t i o n s should prov ide such 
hard a c i d s i t e s . The r e s u l t i n g i n t e r a c t i o n may i n i t i a l l y i n v o l v e a 
s i n g l e c o o r d i n a t i v e bond between the oxygen of water and the c a t i o n , 
but depending on temperature and s u r f a c e hydroxyl c o n c e n t r a t i o n , 
d i s s o c i a t i o n of HoO i n t o s u r f a c e hydroxyls may o c c u r . This d i s s o c i 
a t i o n r e q u i r e s a p a i r - s i t e c o n s i s t i n g of a hard c a t i o n and an 
adjacent oxygen a n i o n . 

Carbon d i o x i d e i s a hard a c i d , and as s u c h , i t i s expected t o 
i n i t i a l l y adsorb on hard base s i t e s , presumably oxygen anions and 
s u r f a c e hydroxyl groups. However, the adsorbed carbon d i o x i d e can 
be as c a r b o x y l a t e or carbonate s p e c i e s , and the carbonate may be 
monodentate or b i d e n t a t e : 

0 0 0 0 0 v/ \ / I c c c 
I I / \ 

Μ-0-Μ-0-Μ O-M-O-M-O Μ-0-Μ-0-Μ 

Monodentate B i d e n t a t e 
C a r b o x y l a t e Carbonate Carbonate 

The e x i s t e n c e of such s p e c i e s has been confirmed by IR s p e c t r o s c o p y 
f o r C0 2 i n t e r a c t i o n s w i t h s e v e r a l metal ox ide surfaces.(23-26) 
F i n a l l y , hydrogen can adsorb e i t h e r h e t e r o l y t i c a l l y (H+ on an anion 
and H- on a c a t i o n ) or r e d u c t i v e l y ( forming two hydroxyl groups) on 
o x i d e s (23). Depending upon r e l a t i v e s u r f a c e p o p u l a t i o n s , d e s o r p t i o n 
i s p o s s i b l e i n each of these f a s h i o n s . For h e t e r o l y t i c a d s o r p t i o n , 
p a i r - s i t e s are again i n d i c a t e d . 

The e x i s t e n c e of s u r f a c e i n t e r m e d i a t e s r e s u l t i n g from the 
i n t e r a c t i o n of two a d s o r b a t e s , as p o s t u l a t e d , f o r example, i n Step 
3c above, has a l s o been confirmed on s e v e r a l metal ox ide s u r 
f a c e s (22,29-30). Formate s p e c i e s have been observed by i n f r a r e d 
s p e c t r o s c o p y f o l l o w i n g i n t e r a c t i o n of CO w i t h a h y d r o x y l a t e d oxide 
s u r f a c e . The decomposit ion of f o r m i c a c i d on a v a r i e t y of o x i d e s , 
i n c l u d i n g i r o n o x i d e , was a l s o shown t o depend on s u r f a c e a c i d i t y 
and b a s i c i t y , w i t h a c i d i c s u r f a c e s forming CO and HoO (WGS r e a c -
t a n t s ) and b a s i c s u r f a c e s forming C0 2 and H 2 (WGS products) (31-36), 
It i s c l e a r t h a t a d s o r p t i v e mechanisms i n v o l v i n g formate s p e c i e s are 
dependent on the acid/base c h a r a c t e r of the magnetite s u r f a c e . In 
g e n e r a l , i t appears t h a t both a c i d i c and b a s i c p r o p e r t i e s are 
d e s i r e d t o make formate s p e c i e s from CO and HoO and then t o decom
pose these s p e c i e s t o C0 2 and Ho. 

In the second c l a s s of WGS mechanisms ( i . e . , r e g e n e r a t i v e p r o 
c e s s e s ) , the magnetite c a t a l y s t serves as an oxygen t r a n s f e r a g e n t . 
In such r e g e n e r a t i v e mechanisms, oxygen i n the c a t a l y s t s u r f a c e and 
perhaps even the c a t a l y s t bulk p a r t i c i p a t e s i n the r e a c t i o n . This 
can be represented by the f o l l o w i n g e q u a t i o n s : 
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19. LUND ET AL. Water Gas Shift over Magnetite-Based Catalysts 317 

CO + * - 0 C 0 o + * (4) 

HoO + * > (5) 

where * denotes a s u r f a c e s i t e . In t h i s s imple form, the r e g e n e r a 
t i v e mechanism merely r e q u i r e s a c a t i o n s i t e which i s capable of 
r e v e r s i b l e o x i d a t i o n / r e d u c t i o n . I t i s a l s o p o s s i b l e t h a t the two 
steps above are s i m p l i f i c a t i o n s of the a c t u a l p r o c e s s e s . For exam
p l e , weakly adsorbed s p e c i e s may a l t e r n a t e l y o x i d i z e and reduce 
a n i o n - c a t i o n p a i r - s i t e s , and the t r a n s f o r m a t i o n t o an adsorbed, a c 
t i v a t e d i n t e r m e d i a t e may be r a t e - l i m i t i n g . In t h i s c a s e , the r e 
quirements upon the s i t e s are s t r i c t e r and s i m i l a r t o those 
d e s c r i b e d above f o r the a d s o r p t i o n of CO, COo, H 2 0 and Ho. 

The r e g e n e r a t i v e mechanism f i t s w e l l w i t h tne observed 
c a t a l y t i c p r o p e r t i e s of F e 3 0 4 . The o c t a h e d r a l i r o n c a t i o n s , which 
undergo r a p i d e l e c t r o n h o p p i n g , would appear t o be the n a t u r a l 
c a t i o n s i t e s f o r the r e v e r s i b l e o x i d a t i o n / r e d u c t i o n r e q u i r e d by the 
mechanism, as w i l l be d i s c u s s e d l a t e r . Indeed, assuming the s i t e s 
t o be e x p o n e n t i a l l y d i s t r i b u t e d w i t h r e s p e c t t o oxygen a f f i n i t y , a 
r a t e e x p r e s s i o n can be d e r i v e d which f i t s measured k i n e t i c data 
w e l l ( 7 J . A d d i t i o n a l support f o r t h i s mechanism comes from the work 
of Boreskov et a l . ( 9 , 1 0 ) who showed t h a t the r a t e of WGS corresponds 
t o the r a t e at which HoO o x i d i z e s and CO reduces the s u r f a c e of 
m a g n e t i t e . This comparison, however, was not c a r r i e d out over a 
range of r e a c t a n t and product p a r t i a l p r e s s u r e s . 

Oxygen T r a n s f e r P r o p e r t i e s of M a g n e t i t e 

R e c e n t l y , the s i m p l i f i e d r e g e n e r a t i v e mechanism has been t e s t e d i n a 
more r i g o r o u s manner (37)« K i n e t i c r e l a x a t i o n measurements were c a r 
r i e d out f o r each of the two r e a c t i o n s of the r e g e n e r a t i v e mecha
n i s m , e q u a t i o n s 4 and 5, u s i n g an i n s i t u g r a v i m e t r i c t e c h n i q u e . A 
chromia-promoted magnetite c a t a l y s t was e q u i l i b r a t e d i n e i t h e r 
CO/COo or H 2 0/H 2 at 637 K. E i t h e r the gas phase c o m p o s i t i o n or the 
temperature was then p e r t u r b e d , and the k i n e t i c s of r e l a x a t i o n t o 
the new e q u i l i b r i u m s t a t e were m o n i t o r e d . I t can be shown t h a t 
under these c o n d i t i o n s , i n t e g r a t i o n of the k i n e t i c e x p r e s s i o n g i v e s 
the f o l l o w i n g r e l a t i o n s h i p : 

η - η Λ * e 
(6) 
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318 SOLID STATE C H E M I S T R Y IN CATALYSIS 

where η i s the number of s i t e s which c o n t a i n oxygen at a given t i m e , 
the s u b s c r i p t e denotes the value measured a f t e r e q u i l i b r i u m i s 
e s t a b l i s h e d , the s u p e r s c r i p t 0 denotes an a r b i t r a r y r e f e r e n c e s t a t e , 
S i s the c a t a l y s t s u r f a c e a r e a , rQ i s the e q u i l i b r i u m exchange r a t e , 
and t i s the t i m e . The v a r i a b l e s a Q ^ and a^ are the thermodynamic 
a c t i v i t i e s of s u r f a c e oxygen and anion v a c a n c i e s , r e s p e c t i v e l y . The 
e x t e n t of s u r f a c e oxygen removal, x , i s d e f i n e d by the e q u a t i o n : 

(7) 

A r e l a t e d q u a n t i t y , θ , i s the value of χ n o r m a l i z e d t o the BET 
monolayer. The chemical a c t i v i t i e s of s u r f a c e o x i d i z e d s i t e s , a Q x 

and s u r f a c e reduced s i t e s , a^ are d e f i n e d at e q u i l i b r i u m by the 
e q u a t i o n : 

V * P c 0 2 P h 2 ° 
a * L U 2 KC0 U U 2 W b 5 K H 2 

here i s the e q u i l i b r i u m c o n s t a n t f o r e i t h e r r e a c t i o n 4 or r e a c 
t i o n 5 above, w r i t t e n w i t h s p e c i e s i as the r e a c t a n t . 

F i g u r e 2 shows the e x p e r i m e n t a l l y determined e x t e n t of oxygen 
removal as a f u n c t i o n of the a c t i v i t y r a t i o , measured v i a p e r t u r b a 
t i o n s of e i t h e r CO or C0 2 i n t h e i r m i x t u r e s , or Ho i n H2/Ho0 m i x 
t u r e s . I t should be noted t h a t both CO and C0 2 aasorb a p p r e c i a b l y 
on the c a t a l y s t under the c o n d i t i o n s of these e x p e r i m e n t s , and c o r 
responding c o r r e c t i o n s t o observed weight changes were made i n 
d e t e r m i n i n g x. (A f u r t h e r d i s c u s s i o n of CO and C0 2 a d s o r p t i o n on 
m a g n e t i t e - b a s e d c a t a l y s t s i s presented i n the f o l l o w i n g s e c t i o n . ) 
From t h i s p l o t , the d e r i v a t i v e i n equation 6 can be e v a l u a t e d and 
thus r e can be measured from k i n e t i c r e l a x a t i o n e x p e r i m e n t s . The 
value of r e measured at a number of pr e ssure r a t i o s (both C0/C0 2 and 
H2/Hp0) can then be used t o determine the forward and r e v e r s e r a t e 
c o n s t a n t s of r e a c t i o n s 4 and 5. 

Rate c o n s t a n t s f o r these r e a c t i o n s were determined assuming 
t h a t e q u a t i o n s 4 and 5 are m e c h a n i s t i c s t e p s . This a n a l y s i s a l s o 
assumes t h a t the s u r f a c e i s u n i f o r m . With these assumptions, rQ i s 
r e l a t e d t o θ χ a c c o r d i n g t o the e x p r e s s i o n : 

ïïf=ki ( θ ο ί - θ ° χ > " " Λ (i = C 0 o r H 2 ) (9) 

f o r the forward r a t e of r e a c t i o n 4 and the r e v e r s e r a t e of r e a c t i o n 
5, and a c c o r d i n g t o 

^ = k . e ° x + k . e x ( i = C 0 2 o r H 2 0) (10) 
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Ο Ο 

ν Ο . C) 
Ο . Ο 

φ . Ο ν Ο 
Ο ι CM 

Ρ ν \ 0 839nm 

\ 0 ° 

•[010] φ » Ο » Q Ο . Ο 
ν Ο . φ 
Ο ν Ο 
• Ο f 

(α) (b) 

F i g u r e 1. The c r y s t a l s t r u c t u r e of m a g n e t i t e : (a) expanded i n 
[001] d i r e c t i o n (b) overview of i n d i v i d u a l anion l a y e r s . Large 
open c i r c l e s represent oxygen a n i o n s ; small open c i r c l e s , t e t r a 
hedral c a t i o n s ; small f i l l e d c i r c l e s , o c t a h e d r a l c a t i o n s ; and v ' s , 
vacant o c t a h e d r a l s i t e s . 

^ 5 0 h 
* 
ο σ 

ο 2ol 
ϋ 
ce ΙΟ 

5 5| 

c& 
0 Δ 

L - L 
-O.02 -O.01 O.0 O.01 O.02 O.03 

OXYGEN REMOVED, 0 χ , 

BET MONOLAYERS 

F i g u r e 2. S u r f a c e oxygen a c t i v i t y r a t i o as a f u n c t i o n of s u r f a c e 
oxygen removal measured v i a gas phase p e r t u r b a t i o n s of (0) CO, 
( • ) COo and (Δ) HO p r e s s u r e . Reproduced w i t h p e r m i s s i o n from 
Ref. 3 7 . C o p y r i g h t 1982, AIChE. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

13
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
27

9.
ch

01
9

In Solid State Chemistry in Catalysis; Grasselli, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



320 SOLID STATE C H E M I S T R Y IN CATALYSIS 

f o r the remaining two r a t e s . Here r e f e r s t o the r a t e c o n s t a n t s 
of the m e c h a n i s t i c steps 4 and 5 and θ ° χ i s the value of θ at the 
r e f e r e n c e s t a t e . F i g u r e s 3 and 4 show a p p r o p r i a t e p l o t s of equa
t i o n s 9 and 10 from which the r a t e c o n s t a n t s can be d e t e r m i n e d . 
Table I presents the r a t e c o n s t a n t s so determined and the values of 
θ ϋ

χ . In t h i s t a b l e , the s u b s c r i p t s r e f e r to the s p e c i e s which i s 
the r e a c t a n t f o r a p a r t i c u l a r r a t e c o n s t a n t , "sat" r e f e r s t o the 
c o n d i t i o n where the a c t i v e s i t e s are a l l i n the o x i d i z e d form. 

The v a l i d i t y of the measured values of the f o u r r a t e c o n s t a n t s 
was checked i n two ways. F i r s t the f o l l o w i n g r e l a t i o n should be 
obeyed: 

k C 0 # k H 2 0 

k Γ Τ = KWGS 
K C 0 2

 K H 2
 W b * 

Using the e x p e r i m e n t a l l y determined values of the r a t e c o n s t a n t s , 
KWGS w a s c a 1 c u l a t e c l t 0 b e 2 5 . 4 e q u a t i o n 1 1 . The a c t u a l value of 
the e q u i l i b r i u m constant at 637 Κ i s 1 7 . 6 , and t h i s agreement i s 
a c c e p t a b l e . The second check was performed by p r e d i c t i n g both the 
r a t e and the k i n e t i c r a t e e x p r e s s i o n f o r WGS and comparing t h e s e 
p r e d i c t i o n s t o r e p o r t e d v a l u e s . 

For a uniform s u r f a c e , the r e g e n e r a t i v e mechanism p r e d i c t s the 
f o l l o w i n g k i n e t i c e x p r e s s i o n f o r the forward r a t e of the WGS 
r e a c t i o n : 

k C 0 k C 0 2
e o x t p C 0 P H 2 0 

W b b K C 0 K C 0 K H 2 0 K H 2 0 K C 0 2
 K C 0 2

 K H 2
K H 2 

R e a c t i o n r a t e s p r e d i c t e d by e q u a t i o n 12 were then compared t o the 
r a t e s given by the e m p i r i c a l l y determined e q u a t i o n : 

O.9C O.25 

r W Q S = 2.0 χ 10 15 CO r H 2 0 
(13) 

r C 0 o 

This e q u a t i o n was determined u s i n g a c a t a l y s t s i m i l a r t o t h a t used 
i n the g r a v i m e t r i c study ( l ) t The p r e d i c t e d r a t e of 2.1 χ 1 0 i b m'^ 
s " 1 ( f o r the case i n which the p a r t i a l p r e s s u r e s of both r e a c t a n t s 
and products are set equal t o 10 kPa) agreed w e l l w i t h the e x p e r i 
mental value of 7.3 χ 1 0 1 5 nf^ s . Furthermore, F i g u r e 5 compares 
the e x p e r i m e n t a l l y determined e f f e c t s of changing each of the c o n 
s t i t u e n t p a r t i a l p r e s s u r e s from equation 13 t o the e f f e c t s p r e d i c t e d 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

13
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
27

9.
ch

01
9

In Solid State Chemistry in Catalysis; Grasselli, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



19. LUND ET AL. Water Gas Shift over Magnetite-Based Catalysts 321 

re/R .lo'W'kPa-' 
2.5-

2.0-
) 

\ • 

1.5-

i.o-
\ o 

1 , O.5- 1 
Ο 

. ^ 1 
-O.01 O.0 O.01 O.02 

O X Y G E N R E M O V E D , 0 χ, B E T M O N O L A Y E R S 

F i g u r e 3 . versus extent of s u r f a c e oxygen removal at 637 Κ 
for i = CO (0); PCQo = 19.4 kPa; PCQ varied for 1 = CO (Δ); PCO = 
1.99 kPa; PCOo varied, and for i = H2 (•); PH Q = 2.18 kPa; PHo 

v a r i e d . Reproduced w i t h p e r m i s s i o n from Ref. 37. Copyr ight 1982, 
AIChE. 

re/F> , I014 m-V'kPa"1 

6.0-

5.0--

4.0 

O.22-

o.ie-

-O.14 

1 ι I ι 1 
-O.01 O.0 O.01 O.02 

O X Y G E N R E M O V E Ο, 0χ, B E T M O N O L A Y E R S 

F i g u r e 4. r /Pi versus extent of s u r f a c e oxygen removal at 637 Κ 
f o r i = COo ( 0 ) ; P C Q o = 19.4 kPa; P C Q v a r i e d , f o r i = C 0 2 ( Δ ); 

P c o = 1.99 kPa; ? C Q ^ v a r i e d , and f o r i = HoO ( • ) ; P^Q = 2.18 

kPa, Ρ μ v a r i e d . Reproduced w i t h p e r m i s s i o n from Ref. 37. Copy-
M 2 

r i g h t 1982, AIChE. 
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by e q u a t i o n 12. Q u a l i t a t i v e l y , the p r e d i c t i o n s are i n agreement 
w i t h the observed b e h a v i o r . 

These r e s u l t s prov ide c o n v i n c i n g evidence t h a t the r e g e n e r a t i v e 
mechanism i s an important pathway f o r WGS over m a g n e t i t e . The d i f 
f e r e n c e s between the p r e d i c t e d k i n e t i c behavior and the observed 
k i n e t i c s may be due t o any of s e v e r a l p o s s i b i l i t i e s , i n c l u d i n g a 
c o n t r i b u t i o n from an a d s o r p t i v e mechanism or n o n u n i f o r m i t y of the 
c a t a l y s t s u r f a c e . This study a l s o i n d i c a t e s t h a t the a c t i v e p o r t i o n 
of the c a t a l y s t s u r f a c e f o r the r e g e n e r a t i v e pathway may be q u i t e 
small ( e . g . , c a . 10% of the BET m o n o l a y e r ) . S i n c e t h i s study i n d i 
c a t e d t h a t the r e a c t a n t gases chemisorb t o a s i g n i f i c a n t extent on 
magnetite s u r f a c e s , the a d s o r p t i o n p r o p e r t i e s of Fe^O^ may p r o v i d e 
f u r t h e r i n s i g h t i n t o the d e t a i l s of the a c t i v e s i t e s , as d i s c u s s e d 
below. 

The T i t r a t i o n of Magnetite Surface S i t e s 

The p r e v i o u s d i s c u s s i o n s have suggested t h a t a n i o n - c a t i o n p a i r - s i t e s 
are important a c t o r s i n both the a d s o r p t i v e and c a t a l y t i c c h a r a c t e r 
i s t i c s of m a g n e t i t e . These p a i r - s i t e s can serve as s i t e s f o r C 0 2 , 
H 2 , or H 2 0 a d s o r p t i o n , and may p a r t i c i p a t e i n a r e g e n e r a t i v e pathway 
f o r WGS. We c o n s i d e r f i r s t the t i t r a t i o n of c o o r d i n a t i v e l y u n s a t u 
r a t e d i r o n c a t i o n s , these c a t i o n s being p o t e n t i a l members of a n i o n -
c a t i o n p a i r - s i t e s . N i t r i c oxide has been r e p o r t e d t o adsorb at room 
temperature on Fe^O^ i n o n e - t o - o n e correspondence w i t h the s u r f a c e 
i r o n c a t i o n s , ( 3 8 ) and thus i s u s e f u l i n t h i s r e s p e c t . Although the 
a d s o r p t i o n of W on unsupported Fe^O^ has been shown t o be dependent 
upon sample p r e t r e a t m e n t , a s t a n d a r d t i t r a t i o n procedure has been 
i d e n t i f i e d ( 3 9 ) , S p e c i f i c a l l y , a f t e r magnetite samples were reduced 
i n a C0/C0 2 m i x t u r e which was chosen on thermodynamic grounds t o 
ensure t h a t Fe^O^ was the i r o n phase, the sample was evacuated a t 
650 Κ f o r 1 h Defore c o o l i n g t o 273 Κ and i n i t i a t i n g NO c h e m i s o r p -
t i o n . ( I t was shown t h a t prolonged e v a c u a t i o n s at 650 Κ r e s u l t e d i n 
apparent NO uptakes which exceeded as much as 3 BET m o n o l a y e r s . ) An 
NO a d s o r p t i o n isotherm was then c o l l e c t e d at 273 K. The sample was 
subsequently evacuated f o r O.5 h at 273 K, a f t e r which a second i s o 
therm was c o l l e c t e d . E x t r a p o l a t i o n of the high p r e s s u r e p o r t i o n s of 
the two isotherms t o zero p r e s s u r e and s u b t r a c t i o n y i e l d e d on NO 
uptake equal t o the No uptake i n the BET monolayer. 

The t i t r a t i o n o f FeoO,, s u r f a c e s w i t h NO i s e s p e c i a l l y u s e f u l 
f o r supported magnetite ( 4 0 j t A s e r i e s of s i l i c a - s u p p o r t e d magnetite 
c a t a l y s t s were prepared w i t h v a r i o u s ΕββΟ^ l o a d i n g s . The standard 
NO t i t r a t i o n scheme presented above was used t o measure s e l e c t i v e l y 
the magnetite s u r f a c e a r e a s , from which i t was p o s s i b l e t o c a l c u l a t e 
the average Fe^O^ p a r t i c l e s i z e f o r each c a t a l y s t p r e p a r a t i o n . The 
p a r t i c l e s i z e was then measured by X - r a y d i f f r a c t i o n l i n e broadening 
and by low and high f i e l d m a g n e t i z a t i o n methods. Agreement between 
a l l the methods was s a t i s f a c t o r y , as i n d i c a t e d i n Table I I . 

While the a d s o r p t i o n of n i t r i c ox ide i s very u s e f u l f o r the 
measurement of magnetite s u r f a c e a r e a s , i t i s not n e c e s s a r i l y t r u e 
t h a t t h i s molecule t i t r a t e s the a c t i v e s i t e s f o r the water-gas s h i f t 
r e a c t i o n . ( T h i s p o i n t w i l l be d i s c u s s e d l a t e r i n t h i s p a p e r . ) For 
t h i s r e a s o n , recent s t u d i e s have focused on the a d s o r p t i v e p r o p e r 
t i e s of magnetite f o r o t h e r m o l e c u l e s , and i n p a r t i c u l a r , on the 
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19. LUND ET AL. Water Gas Shift over Magnetite-Based Catalysts 325 

a d s o r p t i o n of water-gas s h i f t r e a c t a n t s and products at r e a c t i o n 
t e m p e r a t u r e s . The most d e t a i l e d study t o date has i n v o l v e d the 
a d s o r p t i o n of CO and C 0 2 from C0/C0 2 gas m i x t u r e s ( 4 1 ) , the composi
t i o n of these m i x t u r e s chosen such t h a t magnetite was the thermody-
n a m i c a l l y s t a b l e phase of i r o n . Indeed, i t i s important t o note 
t h a t magnetite would be reduced t o m e t a l l i c i r o n i n pure CO, w h i l e 
i t would be o x i d i z e d t o F e 2 Û 3 ™ P u r e ^ 0 2 at water-gas s h i f t 
t e m p e r a t u r e s . 

Three d i f f e r e n t C0/C0 2 r a t i o s were s t u d i e d at t h r e e d i f f e r e n t 
temperatures over chromia-promoted m a g n e t i t e . F i g u r e 6 p r e s e n t s 
Langmuir isotherms f o r the d i f f e r e n t gas r a t i o s at 637 K. From the 
small changes i n composit ion of the gas phase upon a d s o r p t i o n , the 
i n d i v i d u a l amounts of CO and C 0 2 adsorbed were measured independent
l y . F i g u r e s 7 and 8 show Langmuir isotherms f o r CO and C 0 2 

i n d i v i d u a l l y measured i n t h i s manner at 637 Κ i n the t h r e e C0/C0 2 

gas phase c o m p o s i t i o n s . The a d s o r p t i o n behavior shown i n t h e s e 
f i g u r e s was demonstrated t o be r e v e r s i b l e . 

In a d d i t i o n t o the o b s e r v a t i o n t h a t the t o t a l uptake was o n l y 
about 20% of the BET monolayer, i n agreement w i t h the p r e v i o u s l y 
d i s c u s s e d g r a v i m e t r i c s t u d i e s , the data showed t h a t when the C 0 2 

p r e s s u r e was i n c r e a s e d at constant CO p r e s s u r e , the amount of a d 
sorbed CO d e c r e a s e d . S i m i l a r l y , i n c r e a s i n g the pressure of CO d e 
c r e a s e d the amount of adsorbed C 0 2 . These r e s u l t s are c o n s i s t e n t 
w i t h a d s o r p t i o n on a n i o n - c a t i o n p a i r - s i t e s , where CO adsorbs on a 
c a t i o n and i n t e r a c t s w i t h a n e i g h b o r i n g a n i o n , and where C 0 2 adsorbs 
as a b i d e n t a t e carbonate s p e c i e s . For c o m p e t i t i v e a d s o r p t i o n on a 
f i x e d number of s u r f a c e s i t e s , the coverages are given by the 
f o l l o w i n g e x p r e s s i o n s : 

ft
 K c o P c o 6 T 
co" 1 + K r Ρ + Κ Ρ co co c o 2 ( 

Κ Ρ „ Λ a s a t 
C 0 o C 0 o θ τ 

Θ = i LA M 5 ) 
2 CO CO C 0 o C 0 o 

where K C Q and K c o ^ are e q u i l i b r i u m a d s o r p t i o n c o n s t a n t s and 9 j s a t i s 

the f r a c t i o n of the BET monolayer composed of a d s o r p t i o n s i t e s . In 
the case where Κ « Κ , e x p r e s s i o n s 14 and 15 may be reduced t o 
y i e l d : c o c o 2 

co 
9 c o 

CO, 

C0 o 

„ s a t (16) 
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326 SOLID STATE C H E M I S T R Y IN CATALYSIS 

Δ Ρ , kPa 

F i g u r e 5. Measured ( s o l i d l i n e s ) e f f e c t of p r e s s u r e changes on 
WGS r a t e compared t o e f f e c t p r e d i c t e d by oxygen t r a n s f e r ( r e g e n e r 
a t i v e ) mechanism (dashed l i n e s ) . (ΔΡ = 0 corresponds t o a l l = 
10 k P a ) . Reproduced w i t h p e r m i s s i o n from Ref. 37. C o p y r i g h t 
1982, AIChE. 

0 10 20 30 40 50 

P T , k Pa 

F i g u r e 6. Langmuir isotherms f o r t o t a l C0 2 /C0 a d s o r p t i o n at (0) -
613 K, ( • ) - 637 K, and (Δ ) - 663 Κ. Reproduced w i t h p e r m i s s i o n 
from Ref. 4 1 . C o p y r i g h t 1981, Academic P r e s s . 
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19. LUND ET AL. Water Gas Shift over Magnetite-Based Catalysts 327 

0 2 4 6 8 

P c o ; k Pa 

F i g u r e 7. Langmuir isotherms f o r CO a d s o r p t i o n i n C0 2 /C0 = 5.45 
m i x t u r e at (0) - 613 K, (•) - 637 K, and (Δ) - 663 Κ. Reproduced 
w i t h p e r m i s s i o n from Ref. 4 1 . C o p y r i g h t 1981, Academic P r e s s . 

F i g u r e 8 . Langmuir isotherm f o r C 0 2 a d s o r p t i o n i n C0 2/C0 = 5.45 
m i x t u r e at (0) - 613 K, (•) - 637 K, and (Δ) - 663 Κ. Reproduced 
w i t h p e r m i s s i o n from Ref. 4 1 . C o p y r i g h t 1981, Academic P r e s s . 
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328 SOLID STATE C H E M I S T R Y IN CATALYSIS 

F i g u r e 9 shows t h a t when p l o t t e d a p p r o p r i a t e l y , the isotherms f o r CO 
and COo measured w i t h d i f f e r e n t feed r a t i o s superimpose, c o n s i s t e n t 
w i t h tfîe c o m p e t i t i v e model d e s c r i b e d by i s o t h e r m , equation 16. 

The idea of c o m p e t i t i v e a d s o r p t i o n on p a i r - s i t e s has a l s o been 
used t o d e s c r i b e the i n t e r a c t i o n of Ho and HoO w i t h magnetite (42). 
When isotherms were c o l l e c t e d u s i n g Ήο/ΗοΟ m i x t u r e s f o l l o w i n g the 
same approach as d i s c u s s e d above, i t was found t h a t the data f i t a 
model where H 2 adsorbed d i s s o c i a t i v e l y and HoO adsorbed a s s o c i a t i v e -
l y , w i t h both s p e c i e s competing f o r p a i r - s i t e s . These s t u d i e s were 
conducted at water-gas s h i f t r e a c t i o n temperatures ( e . g . , 650 K) and 
as f o r the a d s o r p t i o n of CO and C 0 2 , only a f r a c t i o n of the magne
t i t e s u r f a c e was capable of a d s o r b i n g H 2 and H 2 0. 

While the c o m p e t i t i v e model adequately d e s c r i b e s the C0 2/C0 
a d s o r p t i o n d a t a , i t i s p o s s i b l e t h a t the r e l a t i o n s h i p between CO and 
C0 2 coverages observed f o r the m a g n e t i t e - b a s e d c a t a l y s t may be due 
t o v a r i a t i o n s i n the o x i d a t i o n s t a t e of the s u r f a c e . In the 
p r e v i o u s d i s c u s s i o n of the oxygen t r a n s f e r c h a r a c t e r i s t i c s of t h i s 
same c a t a l y s t , i t was shown t h a t the s u r f a c e oxygen content was 
dependent on the C0 2/C0 gas phase r a t i o ( F i g u r e 2). The f r a c t i o n of 
the s u r f a c e which p a r t i c i p a t e d i n redox r e a c t i o n s was about 10% of 
the BET monolayer. In view of the aforementioned acid/base p r o p e r 
t i e s of C0 2 and C O , i t i s reasonab1e(41) t o c o r r e l a t e 6 C 0 w i t h θ 0 ^ 
(a s u r f a c e oxygen anion) and e c Q w i t h (a c o o r d i n a t i v e l y 
u n s a t u r a t e d c a t i o n ) . Table I I I summarizes t h i s a c i d / b a s e - t y p e c o r 
r e l a t i o n . S a t u r a t i o n coverages by CO do, i n f a c t , correspond 
d i r e c t l y t o θ^, w h i l e changes i n C0 2 s a t u r a t i o n coverage c o r r e l a t e 
w i t h changes i n θ 0 ^ f o r the t h r e e P Q O 2 ^ P C O r a t 1 0 S examined. A two-
s i t e a d s o r p t i o n model was then developed i n which the coverages o f 
CO and COo are d e s c r i b e d by the f o l l o w i n g i s o t h e r m e x p r e s s i o n s : 

C O K c o P c o 
1 + 

K c o P c o 
(17) 

c o 2 

"θ + φ 
0 - * ο 

c o 2 c o 2 

1 + K c o 2
P c o 2 

(18) 

The parameter Φ ο was i n c l u d e d t o account f o r values of e c o ^ 

l a r g e r than B Q ^ , and t h e r e f o r e , r e p r e s e n t s s u r f a c e oxygen s p e c i e s 
c a p a b l e of a d s o r b i n g C0 2 but not capable of p a r t i c i p a t i n g i n the 
oxygen t r a n s f e r p r o c e s s . 

In view of the above d i s c u s s i o n , the f o l l o w i n g q u a l i t a t i v e 
model may be suggested t o d e s c r i b e the r e g e n e r a t i v e mechanism over 
m a g n e t i t e - b a s e d c a t a l y s t s : 
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19. L U N D E T A L . Water Gas Shift over Magnetite-Based Catalysts 329 

P T f k Pa 

F i g u r e 9 . Langmuir isotherms f o r c o m p e t i t i v e a d s o r p t i o n at 637 Κ 
f o r C0 2/C0 m i x t u r e s of (0) - 5 . 4 5 , ( Δ ) - 2.37 and (•) - 1.56. 
Reproduced w i t h p e r m i s s i o n from Ref. 4 1 . Copyr ight 1981, Academic 
P r e s s . 
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19. LUND ET AL. Water Gas Shift over Magnetite-Based Catalysts 331 

0 
C 

CO + [0 - M] j [0 - M] 

0 
C 

[0 - M] t C 0 2 + [ • - M] 

H H 

H 2 0 + [ • - M] + [0 - M] 

H H 

[0 - M] t H 2 + [0 - M] 

where [0 - M] i s an a n i o n - c a t i o n p a i r - s i t e and • r e p r e s e n t s an anion 
vacancy. 

In the f i r s t s t e p , CO adsorbs weakly on a c o o r d i n a t i v e l y 
u n s a t u r a t e d metal c a t i o n of an a n i o n - c a t i o n p a i r - s i t e . This weakly 
adsorbed molecule then r e a c t s w i t h s u r f a c e oxygen t o form C 0 2 and an 
anion vacancy. In the t h i r d s t e p , the oxygen atom of water f i l l s 
t h e anion vacancy v i a d i s s o c i a t i v e a d s o r p t i o n of H 2 0 . F i n a l l y , 
d e s o r p t i o n of H 2 takes p l a c e i n the f o u r t h s t e p , r e g e n e r a t i n g an 
a n i o n - c a t i o n p a i r - s i t e . In view of the arguments presented by Kubsh 
and Dumesic ( 3 7 ) , i t i s suggested t h a t the above r e a c t i o n s i n v o l v i n g 
s u r f a c e oxygen and anion v a c a n c i e s t a k e p l a c e w i t h weakly adsorbed 
water-gas s h i f t r e a c t a n t s and p r o d u c t s , such t h a t these r e a c t i o n s 
can be d e s c r i b e d by E l e y - R i d e a l k i n e t i c s i n s t e a d of Langmuir-
Hinshelwood k i n e t i c s . 

I t i s p o s s i b l e , however, t h a t a v a i l a b l e p a i r - s i t e s may be 
b l o c k e d by the a d s o r p t i o n of C 0 2 or H 2 0 . For example, C 0 2 may 
adsorb on t h e s e s i t e s , forming b i d e n t a t e carbonate s p e c i e s . 
Although such adsorbed s p e c i e s may suppress the r e g e n e r a t i v e mecha
nism over a n i o n - c a t i o n p a i r - s i t e s , these s p e c i e s may be important 
f o r a d s o r p t i v e WGS mechanisms. The general c o n c l u s i o n , however, i s 
t h a t the a d s o r p t i o n isotherms f o r CO and CO? and f o r H 2 and H 2 0 are 
u s e f u l f o r p r o b i n g the p a i r - s i t e s necessary f o r WGS. 

The above ideas t h a t a n i o n - c a t i o n p a i r s i t e s are the s u r f a c e 
s i t e s f o r CO and C 0 2 a d s o r p t i o n on magnetite was v e r i f i e d d i r e c t l y 
by Udovic and Dumesic ( 4 3 ) , These authors prepared f i l m s of magne
t i t e on p o l y c r y s t a l l i n e i r o n f o i l s and v a r i e d the o x i d a t i o n s t a t e of 
t h e s u r f a c e by vacuum-annealing at d i f f e r e n t t e m p e r a t u r e s . In 
s h o r t , i t was shown by Auger e l e c t r o n s p e c t r o s c o p y and X-ray p h o t o -
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332 SOLID STATE C H E M I S T R Y IN CATALYSIS 

e l e c t r o n s p e c t r o s c o p y t h a t the s u r f a c e became more reduced ( i . e . , 
Fe/0 and Fe /Fe atomic r a t i o s both i n c r e a s e d ) as the vacuum-
a n n e a l i n g temperature was i n c r e a s e d . Temperature programmed d e s o r p -
t i o n e x p e r i m e n t s , under u l t r a - h i g h vacuum c o n d i t i o n s , were then 
performed. The s a t u r a t i o n coverage by CO i n c r e a s e d as the s u r f a c e 
became more reduced, i n d i c a t i n g t h a t adsorbed CO was i n t e r a c t i n g 
w i t h c o o r d i n a t i v e l y u n s a t u r a t e d c a t i o n s , as suggested above. In 
c o n t r a s t , the s a t u r a t i o n coverage by CO? decreased as the s u r f a c e 
became more reduced. This r e s u l t woula imply t h a t the number of 
p a i r - s i t e s was l i m i t e d not by the number of s u r f a c e i r o n c a t i o n s , 
but by the number of r e a c t i v e oxygen^species on the s u r f a c e . The 
o b s e r v a t i o n of i s o t o p i c exchange of 1 8 0 between C 0 2 and the s u r f a c e 
conf i rmed t h a t the C 0 2 was present as b i d e n t a t e carbonate s p e c i e s . 
F i n a l l y , the s a t u r a t i o n coverages by C 0 2 and CO were s i g n i f i c a n t l y 
l e s s than one monolayer. T h i s i s c o n s i s t e n t w i t h the above f i n d i n g s 
t h a t only a small f r a c t i o n of the s u r f a c e i s capable of a d s o r b i n g 
these s p e c i e s . 

A d d i t i o n a l i n s i g h t i n t o the nature of the a d s o r p t i o n s i t e s f o r 
CO? was o b t a i n e d by c a r r y i n g out temperature programmed d e s o r p t i o n 
a f t e r c o a d s o r p t i o n of C 0 2 and NO. S p e c i f i c a l l y , i t has been noted 
above t h a t NO adsorbs on i r o n c a t i o n s , and t h i s was f u r t h e r c o n 
f i r m e d by n o t i n g t h a t the s a t u r a t i o n coverage by NO i n c r e a s e d as the 
s u r f a c e of magnetite became more reduced. I m p o r t a n t l y , i t was then 
observed t h a t exposure of the magnetite s u r f a c e t o NO caused a 
decrease i n the amount of C 0 2 which c o u l d be subsequently adsorbed 
on the s u r f a c e . Thus, i r o n c a t i o n s must be a s s o c i a t e d w i t h the 
s i t e s f o r C 0 2 a d s o r p t i o n . S i n c e i t had a l s o been shown t h a t CO? 
a d s o r p t i o n i s a s s o c i a t e d w i t h s u r f a c e oxygen, i t was concluded t h a t 
C 0 2 a d s o r p t i o n t a k e s p l a c e on a n i o n - c a t i o n p a i r - s i t e s . (This would, 
i n f a c t , be expected f o r f o r m a t i o n of b i d e n t a t e carbonate s p e c i e s ) . 
It has r e c e n t l y been proposed by T i n k l e and Dumesic (44) t h a t t h i s 
mode of a d s o r p t i o n may not f o l l o w the Langmuir i s o t h e r m . 

S o l i d S t a t e Probes of the A c t i v e WGS S i t e s 

The e f f e c t s of s o l i d s t a t e a l t e r a t i o n s of the magnetite s t r u c t u r e on 
the c a t a l y t i c a c t i v i t y f o r WGS provide a d d i t i o n a l i n s i g h t i n t o the 
nature of the a c t i v e s i t e s . While g r a v i m e t r i c and c h e m i s o r p t i v e 
s t u d i e s prov ided a chemical p i c t u r e of the a c t i v e s i t e s , a geometric 
or c r y s t a l l o g r a p h i c d e s c r i p t i o n was l a c k i n g . S o l i d s t a t e probes of 
the a c t i v e s i t e s have s u p p l i e d i n f o r m a t i o n on t h i s aspect of the 
mechanism. 

I t has been shown t h a t the a d d i t i o n of l e a d t o a c h r o m i a -
promoted magnetite WGS c a t a l y s t enhances the a c t i v i t y f o r WGS ( 4 ) , A 
study of the s o l i d s t a t e changes which occur upon t h i s s u b s t i t u t i o n 
was made t o probe the a c t i v e s i t e s ..of the c a t a l y s t . Through a com
b i n a t i o n of o x i d a t i o n s t u d i e s , Mossbauer s p e c t r o s c o p y , and X-ray 
d i f f r a c t i o n l i n e b r o a d e n i n g , a model f o r the^ c a t a l y s t was d e v e l o p e d . 
I t was concluded t h a t Pb was present as P b 4 + at t e t r a h e d r a l s i t e s . 
The Pb s u b s t i t u t i o n r e s u l t e d i n the expansion of the t e t r a h e d r a l 
s i t e s , c o n t r a c t i o n of the o c t a h e d r a l s i t e s , and the o x i d a t i o n of 
some Fe^ t o Fe . The r e s u l t i n g o c t a h e d r a l c a t i o n s became more 
c o v a l e n t i n n a t u r e , and s i n c e the o c t a h e d r a l c a t i o n s have been 
r e p o r t e d t o be the a c t i v e s i t e s f o r CO o x i d a t i o n over f e r r i t e s 
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( 4 5 - 4 8 ) , i t was s p e c u l a t e d t h a t t h i s i n c r e a s e d c o v a l e n c y was 
r e s p o n s i b l e f o r the enhanced a c t i v i t y . 

In another s t u d y , the e f f e c t of s i l i c a i n c o r p o r a t i o n i n t o the 
F e 3 0 4 l a t t i c e was s t u d i e d ( 5 , 4 9 , 5 0 ) * A 20% Fe^O^ on s i l i c a c a t a l y s t 
was prepared u s i n g c o n v e n t i o n a l t e c h n i q u e s . I t was found t h a t w h i l e 
d i r e c t o x i d a t i o n of the c a t a l y s t at 800 Κ produced the expected α -
F e 2 Û 3 , i f the c a t a l y s t was p r e v i o u s l y reduced i n CO/CO2 t o produce 
m a g n e t i t e , then subsequent o x i d a t i o n r e s u l t e d i n the f o r m a t i o n of γ -
F e ^ . F i g u r e 10 shows MCfssbauer s p e c t r a of t h i s c a t a l y s t a f t e r 
v a r i o u s thermal t r e a t m e n t s . In these s p e c t r a , the c e n t r a l d o u b l e t s 
were demonstrated t o be a r e s u l t of small i r o n oxide p a r t i c l e s which 
were superparamagnetic at the c o n d i t i o n s where the spectrum was r e 
c o r d e d . The s u p p r e s s i o n of the γ -FeoOg t o α - F e ^ t r a n s i t i o n i s 
c h a r a c t e r i s t i c of the s u b s t i t u t i o n of f o r e i g n c a t i o n s i n t o the mag
n e t i t e l a t t i c e ( 4 , 5 1 ) « 

When a s e r i e s of s i l i c a s u p p o r t e d - m a g n e t i t e c a t a l y s t s of 
v a r y i n g i r o n oxide p a r t i c l e s i z e were i n v e s t i g a t e d , i t was d e t e r 
mined t h a t Si s u b s t i t u t e s i n t o the magnetite l a t t i c e a c c o r d i n g t o 
the f o l l o w i n g r e a c t i o n ( 4 9 ) : 

2 S i 0 2 + 2 ( F e 3 + ) [ F e 2 + , F e 3 + ] 0 4 + 

( S i 2 f e ) [ F e 2
2 + , F e 4

3 + ] 0 1 2 <19> 

A d d i t i o n a l l y , i t was proposed t h a t r e a c t i o n 19 o c c u r r e d only i n the 
outermost 3-4 atomic l a y e r s of the magnetite c r y s t a l l i t e s . The 
MOssbauer spectrum of the c a t a l y s t i n the reduced form agreed w i t h 
t h i s s u b s t i t u t i o n . The s p e c t r a l parameters of the t e t r a h e d r a l 
c a t i o n s were u n a f f e c t e d by the s u b s t i t u t i o n , whereas the isomer 
s h i f t and magnetic h y p e r f i n e f i e l d of the o c t a h e d r a l c a t i o n s 
d e c r e a s e d . A l s o , the l i n e width of the o c t a h e d r a l c a t i o n s i n c r e a s e d 
r e l a t i v e t o an u n s u b s t i t u t e d c a t a l y s t . F i n a l l y , the s p e c t r a l area 
r a t i o of the i r o n c a t i o n s i n the t e t r a h e d r a l t o o c t a h e d r a l s u b -
l a t t i c e s d e c r e a s e d . 

The e f f e c t of Si s u b s t i t u t i o n on the t u r n o v e r frequency f o r WGS 
i s shown i n F i g u r e 1 1 . The t u r n o v e r f r e q u e n c i e s p l o t t e d i n t h i s 
f i g u r e were based on the magnetite s u r f a c e area as determined by the 
NO c h e m i s o r p t i o n t e c h n i q u e . The t u r n o v e r f r e q u e n c i e s shown f o r u n 
supported Fe^O^ i n d i c a t e t h a t the f a c t o r of 10 d e c l i n e i n a c t i v i t y 
f o r the s i l i c a - s u p p o r t e d c a t a l y s t s i s not a p a r t i c l e s i z e e f f e c t , 
but i n s t e a d i s a consequence of the s u b s t i t u t i o n of Si i n t o the 
l a t t i c e . However, when the a d s o r p t i o n of CO/C0o at 663 Κ was used t o 
t i t r a t e the s u r f a c e s i t e s i n s t e a d of NO, the r e s u l t i n g t u r n o v e r 
f r e q u e n c i e s were e s s e n t i a l l y c o n s t a n t as shown i n F i g u r e 12. 
A c c o r d i n g l y , the C0/C0 2 m i x t u r e a p p a r e n t l y t i t r a t e s the s i t e s a c t i v e 
f o r WGS. C l e a r l y , the number of a c t i v e s i t e s i s decreased markedly 
as the p a r t i c l e s i z e decreases i n the s i l i c a - s u b s t i t u t e d magnetite 
c a t a l y s t s . 

The s u b s t i t u t i o n of Si i n t o the magnetite l a t t i c e near the s u r 
face causes the e f f e c t i v e charge of the o c t a h e d r a l c a t i o n s t o i n 
c r e a s e from i t s nominal value of 2.5+. Furthermore, because the 
s u b s t i t u t i o n appears t o occur i n the outermost s u r f a c e l a y e r s o n l y , 
the p e r t u r b a t i o n i s g r e a t e s t f o r the s m a l l e s t p a r t i c l e s , because i n 
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-10 -5 0 5 

VELOC ITY (mm/s) 

F i g u r e 10. Room temperature MGssbauer s p e c t r a of 20% Fe30 4 /Si0p 
c a t a l y s t (a) u n t r e a t e d , (b) o x i d i z e d ( 7 7 3 K ) , (c) reduced i n C0 2 /C0 
( 6 5 8 K ) , (d) r e o x i d i z e d ( 7 7 3 K ) , and (e) rereduced (663K) ( f ) unsup
ported F e ^ 0 4 . (g) m e t a l l i c Fe. Reproduced from 
Ref. 4 9 . C o p y r i g h t 1981, ACS. 
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MAGNETITE PARTICLE SIZE (nm) 

F i g u r e 11. Turnover frequency versus p a r t i c l e s i z e f o r unsup
ported (open) and S i 0 2 - s u p p o r t e d ( s o l i d ) Fe^O^. Reproduced w i t h 
p e r m i s s i o n from Ref. 5. C o p y r i g h t 1982, Academic P r e s s . 

F i g u r e 12. Comparison of t u r n o v e r f r e q u e n c i e s based upon NO ( Δ) 
and CO/COo (0) a d s o r p t i o n . (•) - r a t i o of NO t o C0/C0 2 u p t a k e s . 
Reproduced w i t h p e r m i s s i o n from Ref. 5. C o p y r i g h t 1982, Academic 
P r e s s . 
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t h e s e p a r t i c l e s the s u b s t i t u t e d l a y e r s comprise a more s i g n i f i c a n t 
f r a c t i o n of the t o t a l p a r t i c l e . Because the t e t r a h e d r a l s i t e s i n 
S i - s u b s t i t u t e d magnetite do not c o n t a i n Fe c a t i o n s and y e t the 
c a t a l y t i c a c t i v i t y i s m a i n t a i n e d f o r the l a r g e r magnetite p a r t i c l e s , 
i t can be suggested t h a t the t e t r a h e d r a l s i t e s are not r e s p o n s i b l e 
f o r the WGS r e a c t i o n . S i n c e a c c o r d i n g t o the r e g e n e r a t i v e mecha
n i s m , the a c t i v e s i t e s must be capable of both r e c e i v i n g and 
d o n a t i n g oxygen, the o c t a h e d r a l c a t i o n s are the n a t u r a l s i t e s f o r 
t h i s r e a c t i o n , as d i s c u s s e d p r e v i o u s l y . Upon s u b s t i t u t i o n by S i , 
these c a t i o n s become more f e r r i c i n n a t u r e , thereby p e r t u r b i n g the 
balance between F e ^ + and F e 3 + r e s p o n s i b l e f o r c a t a l y t i c a c t i v i t y . 

In c l o s i n g , i t i s important t o note t h a t the 00/00 2 a d s o r p t i o n 
t e c h n i q u e e f f e c t i v e l y t i t r a t e s the a c t i v e s i t e s f o r WGS on magnetite 
c a t a l y s t s which d i f f e r i n a c t i v i t y by over an order of magnitude. 
N i t r i c oxide on the o t h e r hand t i t r a t e s a l l of the s u r f a c e c a t i o n 
s i t e s and i s u n a f f e c t e d by S i - s u b s t i t u t i o n . Indeed, NO i s known t o 
chemisorb s t r o n g l y on i r o n oxides and may even be a b l e t o r e c o n 
s t r u c t the s u r f a c e . Thus, the combined use of NO and C0/C0 2 a d s o r p 
t i o n p r o v i d e s i n f o r m a t i o n about the t o t a l magnetite s u r f a c e area and 
f r a c t i o n of the magnetite s u r f a c e which i s a c t i v e f o r the WGS 
r e a c t i o n . 

C o n c l u s i o n s 

T h i s review has focused on recent r e s e a r c h d i r e c t e d toward c h a r a c 
t e r i z a t i o n of the a c t i v e s i t e s f o r water-gas s h i f t over m a g n e t i t e -
based c a t a l y s t s . The r e a c t i o n can be d e s c r i b e d by a r e g e n e r a t i v e 
mechanism wherein gas phase or weakly adsorbed CO reduces anion 
s i t e s and steam o x i d i z e s the r e s u l t a n t s u r f a c e oxygen v a c a n c i e s . 
K i n e t i c r e l a x a t i o n t e c h n i q u e s i n d i c a t e t h i s t o be a primary pathway. 
The s i t e s which p a r t i c i p a t e i n t h i s r e a c t i o n comprise only about 10% 
of the BET monolayer, and these s i t e s can be t i t r a t e d u s i n g C0/C0 2 

a d s o r p t i o n at 663 K. In c o n t r a s t , the t o t a l c a t i o n s i t e d e n s i t y i s 
e f f e c t i v e l y t i t r a t e d w i t h NO at 273 K. In f a c t , the r a t i o of the 
e x t e n t of C0/C0 2 a d s o r p t i o n t o the extent of NO a d s o r p t i o n prov ides 
a measure of the f r a c t i o n of the magnetite s u r f a c e which i s a c t i v e 
f o r water-gas s h i f t . 

S o l i d s t a t e s u b s t i t u t i o n of Si i n the magnetite s t r u c t u r e 
occurs only near the s u r f a c e and at the t e t r a h e d r a l s i t e s . On l a r g e 
c r y s t a l l i t e s t h i s s u b s t i t u t i o n a l t e r s the c a t a l y t i c a c t i v i t y s l i g h t 
l y , i n d i c a t i n g t h a t the t e t r a h e d r a l s i t e s are not c a t a l y t i c a l l y s i g 
n i f i c a n t . As the c r y s t a l l i t e s i z e d e c r e a s e s , the a c t i v i t y d e c l i n e s 
i n S i - s u b s t i t u t e d m a g n e t i t e , and c o n c o m i t a n t l y the f e r r i c c h a r a c t e r 
of the o c t a h e d r a l c a t i o n s i n c r e a s e s . Thus, the r e g e n e r a t i v e mechan
ism appears t o occur at s i t e s w i t h o c t a h e d r a l i r o n c a t i o n s which 
have an e f f e c t i v e 2.5+ c h a r g e . 
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20 
Secondary Ion Mass Spectrometry Studies 
of the Structure and Reactivity of Carbon 
on Ruthenium(001) 

L. L. LAUDERBACK1 and W. N. DELGASS 

School of Chemical Engineering, Purdue University, West Lafayette, IN 47907 

Most of the ethylene that interacts with an Ru(001) sur
face at 323 Κ produces a nondesorbable carbon layer. 
Thermal desorption of CO, Auger electron spectroscopy, 
and temperature programmed oxidation a l l show that the 
carbon layer 1) is immobile below 550 Κ 2) forms a more 
densely packed surface phase at temperatures of 550-
1150 Κ and 3) dissolves into the bulk at 1350 K. SIMS 
measurements of isotope mixing in the C-2 ions confirm 
formation of dense-phase (graphitic) islands after heating 
the carbon layer to 923 K. SIMS spectra also demonstrate 
that at 520 K, CO dissociates on Ru(001). The oxygen
-free carbon layer that forms behaves similarly to the 
carbon from ethylene. Both SIMS and thermal desorption 
results show no positive interaction between adsorbed CO 
and D2 but significant attraction between D2 and C 
formed by CO dissociation. 

In a recent investigation (1) we showed, using secondary ion mass 
spectrometry (SIMS) and thermal desorption spectroscopy (TDS), that 
the interaction of ethylene with Ru(001) at 323 Κ is accompanied by 
substantial dissociation and subsequent desorption of hydrogen giving 
r i se to an adlayer consisting mainly of non-desorbable carbon along 
with small amounts of dissociated hydrogen and various hydrocarbon 
species. Most importantly, i t was shown that the hydrocarbon-
containing secondary ions seen in SIMS could be direct ly related to 
hydrocarbon species on the surface and that the high temperature 
desorption peak for C^H^ results from associative desorption of C^H^. 
In this paper we extend our previous study by investigating in more 
detai l the nature of the non-desorbable carbon adlayer formed by 
C 2H^ or CO interaction with Ru(001). SIMS, CO thermal desorption 
spectroscopy, temperature programmed oxidation (TPO) and Auger elec-
ton spectroscopy (AES) measurements are used to characterize the 
structure and reactivity of the carbon adlayer and to develop SIMS 
as a tool for analysis of the chemistry and structure of surface 
layers. 

1Current address: Department of Chemical Engineering, University of Colorado, Boulder, 
CO 80309 

0097-6156/85/0279-0339$06.00/0 
© 1985 American Chemical Society 
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Exper imenta l 

A l l experiments were c a r r i e d out i n an ionjgumped, s t a i n l e s s s t e e l 
UHV b e l l j a r w i t h ^ base pressure of 1x10 T o r r . In SIMS exper 
iments , pr imary A r ions were generated by a R i be r CI 50 i o n gun, 
and secondary ions were de tec ted w i t h a R i b e r Q156 quadrupole mass 
spectrometer equipped w i t h a 45° energy p r e f i l t e r . The mass s p e c t r o 
meter i s a l s o equipped w i t h an i o n i z a t i o n f i l amen t f o r r e s i d u a l gas 
a n a l y s i s and thermal deso rp t ion measurements. A l l experiments were 
performed w i t h 5 keV Ar ions impinging on the sample surface a t a 
45° p o l a r angle measuredgrom the sur face normal . The primary i o n 
c u r r e n t d e n s i t y was 5x10 amps/cm2. 

Auger e l e c t r o n spect roscopy measurements were c a r r i e d out u s i n g 
a P H I , s i n g l e - p a s s , c y l i n d e r i c a l m i r r o r ana lyze r and an o f f - a x i s 
e l e c t r o n gun. The primary e l e c t r o n energy was 3.5 keV and the p r i 
mary e l e c t r o n cur ren t was 9μΑ i n a l l experiments . 

The Ru s i n g l e c r y s t a l was o r i e n t e d by Laue x - r a y b a c k - s c a t t e r i n g 
to w i t h i n 1° o f the Ru(001) p l ane , cu t by a diamond saw and mechan
i c a l l y p o l i s h e d . A f t e r be ing etched i n hot aqua- reg ia fo r about 15 
m i n . , the c r y s t a l was spot welded to two tantalum h e a t i n g w i r e s which 
were connected to two s t a i n l e s s s t e e l e l e c t r o d e s on a sample manip
u l a t o r . The temperature was monitored by a Pt/Pt-10%Rh thermocouple 
which was spot welded to the back of the c r y s t a l . In t h i s c o n f i g u r a 
t i o n temperatures up to 1700 Κ cou ld be r o u t i n e l y ach ieved . The s u r 
face c l e a n i n g procedure , which was s i m i l a r to tha t used by Madey et 
a l . ^ ( 2 ) , i n v o l v e d many hea t ing and c o o l i n g c y c l e s up to 1600 Κ i n 5x 
10 Tor r of oxygen, fo l l owed by hea t ing i n vacuum 2-5 times to 1700 
Κ to remove sur face oxygen. Surface c l e a n l i n e s s was v e r i f i e d by SIMS 
and AES. 

R e s u l t s and D i s c u s s i o n 

Carbon Layers From E t h y l e n e . Carbon coverage as a f unc t i on of e t h y l 
ene exposure a t 323 Κ has been determined p r e v i o u s l y by r e c o r d i n g the 
amount of CO desorbed du r ing TPO ( 1 ) . H a l f monolayer ( M . L . ) c o v e r 
age by carbon r e q u i r e s about 2 Langmuirs (L) of C 2 H ^ , w h i l e 1.1 
monolayer coverage corresponds to 15 L . Molecu l a r spec ie s removed 
from the sur face by TDS a f t e r 15 L exposure to C^H, amount to on ly 
1% of a monolayer . We desc r i be below s t u d i e s of the r e s i d u a l carbon 
l a y e r both i n i t s i n i t i a l s t a t e and a f t e r hea t ing to e leva ted temper
a t u r e s . 

CO Thermal D e s o r p t i o n . On a c l e a n Ru(001) s u r f a c e , 9 L of CO 
induces s a t u r a t i o n coverage by molecu la r CO. When t h i s dose o f CO 
i s a p p l i e d to a sur face preexposed to C^H^ a t 323 K , the CO uptake i s 
d imin i shed but not comple te ly b locked by the carbon l a y e r . The CO 
uptake i s s t i l l 90% of the s a t u r a t i o n v a l u e when the carbon coverage 
i s 1/4 M . L . and f a l l s to 1/4 of the s a t u r a t i o n v a l u e a f t e r 15 L p r e 
exposure to e thy lene . 

I n order to probe the e f f e c t of temperature on the s t r u c t u r e of 
the carbon l a y e r , carbon was f i r s t depos i ted by exposure to C«H^. 
The sample was then heated to the des i r ed temperature a t a r a t e of 
6 K / s e c and then coo led to 323 Κ before exposure to 9 .0 L of CO. 
F i g u r e 1 shows the CO TDS spec t r a fo r a 15 L C«H^ preexposure. The 
TDS hea t i ng r a t e was 6 K / s e c . The 1145 Κ spectrum i n t h i s f i g u r e i s 
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i d e n t i c a l i n shape to that from the c l e a n su r f ace , but the CO cov
erage i s about 1/2 the s a t u r a t i o n v a l u e . A s i g n i f i c a n t i nc rease i n 
CO coverage occurs a f t e r annea l ing to 763 Κ and above. 

A n a l y s i s o f the CO d e s o r p t i o n s p e c t r a , and others obta ined a t 
lower carbon coverage, i n terms of r e s u l t s fo r CO adso rp t ion on the 
c l e a n sur face ( 2 - 5 ) , leads to s e v e r a l c o n c l u s i o n s . A t low carbon 
coverages the e f f e c t of the carbon i s s l i g h t . This corresponds to a 
CO TPD spectrum s i m i l a r to tha t found fo r a c l ean sur face but 
decreased i n i n t e n s i t y and w i t h a broadened h i g h temperature peak. 
High carbon coverage b l o c k s some s i t e s and weakens the remainder. 
Th i s e f f e c t s h i f t s the CO TPD spectrum to lower de so rp t i on tempera
t u r e s . The e f f e c t s o f annea l ing the carbon l a y e r s are f i r s t seen a t 
763 K , where carbon m o b i l i t y a l l o w s a rearrangement of the carbon 
l a y e r to accommodate more CO, as shown i n F igu re 1. The 1145 Κ spec
trum suggests tha t the carbon l a y e r rearrangement has produced some 
c l e a n Ru(001) which desorbs CO i n i t s c h a r a c t e r i s t i c f a s h i o n . S ince 
TPO shows that the amount of carbon remaining on the sur face i s a l 
most unchanged a f t e r annea l ing a t 980 Κ and i s s t i l l 80% of the o r i g 
i n a l v a l u e at 1145 K , the carbon l a y e r appears to rearrange i n t o a 
more dense phase a t temperatures above 763 K . 

Temperature Programmed O x i d a t i o n . These measurements cha r 
a c t e r i z e both the amount and chemical na ture of the carbon on the 
s u r f a c e . A f t e r a sur face i s exposed to e thy lene and p re t r ea t ed as 
d e s i r e d , i t r e c e i v e s a 6 L dose of 0^ a t 323 K . The TPO spectrum i s 
the CO d e s o r p t i o n s i g n a l a t a 6 K / sec programming r a t e . C 0 2 accounts 
f o r l e s s than 1% of the o x i d a t i o n , so the CO s i g n a l accounts fo r 
e s s e n t i a l l y a l l o f the carbon removed. 0 2 dos ing i s repeated u n t i l 
no f u r t h e r CO i s evolved d u r i n g h e a t i n g . SIMS r e s u l t s show tha t a l l 
carbon has been removed from the sur face a t the TPO end p o i n t . 

TPO spec t r a as a f u n c t i o n of annea l ing temperature are shown i n 
F i g u r e 2 fo r a carbon coverage of about O.25 monolayers , cor respond
i n g to an e thylene exposure of 1 L . One TPO c y c l e removes a l l the 
carbon a t t h i s coverage. A q u a l i t a t i v e examinat ion of these spec t r a 
r e v e a l s tha t the low temperature peak, A , does not change p o s i t i o n 
w i t h carbon coverage and i s c o n s i s t e n t w i t h the f i r s t order e v o l u t i o n 
of CO from immobile C - 0 ne ighbors . The sharp peak, B , occurs i n 
a temperature r e g i o n where carbon t r ans fo rmat ion to the dense phase 
and oxygen d i s o r d e r i n g (6) o c c u r . Most i n t e r e s t i n g i s the e v o l u t i o n 
o f a h i g h temperature peak beg inn ing a t an annea l ing temperature of 
663 K . The g radua l d e c l i n e of the low temperature peak and growth 
o f the h i g h temperature peak as the annea l ing temperature inc reases 
from 663 Κ to 1145 Κ c o r r e l a t e s w e l l w i t h the convers ion of the low 
d e n s i t y carbon phase to the h i g h dens i t y carbon phase seen i n t h i s 
r e g i o n i n the CO TDS s p e c t r a . The l o s s of carbon a f t e r 1323 Κ and 
1573 Κ annea l ing (F igure 2) i n d i c a t e s d i s s o l u t i o n of carbon i n t o the 
b u l k . 

Auger E l e c t r o n Spect roscopy. The dominant Ru MNN and carbon 
KLL peaks over l ap s t r o n g l y . A carbon f i n e s t r u c t u r e peak a t 249 eV 
i s p a r t i a l l y r e s o l v e d , however. Up to an annea l ing temperature of 
about 600 K , t h i s peak p o s i t i o n from 1.1 monolayers of carbon s t ays 
cons tan t , but i t f a l l s to 245.5 eV a f t e r annea l ing a t 600 to 900 K . 
Th i s change aga in corresponds to the temperature r e g i o n i n which 
t r ans fo rma t ion to the dense carbon phase occu r s . The s h i f t i s 
c o n s i s t e n t w i t h assignment of the dense phase to a g r a p h i t i c s t r u c 
tu re (7) . 
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380 387.5 475 562.5 650 

TEMPERATURE (K) 

Figure 1. Thermal desorption of CO following a 15 L Ĉ Ĥ  
exposure at 323 K, heating to the temperature indicated, cooling 
to 323 K, and exposing to 9.0 L CO. 

A Β 

M573 Κ 

900 525 750 875 1200 

TEMPERATURE (Κ) 

Figure 2 . Temperature programmed oxidation spectra (CO signal) 
following a 1.0 L C o H4 dose, heating to the temperatures indicated, 
cooling to 323 K, and exposing to 6.0 L 0 ?. 
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Secondary Ion Mass Spectrometry. The sur face s t r u c t u r a l changes 
i m p l i e d by the data d i scussed so f a r i n f l u e n c e a v a r i e t y of SIMS i o n s . 
We d i s c u s s here a SIMS experiment designed s p e c i f i c a l l y to examine 
e f f e c t s o f temperature on carbon m o b i l i t y and the format ion of dense 
phase carbon i s l a n d s on the sur face by m o n i t o r i n g carbon i so tope ^ 
m i x i n g . The loY^mass nega t ive i o n spectrum of O.5 monolayers of C 
depos i t ed from C 2 H , a t 435 Κ shows peaks a t 12, 16, and 24 amu w i t h 
on ly minor c o n t r i b u t i o n s a t 13 , 25, and 26. The h ighe r exposure 
temperature was used i n these experiments to e l i m i n a t e the mo lecu la r 
spec i e s on the sur face s i nce fragments from those spec ie s compl ica te 
i n t e r p r é t â t j g n o f t he^spec t r a . The s t rong peaks a t 12 and 24 c o r 
respond to a n d C 2 2. T h e s m a H i m p u r i t i e s a t 25 and 26 are 

C^H and c ^ 2 ' T l i e °~ P e a k a t 16 i s s t rong even a t the very low 
oxygen coverages present because of the h i g h SIMS s e n s i t i v i t y fo r 
oxygen. Most i m p o r t a n t l y , these data show tha t the background due to 
hydrocarbon contamina t ion i s low i n the 25, 26 amu r e g i o n . The 
i so tope mix ing experiments were conducted as f o l l o w s . I n Case A, 2 L 
of C 2 H 4 and 3 L of C 2 H , were adsorbed s e q u e n t i a l l y a t 435° Κ to 
g i v e equal coverage of carbon from each. The sur face was then annea l 
ed by hea t ing to a d e s i r e d temperature a t 6 K / s e j 2 a n d c o o l i n g to 435 
K . I n Case B , the sample was exposed to 2 L of c O H A f5 ^ 5 Κ, 
annealed a t 923 K , cooled to 435 K, exposed to 3 L of C 2 HA' A N D 

annealed again to the temperature corresponding to that f o r Case A. 
Since p r o x i m i t y i s e s s e n t i a l fo r c l u s t e r i o n format ion i n SIMS ( 8 , 9 ) , 
the m o b i l i t y and s t r u c t u r e of the carbon l a y e r i s r e f l e c t e d i n t h e ^ 
i s o t o n i c compos i t ion of the C 2 i o n s . Wi th the equal coverages of C 
and C used i n these experiments , a random d i s t r i b u t i o n of carbon 
would y i e l d r e l a t i v e i n t e n s i t y of 1:2:1 fo r masses 24 :25 :26 . 
Complete i s o l a t i o n would y i e l d 2 :0 :2 fo r the cor responding i n t e n 
s i t i e s . F igu re 3 d i s p l a y s the I 2 5 ^ I 2 4 + I 26^ i n t e n s i t v r a t i o s as a 
f u n c t i o n of annea l ing temperature fo r both Cases A and B . Examples 
of the C 2 data are shown i n the i n s e t . 

For Case A, the peak area r a t i o of 25 to (24 + 26) goes from 
O.75 at 435 Κ to n e a r l y 1 a t 818 K . The s u b s t a n t i a l i so tope m i x i n g 
a t low temperature shows that molecu la r emis s ion of i n t a c t C 2 from 
the o r i g i n a l e thy lene molecule does not o c c u r . I t i s i n t e r e s t i n g , 
however, that the i so tope m i x i n g i s not complete a t the lower a n n e a l 
i n g temperatures. This suggests that p r o x i m i t y of the parent carbons 
i s preserved a t low temperature and supports the c o n c l u s i o n tha t the 
carbon l a y e r i s immobile a t temperatures below about 550 K . 

The much lower extent o f atomic mix ing a t 435 Κ fo r case Β 
r e l a t i v e to case A c l e a r l y demonstrates tha t annea l ing to 923 Κ 
a l t e r s the d i s t r i b u t i o n of carbon on the surface to prevent c l o s e 
p r o x i m i t y of much of the annealed carbon w i t h the a d d i t i o n a l carbon 
subsequently depos i t ed . Th i s i s c o n s i s t e n t w i t h p r e v i o u s l y desc r ibed 
r e s u l t s i n d i c a t i n g the format ion of h i g h d e n s i t y carbon i s l a n d s upon 
annea l ing above 763 Κ s i n c e i n that case the annealed carbon can be 
i n c l o s e p r o x i m i t y to the carbon depos i ted subsequent to annea l ing 
on ly a long i s l a n d edges. The inc rease i n the peak area r a t i o of 25 
to (24 + 26) from O.4 a t 435 Κ to a p l a t e a u of O.6 at 670 to 923 Κ 
corresponds to the carbon phase t r a n s i t i o n p r e v i o u s l y d i s c u s s e d . 

The r a p i d inc rease i n the extent o f m i x i n g to the s t a t i s t i c a l l y 
complete l e v e l as the annea l ing temperature inc reases from 1000 Κ to 
about 1450 Κ corresponds to the temperature r e g i o n where carbon 
d i f f u s e s i n t o the b u l k . Th i s suggests tha t dur ing annea l ing a t these 
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h i g h temperatures the h i g h d e n s i t y carbon phase becomes u n s t a b l e , 
a l l o w i n g i n d i v i d u a l carbon atoms to migra te independent ly over the 
sur face as w e l l as to d i f f u s e i n t o the b u l k thereby i n c r e a s i n g the 
extent of i s o t o p i c randomiza t ion i n both the low and h i g h d e n s i t y 
carbon phases. 

Carbon Layers from CO 
CO D i s s o c i a t i o n . I t i s w e l l e s t a b l i s h e d i n the l i t e r a t u r e and 

i m p l i c i t i n the data a l ready d i scussed that CO adsorbs m o l e c u l a r l y on 
Ru(OOl) a t temperatures below 350 K . D i s s o c i a t i o n of CO i s to be 
expected a t h igher temperatures, however, and i s thought to be a key 
s tep i n c a t a l y t i c methanation (10-12) . F i g u r e 4 shows d i r e c t SIMS 
evidence f o r CO d i s s o c i a t i o n at 520 K . + Spect rum A + cor responds to 
molecu la r a d s o r p t i o n and shows the RuCO and Ru 2 C0 ions c h a r a c t e r i s 
t i c o f molecu la r CO on the surface (13) . Spectrum Β shows t h a £ a 
l o n g + C 0 exposure a t 520 Κ depos i t s carbon, as i n d i c a t e d by RuC and 
Ru^C. , but l eaves e s s e n t i a l l y no molecu la r CO s i n c e the RuCO s i g n a l 
i s n e g l i g i b l e . The absence of molecu la r C 0 + a t t h i s temperature i s as 
expected from F i g u r e 1. The absence of RuO i n spectrum Β shows that 
oxygen does not accumulate i n the surface l a y e r and suggests tha t i t 
i s removed e i t h e r by r e a c t i o n w i t h CO to form C0~ or by d i f f u s i o n 
i n t o the b u l k . R e a c t i o n p r o b a b i l i t i e s fo r format ion of carbon from 
CO were found to be 4.9x10 , 3.7x10 and 2.1x10 a t 435 K , 520 Κ 
and 815 Κ r e s p e c t i v e l y . A coverage of n e a r l y 1/2 monolayer was found 
a f t e r 480 L exposure to CO a t 435 K . 

Temperature programmed o x i d a t i o n experiments showed t h i s carbon 
l a y e r to be s i m i l a r to tha t formed from C^H^ a t equ iva l en t coverages . 
Annea l ing to 663 Κ produced the h i g h d e n s i t y carbon phase (14) . 

I n t e r a c t i o n w i t h D ? . Thermal d e s o r p t i o n spec t r a f o r coadsorbed 
CO and confirmed l i t e r a t u r e f i n d i n g s (15,16) tha t CO d i s p l a c e s D 2 

from the surface and TDS peak p o s i t i o n s do not s h i f t when both gases 
are present on the su r f ace . SIMS spec t r a a l s o show no D/CO combina
t i o n ions under these c o n d i t i o n s . As shown i n F i g u r e 5 , however, the 
D 2 TDS spectrum i s c l e a r l y s h i f t e d to h igher temperature by the p r e s 
ence of sur face carbon from d i s s o c i a t e d CO. The CO p readso rp t ion 
was done a t 425 Κ to e l i m i n a t e the presence of molecu la r CO on the 
su r f ace . The hea t ing r a t e f o r TDS of D 2 was 65 K / s e c . 

These r e s u l t s i n d i c a t e tha t the presence of sur face carbon 
c rea tes a new deuter ium a d s o r p t i o n s t a t e hav ing a s i g n i f i c a n t l y 
h igher b i n d i n g energy than tha t fo r the c l e a n su r f ace . The r e l 
a t i v e l y narrow and symmetric de so rp t i on peaks and the i n v a r i a n c e o f 
the peak maximum w i t h carbon coverage, fur thermore, i n d i c a t e tha t 
on ly a s i n g l e new s t a t e i s c rea ted by the presence of sur face carbon, 
as opposed to a d i s t r i b u t i o n of a d s o r p t i o n s t a t e s o f d i f f e r e n t b i n d 
i n g e n e r g i e s . T h i s suggests the p o s s i b i l i t y that the new s t a t e may 
be due to the format ion of a s p e c i f i c deutero-carbon complex hav ing 
a w e l l def ined C-D b i n d i n g energy. This seems p l a u s i b l e s i n c e i f the 
new a d s o r p t i o n s t a t e were c rea ted by m o d i f i c a t i o n of me ta l adso rp t ion 
s i t e s by a through-metal type e l e c t r o n i c i n t e r a c t i o n , then one would 
g e n e r a l l y expect a d i s t r i b u t i o n of b i n d i n g s t a t e s due to a non
uni form l o c a l d i s t r i b u t i o n of atoms which would change w i t h carbon 
coverage. 

The ex i s t ence of s t rong C-D i n t e r a c t i o n i s supported by SIMS 
data which show the presence of RuCD + and the l o s s o f t h i s i o n i n 
concer t w i t h the thermal deso rp t ion of D ? (14 ) . 
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300 600 900 1200 1500 

TEMPERATURE (K) 

Figu re 3 . I n t e n s i t y of the 25 amu peak d i v i d e d by the sum of the 
i n t e n s i t i e s of the 24 and 26 amu peaks, i n d i c a t i n g the degree of 
i so tope m i x i n g i n SIMS of the i o n as a f u n c t i o n o f ^ n n e a l i n g 
f o r Case A , s e q u e n t i a l a d s o r p t i o n o f equal amounts o f C«H, and 
C2H4 Î3d Case B' C2H4 annealed t0 923 K f o l l owed by a d d i t i o n 
of ^2^4* l n s e t i n d i c a t e s nega t ive i o n SIMS spec t r a fo r 
Case A (upper) and Case Β (lower) a f t e r annea l ing a t 663 K . 

ω 
Lu 

Ru2 
<.10> 

RuC23 Ru2C13 
O»100> 

RuCieO 

^ RoC ft* 
<»10) n

 >C»1BB> Ru2C180 

Rol80 ι || ' 1 

MASS 
18 

F i g u r e 4 . P o s i t i v e i o n SIMS spec t r a f o l l o w i n g : A) 9.0 L C 0 a t 
320 Κ Β) 480 L CO exposure a t 520 K . 
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4 1 1 i 1 
300 525 750 975 1200 

TEMPERATURE (K) 

F i g u r e 5. Thermal d e s o r ç t i o n of D 2 from Ru(001) and Ru(001) p r e -
exposed a t 520 Κ to the CO doses i n d i c a t e d . The exposure to D ? 

was 720 L a t 425 K . 
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Conclusions 

The combination of TDS, TPO, SIMS and AES shows that carbon deposited 
on Ru(OOl) from C 2H^ becomes mobile at about 550 Κ and transforms 
into a more dense, perhaps graphitic, phase at temperatures above 
550 K. SIMS studies of isotopic exchange in the ion were part ic 
ularly effective in demonstrating carbon mobility and dense-phase 
island formation. SIMS also demonstrated that CO adsorbs dissocia-
t ively on Ru(001) at 520 K. This carbon phase formed by dissociation 
also showed the dense phase transformation after heating. was 
found not to interact with CO, but to have a positive interaction 
with surface carbon. This last finding i s in good agreement with 
current mechanistic explanations of catalytic methanation on ruthenium. 
Overall , the results show both the importance of surface-phase chem
is try in catalysis and the u t i l i t y of SIMS for studies of surface 
structure. 
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Carbon monoxide 
Ru(001) surface 

dissociation, 344 
positive ion SIMS, 345f 
thermal desorption, 340,342f 

WGS on magnetite 
adsorptive mechanism, 315 
discussion, 316 
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Catalyst—Continued 
layered transition metal sulfide, 

role of disorder, 230-32 
mild oxidation, thermodynamic and 

structural aspects of 
interfacial effects, 37 

molybdate, power rate law 
parameters, 114 

molybdenum oxide, dehydrogenation of 
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precursor, (V-Ti)0 systems, 123 
preparation 
Fe-Al series, 105 
NiSMM clays, 277 
promoted (U-Sb)0 catalysts, 76 
standard microactivity test, 76 
transition metal sulfides, 224 
(V-Ti)0 systems, 123 

promoted transition metal sulfide, 
role of edge planes, 228-30 

promoted (U-Sb)0, structure and 
activity, 75 

role of promoter atoms in Co-Mo and 
Ni-Mo, 235-44 

single phase, thermodynamic and 
structural properties, 38 

stability, promoted (U-Sb)0 
catalysts, 86 

structural properties of some 
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supported multicomponent molybdates, 
interfacial effects, 49 

surface dynamics, 19 
vanadium oxide, 
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Catalytic active phases, single, 

interfacial effects, 49 
Catalytic activity 
(Cu-Zn)O, effect of alkali 

promotion, 300 
effect of tetravalent metals 

substitution, 80 
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magnetite, 314-323 
modification of zeolites, 265 
related to free energy function, 71 
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(V-Ti)O catalysts, 135 

Catalytic cracking, zeolites, 264 
Catalytic oxidation, hydrocarbons, 

mechanism, 5f 
Catalytic reactions, zeolites, 263-67 
Catalytically active clays, 

hydroisomerization activity, 275 
Cation(s) 

location, zeolites, 258 
organic, synthesis of new 

zeolites, 265 
Cation distribution, Bi-Ce 

molybdate, 67 

Cation mobility, zeolites, 261 
Cation ordering schemes, scheelite-

type structures, 63 
Cation site, regenerative mechanism, 

WGS on magnetite, 317 
Cation stoichiometry, variable, 

ruthenate pyrochlores, 161 
Cationic active center, structure, 10 
Cationic defects, oxygen transfer, 49 
Cationic oxidation states, scheelite 

structure-type, 61 
Cationic-anionic sublattices, complex 

oxide catalysts, role in 
oxidation, 7 

Cavities, typical, zeolites, 258,260 
Cavity size, zeolites, 260 
Cerium incorporation, bismuth 

molybdate, 67 
Cerium-molybdenum oxide phases, 

formation sequence, 92 
Cerium-molybdenum-tellurium oxide 

system, phase relationships, 89 
Channels, typical, zeolites, 258 
Characterization, pyrochlore 

structure, 145 
Charge per unit cell, zeolite 

framework, 258 
Chemical dealumination, modification 

of zeolites, 265 
Chemical modifications of 

zeolites, 267 
Chemisorption, related to HDS 

activity, transition metal sulfide 
catalysts, 226 

Chromatic factors, effect, HREM 
studies, 184 

Chromia-promoted magnetite 
adsorption of various C0-C02 gas 

mixtures, 325 
effect of lead addition, 332 
summary of adsorption site 

densities, 330t 
Chromium molybdate, method of 

preparation, 106 
Clays 

catalytically active, 
hydroisomerization activity, 275 

NiSMM, cross-linking 
experiments, 2 86 

various, comparison of 
activities, 276 

Cobalt molybdate, dehydrogenation of 
butane, 49 

Cobalt-molybdenum catalysts, role of 
promoter ions, 235-44 

Cobalt sulfide, preparation and 
properties, 247 

Coherent interface, vanadium oxide 
catalysts, 44f 
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Coherent intergrowth with extended 
defects, 44f 

Coherent microdomains, i n t e r f a c i a l 
effects i n oxidation and 
reduction, 45 

Commercial processes involving 
zeolites, 264 

Comparison of the alcohol yields, 
(Cu-Zn)O catalysts, 305f, 306f 

Competitive adsorption on pair-sites, 
magnetite, 328 

Complex oxides, properties responsible 
for s e l e c t i v i t y and a c t i v i t y , 11 

Constituent oxides, distribution, 
(Ce-Mo-Te)O system, 90 

Controlled atmosphere electron 
microscopy (CAEM), alumina-
supported tungsten oxide, 167 

Conversion rates, high, zeolite 
channels, 263 

Coordination polyhedra, bonding, role 
in determining catalytic 
properties, 16 

Coordination sphere, asymétrie 
oxygen, molybdate catalysts, 66 

Copper-zinc oxide catalysts, a l k a l i -
promoted, low alcohol 
synthesis, 295-312 

Cracking catalysts, petroleum, 
zeolites, 263 

C r i t i c a l molecular dimensions, 
hydrocarbons, for 
zeolites, 258,261 

Cross-linking experiments with NiSMM 
clays, 286 

Crystal chemistry, scheelite-type 
structures, 61 

Crystal modifications, oxide systems, 
variation in catalytic 
properties, 18 

Crystal size, effect on zeolite shape 
se l e c t i v i t y properties, 268 

Crystal structure 
effect on transition metal sulfide 

catalysts, 224,225-228 
magnetite, 319f 
Mo, and spectator oxo effects, 31 

Crystalline phase distribution 
promoted (U-Sb)0 catalysts, 77 
XPD, (U-Sb)O catalysts, 78 

Crystallization 
pyrochlore from alkaline 

solution, 148 
zeolites, 265 

Crystallographic f i t , supported multi-
component molybdates, 51f 

Crystallographic shear (CS) 
Ni-substituted bismuth 

molybdate, 194 
nucleophilic insertion of oxygen 

into hydrocarbon molecules, 3 

D 

Dealumination, modification of 
zeolites, 265,266 

Decomposition, 2-propanol, 207 
Defect structures, scheelite 

structure-type, 61 
Dehydration, 2-propanol, 207 

selective, butanol, 263 
Dehydrogenation, 2-propanol, 207 
Desorption 

CO from Ru(001) surface, 340,342f 
deuterium from Ru(001) surface, 346f 

Deuterium, thermal desorption from 
Ru(001), 346f 

Dewaxing, zeolites, 264 
Dibenzothiophene, HDS by transition 

metal sulfides, 223 
Diffraction data, iron sulfide 

samples, 260t 
Dioxo mechanism, multiple, selective 

oxidation, 32f 
Dioxo unit 

adjacent, Mo, effect on selective 
oxidation process, 31 

Mo 
related to propene activation, 33 
selective oxidation catalysis, 66 

Dipolar interaction, desorption of 
2-propanol decomposition products 
from zinc oxide, 215 

Disorder, role i n layered transition 
metal sulfide catalysts, 230-32 

Dissociation, CO, Ru(001) surface, 344 
Distortions, scheelite-type 

structures, 63 
Double bonds, isolated, r e a c t i v i t y and 

s e l e c t i v i t y of lead ruthenates, 158 
Dynamics of the catalyst surface, 19 

Ε 

Edge planes, role in promoted 
transition metal sulfide 
catalysts, 228-30 

Effective molar paramagnetic moment, 
promoted U-Sb catalysts, 83 

Elastic strains, reduction, i n t e r f a c i a l 
effects, 47 

Electrocatalytic properties and 
synthesis of nonstoichiometric 
ruthenate pyrochlores, 143 

Electrolyte-type properties, 
zeolites, 262 

Electromagnetic lenses, imperfections, 
HREM studies, 184 
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3 5 6 SOLID STATE CHEMISTRY IN CATALYSIS 

Electron d i f f r a c t i o n patterns 
bismuth-niobium-tungstate, 196,198f 
Nb-substituted bismuth 

molybdate, 195f 
Electron microscopy 

AEM, location of Co atoms in 
Co-Mo-S, 238 

alkali-promoted (Cu-Zn)O 
catalyst, 301f 

(Cu-Zn)O catalysts, 298f 
HREM 

(Bi-W-Mo)O and (Bi-W-Nb)O, 183 
zeolites, 269 

phases i n bismuth 
molybdo-tungstate, 190f-193f 

Electron spectroscopy for chemical 
analysis (ESCA) 

alumina-supported tungsten 
oxide, I68,170f 

characterization of activated 
(V-Ti)0 catalysts, 127 

precursors, (V-Ti)0 systems, 123 
tungsten f o i l , 170f 
(V-Ti)0 catalysts, 122 

Electron spin resonance studies (ESR) 
characterization of activated 

(V-Ti)0 catalysts, 132 
Mo after interaction with various 

atmospheres, 13 
(V-Ti)0 catalysts, 122 
(V-Ti)0 fused powder mixtures, 126f 

Electron transfer complexes, 
zeolites, 262 

Electronic states, relationship i n 
molybdenum sulfate, 232 

Electroorganic oxidation properties, 
Pb-substituted lead ruthenate, 157 

Elect rooxi da t i ons 
lead ruthenate i n a l k a l i , 159f 
typ i c a l , lead ruthenate i n 

a l k a l i , 159f 
Electrophilic oxidation, 

discussion, 4-7 
Eley-Rideal kinetics, WGS on 

magnetite, 331 
Ethylene, carbon layers on Ru(001) 

surface, 340 
Evolution, oxygen, ruthenate 

pyrochlores, 155 
Excess antimony, promoting effect, 83 
Extended X-ray absorption fine 

structure (EXAFS), Co-Mo and Ni-Mo 
catalysts, 236 

F 

Ferroelastic transition, molybdate 
catalysts, 108 

Ferromagnetic phase transition, 
various, ESR spectra of (V-Ti)0 
catalyst precursors, 125 

Free energy function, Bi-Ce 
catalysts, 71 

Free radical type mechanism, zeolite 
surface, 264 

FTIR 
ammonia adsorbed onto NiSMM, 278f 
mechanism of methanol oxidation, 103 
pyridine adsorbed onto NiSMM, 282f 

G 

Glass-forming tendency, (Te-Mo)O, 92 
Glycols, cleavage by mixed metal 

oxides with pyrochlore 
structure, 161 

H 

Heterogeneous catalysis, s o l i d state 
mechanism, 57 

Heterovalent substitution, scheelite 
structure-type, 61 

n-Hexane, isomerization, NiSMM 
clay, 279 

High conversion rates, zeolite 
channels, 263 

High resolution electron microscopy 
(HREM) 

Bi-Mo tungstate, 189-94 
Bi-Nb oxide, 201f 
Bi-Nb tungstate, 196-99 
Bi tungstate, possible layer 

overlap, 200f 
Bi-W-Mo oxides and Bi-W-Nb 

oxides, 183 
discussion of technique, 184-88 

Higher linear alcohols, suppression, 
alkali-promoted (Cu-Zn)O 
catalysts, 309 

Hybrid crystals, single phase 
catalysts, 40 

Hydrocarbons 
activation during oxidation, 6 
mechanism of catalytic oxidation, 5f 

Hydrodesulfurization (HDS) catalysts 
a c t i v i t y as a function of BET 

surface area, transition metal 
sulfide catalysts, 226 

binary transition metal 
sulfide, 222-24 

preparation and properties, 247 
role of promoter atoms, 235-244 
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INDEX 357 

Hydrogen chemisorption, NiSMM 
clays, 279,285 

Hydrogen peroxide species, 
intermediate i n electroreduction 
of oxygen, 155 

Hydrogen-rich synthesis gas, effect on 
alkali-promoted (Cu-Zn)O 
catalysts, 309 

Hydroisomerization 
a c t i v i t y , NiSMM clays, 275-90 
paraffins, NiSMM clays, 279 
n-pentane, NiSMM clays, 289 

Hydrothermal and chemical treatments, 
modification of zeolites, 266 

I 

Imaging, phase-contrast transfer 
theory, HREM, 186 

Imperfect nature of electromagnetic 
lenses, HREM studies, 184 

Insertion of oxygen, discussion, 11-16 
Instrumental factors, effect on HREM 

technique, 186 
Interface, coherent, vanadium oxide 

catalysts, 44f 
Interfacial effects, on a c t i v i t y and 

sele c t i v i t y , 37 
Interfacial region, Bi-Ce molybdate 

catalysts, 69 
Intergrowth 

(Bi-W)O bronze, multiple scattering 
i n HREM, l88f 

coherent with extended defects, 44f 
Intermediate hydrogen peroxide 

species, the electroreduction of 
oxygen, 155 

Intracrystalline channel-cavity-pore-
cage system, zeolites, 262 

Inverse magnetic susceptibility, 
various sulfided alumina-supported 
Co-Mo catalysts, 243f 

Ionization effects, zeolites, 262 
IR studies 
NiSMM clay, 279 
NO absorption bands, sulfided 

alumina-supported Co-Mo 
catalysts, 240f 

vanadium oxide and prereduced 
catalysts, 133f 

(V-Ti)O catalysts, 122,132 
Iridium, reactions i n zeolites, 263 
Iron-aluminum series, catalyst 

preparation, 105 
Iron molybdate system, various 

preparations, discussion, 104,106 

Iron oxide catalysts—See Magnetite 
Iron sulfide, preparation and 

properties, 247 
Iron tungstate 

methanol oxidation, discussion, 111 
phase preparation steps, 109 

Isolated double bonds, r e a c t i v i t y and 
se l e c t i v i t y of lead 
ruthenates, 158 

Isomerization 
n-hexane, NiSMM clay, 279 
mechanism, bifunctional alkane, 

NiSMM clay, 279 
NiSMM clay, 279 

Isotherms, Langmuir, 
magnetite, 326f,327f,329f 

Κ 

Ketones 
cleavage by mixed metal oxides with 

pyrochlore structure, 161 
electrooxidation by lead 

ruthenates, 158 
Kinetic isotope effect, mechanism of 

methanol oxidation, 103 
Kinetic parameters, various, WGS on 

magnetite, 322t,331 
Kinetic relaxation measurements, 

regenerative mechanism, WGS on 
magnetite, 317 

Koechlinite structure, metal 
molybdates, 43 

L 

Langmuir isotherms, 
magnetite, 326f,327f,329f 

Langmuir-Hinshelwood kinetics, WGS on 
magnetite, 331 

Laser Raman spectroscopy, alumina-
supported tungsten oxide, aluminum 
tungstate, and tungsten 
oxide, 173f 

Lattice(s) 
magnetite, substitution of S i , 333 
medium resolution images, 

bismuth-nobium-tungstate, 196 
transition metal oxide, role i n 

mechanism of selective 
oxidation, 11 

Lattice parameter vs. composition, 
nonstoichiometric ruthenate 
pyrochlores, I47f 
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358 SOLID STATE CHEMISTRY IN CATALYSIS 

Lattice plane, surface, pattern common 
to mild oxidation catalysts, 44f 

Lattice rearrangements, during 
nucleophilic oxidation, 13 

Layered transition metal sulfide 
catalysts, role of 
disorder, 230-32 

Lead 
amorphous ruthenate precipitate, DTA 

trace, 150f 
effect on chromia-promoted 

magnetite, 332 
Lead ruthenates 

a l k a l i , typical 
electrooxidations, 159f 

amorphous, transformation into 
crystalline pyrochlore, I47f 

anion stoichiometry, 146 
Lead-substituted lead ruthenates 

electroorganic oxidation 
properties, 157 

rotating ring disk experiments, 157 
X-ray d i f f r a c t i o n patterns, 145 

Lead-water system, potential-pH 
diagram, 150f 

Lenses, imperfect nature of 
electromagnetic, HREM studies, 184 

Lewis and Bronsted a c i d i t i e s , NiSMM 
clays, 283 

Linear alcohols, higher, suppression, 
alkali-promoted (Cu-Zn)O 
catalysts, 309 

M 

Magnetic moment, unsupported Co-Mo-S 
catalyst, 242 

Magnetic susceptibility 
Co-Mo HDS catalysts, 24l,243f 
vs. reciprocal f i e l d , iron sulfide 

samples, 253f 
transition metal sulfides, 251 

Magnetite 
chromia-promoted 

adsorption of various C0-C02 gas 
mixtures, 325 

summary of adsorption s i t e 
densities, 330t 

competitive adsorption on 
pair-sites, 328 

crystal structure, 319f 
effect of s i l i c a on catalytic 

a c t i v i t y , 333 
oxygen transfer properties, 317-323 
particle size determinations, 

silica-supported samples, 324t 

Magnetite—Continued 
s o l i d state probes of WGS 

s i t e s , 332-336 
structural and catalytic 

properties, 314-323 
substitution of Si into l a t t i c e , 333 
t i t r a t i o n of surface sites, 323 

Maleic anhydride, oxidation of 
butane, 51f 

Mars and Van Krevelen mechanism, 
i n t e r f a c i a l effects, 43 

Medium resolution l a t t i c e images, 
bismuth-niobium-tungstate, 196 

Melting point, single phase 
catalysts, 40 

Metal and acid functions, balance, 
NiSMM clays, 285 

Metal molybdates, structural 
properties, 43 

Metal oxide, mixed, with pyrochlore 
structure, discussion, 161 

Metal oxide-support interaction, 
alumina-supported tungsten 
oxide, 177 

Metal-oxygen bonds, oxysalts, 41 
Metal-oxygen polyhedra, rearrangement 

in nucleophilic oxidation, 13 
Metallic sites, NiSMM clays, 283 
Methanol 

conversion to gasoline on 
zeolites, 264 

effect of a l k a l i on yields, promoted 
(Cu-Zn)O catalysts, 302f 

enhancement synthesis rate, a l k a l i -
promoted (Cu-Zn)O catalysts, 303 

oxidation 
molybdate and tungstate 

catalysts, 103 
various catalysts, 111 

toluene alkylation, zeolite, 268 
Methyl ester formation, methanol 

production by alkali-promoted 
(Cu-Zn)O catalysts, 304 

3-Methyl-5-ethylpyridine, oxidation, 
catalytic performance of (V-Ti)O 
catalysts, 137 

Methylcyclopentane (MCP), 
isomerization on NiSMM clays, 279 

Mica montmorillonite clay, 
Ni-substituted, hydroisomerization 
a c t i v i t y , 275-90 

Microactivity test, standard, promoted 
(U-Sb)O catalysts, 76 

Microdomains, coherent, i n t e r f a c i a l 
effects in oxidation and 
reduction, 45 

Mild oxidation catalysts, 
thermodynamic and structural 
aspects of i n t e r f a c i a l effects, 37 
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INDEX 3 5 9 

Mixed metal oxides 
pyrochlore structure, 

discussion, 161 
structural chemistry, HREM, 183 

Molecular dimensions, c r i t i c a l , 
hydrocarbons for zeolites, 258 

Molecular shape s e l e c t i v i t y , 
restricted transition-state, 
zeolites, 268 

Molecular shape-selectivity, zeolite 
catalysis, 267 

Molecular sizes, c r i t i c a l , hydrocarbons 
for zeolites, 261 

Molybdate 
Bi-Ce, selective oxidation, basis 

for catalytic behavior, 57 
dioxo unit 

propene activation, 33 
selective oxidation catalysis, 66 

Fe-Al, phase transition 
temperature, 110 

Fe-Cr, atomic absorption, 110 
methanol oxidation, 103,111 
power rate law parameters, 114 

role i n selective oxidation and 
ammoxidation of propene, 23 

supported multicomponent, catalytic 
performances, 49 

surface, mechanism of oxidation, 13 
surface area, 108 

Molybdate-oxygen distances, 
interatomic, 66 

Molybdenum 
addition 

effect on catalytic 
s e l e c t i v i t i e s , 87 

effect on s t a b i l i t y of promoted 
(U-Sb)O catalysts, 86 

Molybdenum oxide 
catalyst, dehydrogenation of 

alcohols, 49 
reaction of propylene and a l l y l 

iodide, 7 
Molybdenum sulfide, HDS a c t i v i t y , 226 
Molybdenum-oxygen distances, molybdate 

catalysts, 68 
Monolayers, vanadium oxide, supported 

on anatase, 47 
Morphology, zeolites, 269 
Mossbauer emission spectroscopy (MES) 
Co-Mo HDS catalysts, 241 
magnetite, 334f 
structure, Co-Mo and Ni-Mo 

catalysts, 236 
Multicomponent molybdates, supported, 

catalytic performances, 49 
Multiphase catalyst, analysis, Bi-Ce 

molybdate, 69 
Multiple dioxo mechanism, selective 

oxidation, 32f 

Multiple e l a s t i c scattering, effect on 
HREM technique, 186 

Ν 

Negative charge per unit c e l l , zeolite 
framework, 258 

Neutron diffractogram, bismuth 
molybdate, 59 

Nickel-molybdenum catalysts, role of 
promoter ions, 235-44 

Nickel-substituted mica 
montmorillonite (NiSMM) clay, 
hydroi someri zat i on 
a c t i v i t y , 275-90 

Nickel sulfide, preparation and 
properties, 247 

Niobium-substituted bismuth molybdate, 
HREM studies, 194-96,197f 

N i t r i c oxide, adsorption, Co-Mo-S 
catalysts, 239 

Nitrogen, effect on synthesis of 
ruthenate pyrochlores, 148 

Nonpolar surface, zinc oxide, decom
position of 2-propanol, 205-216 

Nonstoichiometric pyrochlores, thermal 
s t a b i l i t y , 146 

Nonstoichiometric ruthenate 
pyrochlores, synthesis and 
electrocatalytic properties, 143 

Novel zeolites, synthesis, 269 
Nucleophilic attack by oxide ions, 

a l l y l radicals, 10 
Nucleophilic oxidation, 

discussion, 4-7 

0 

Occluded compounds, formation i n 
zeolites, 261 

Octahedral sublayer, bismuth 
molybdate, 197f 

Offretite , structure, 259f 
Olefin, cleavage by mixed metal oxides 

with pyrochlore structure, 161 
Olefin ammoxidation, selective, s o l i d 

state mechanism, 71 
Olefin molecule, activation, 7-11 
Optimum a c r y l o n i t r i l e yield, 

(U-Sb-Ti)O catalyst, 80 
Organic(s) 

discussion of activation, 7-11 
electrooxidation, mixed metal oxides 

with pyrochlore structure, 143 
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360 SOLID STATE CHEMISTRY IN CATALYSIS 

Organic(s)—Continued 
rates of oxidation, lead 

ruthenate, I60f 
Organic cations, synthesis of new 

zeolites, 265 
Oxidation 

alkylpyridines, (V-Ti)0 systems, 121 
butane to maleic anhydride, 51f 
cat a l y t i c , of hydrocarbons, 

mechanism, 5f 
electrophilic and nucleophilic, 

discussion, 4 
i n t e r f a c i a l effects, 43 
methanol, molybdate and tungstate 

catalysts, 103 
3-methyl-5-ethylpyridine, cat a l y t i c 

performance of (V-Ti)O 
catalysts, 137 

propylene and a l l y l iodide, y i e l d of 
acrolein and carbon dioxide, 12f 

selective 
mechanistic studies, 30 
Mo dioxo units, 33 
multiple dioxo mechanism, 32f 
propene to acrolein, 23 

solubilized unsaturates, 159f 
temperature-programmed 

CO on Ru(001) surface, 342f 
ethylene on Ru(001) surface, 341 

Oxidation catalysts, mild, 
thermodynamic and structural aspects 
of i n t e r f a c i a l effects, 37 

Oxidation properties, electroorganic, 
lead-substituted lead 
ruthenate, 157 

Oxidation rates, various organics, 
lead ruthenate, I60f 

Oxidation state, U in promoted U-Sb 
catalysts, 83 

Oxides 
complex, properties responsible for 

s e l e c t i v i t y and a c t i v i t y , 11 
constituent, distribution, 

(Ce-Mo-Te)O system, 90 
crystal modifications, variation i n 

catalytic properties, 18 
mixed metal 

pyrochlore structure, 161 
structural chemistry by HREM, 183 

rhenium oxide l i k e structures, 41 
structural properties, 40 
transition metal, catalysis, 3 

Oxidizing potential, reaction medium, 
effect on synthesis of ruthenate 
pyrochlores, 149 

Oxo, spectator, effect on molybdenum 
catalysts, 24-29 

Oxygen 
asymétrie coordination sphere, 

molybdate catalysts, 66 

Oxygen—Continued 
chemisorption related to HDS 

a c t i v i t y , transition metal 
sulfide catalysts, 226 

complex formation during oxidation 
reaction, 4 

discussion of insertion, 11-16 
donation by the active phase, 38 
effect on synthesis of ruthenate 

pyrochlores, 148 
electrocatalytic properties, 

ruthenate pyrochlores, 151-57 
evolution 

ruthenate pyrochlores, 155,156f 
various ruthenate pyrochlore 

catalysts, 156f 
mechanism of insertion, 17f 
nucleophilic addition to 

hydrocarbon, 6 
reduction 

ruthenate pyrochlores, 151,154f 
steady-state polarization curves, 

ruthenate pyrochlores, 154f 
stoichiometry, mixed metal oxides 

with pyrochlore structure, 161 
surface, WGS on magnetite, 331 
transfer properties of 

magnetite, 317-323 
transport, oxide catalysts with 

rhenium oxide l i k e 
structures, 41 

vacancies and shear planes in 
molybdenum oxide structure, 15f 

WGS regenerative mechanism, 
magnetite, 316 

Oxygen-molybdate distances, 
interatomic, 66 

Oxygen-polar surface, zinc oxide, 
decomposition of 
2-propanol, 205-216 

Oxysalts, structural series of mild 
oxidation catalysts, 41 

Ρ 

Pair-sites, competitive adsorption, 
magnetite, 328 

Paraffins 
hydroisomerization, NiSMM clay, 279 
selective combustion, 263 

Paramagnetic moment, effective molar, 
promoted U-Sb catalysts, 83 

Paramagnetism, Pauli, preparation of 
cobalt sulfide, 250 

Particle dispersion, alumina-supported 
tungsten oxide, 178 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

13
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
27

9.
ix

00
2

In Solid State Chemistry in Catalysis; Grasselli, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



INDEX 361 

Particle size 
alumina-supported tungsten 

oxide, 177 
(Cu-Zn)O, effect of a l k a l i 

doping, 296 
molybdate catalysts, 108 
silica-supported magnetite, 324t 

Pauli paramagnetism, preparation of 
cobalt sulfide, 250 

Peak temperatures, 2-propanol decom
position on various zinc oxide 
surfaces, 210 

n-Pentane, hydroisomerization on NiSMM 
clays, 289 

Periodic trend, HDS of 
dibenzothiophene by transition 
metal sulfides, 223 

Perox complexes, mechanism of 
formation, 4 

Petroleum cracking catalysts, 
zeolites, 263 

PH 
effect on rates of oxidation, lead 

ruthenates, 158 
effect on synthesis of ruthenate 

pyrochlores, 148 
Phase(s) 

a c t i v i t y , binary transition metal 
sulfide HDS catalysts, 222 

cerium-molybdenum oxide, formation 
sequence, 92 

various, (Te-Ce)O subsystem, 92 
Phase composition and catalytic 

a c t i v i t y , propylene 
ammoxidation, 63 

Phase contrast transfer 
function, discussion of HREM 

technique, l85f, l87f 
theory of imaging, HREM, 186 

Phase problems, HREM, 184 
Phase relationships, (Ce-Mo-Te)O 

system, 89 
Phase-separated promoted sulfides, 

role of s o l i d state chemistry, 229 
Phase transition temperature, Fe-Al 

molybdate, 110 
3-Picoline 

adsorption, vanadium oxide 
catalyst, 134 

ammoxidation, cata l y t i c performance 
of (V-Ti)O catalysts, 135 

Platinum catalyst, 3-picoline 
adsorption, 134 

Poisoning, NiSMM clays, 279 
Polar surfaces, zinc oxide, decomposi

tion of 2-propanol, 205 
Polarization, steady-state, curves for 

oxygen reduction, ruthenate 
pyrochlores, 154f 

Polyhedra, metal-oxygen, rearrangement 
in nucleophilic oxidation, 13 

Pore structure, zeolites, 260 
Positive ion secondary ion mass 

spectrometry, CO on Ru(001) 
surface, 345f 

Power rate law parameters, molybdate 
catalysts, 114 

Pressure, effect on WGS on 
magnetite, 326f 

Product quantities, 2-propanol 
decomposition on ZnO, 211 

Product s e l e c t i v i t y , zeolites, 268 
Promoted transition metal sulfide 

catalysts, role of edge 
planes, 228-30 

Promoted uranium-antimony oxide 
catalysts, structure and 
ac t i v i t y , 75 

Promoter atoms 
Co, location i n MoS structure, 240f 
role i n Co-Mo and Ni-Mo 

catalysts, 235-44 
2-Propanol, temperature-programmed 

decomposition on zinc 
oxide, 205-216 

Propene 
adsorption, TPD results, 212,213f 
ammoxidation to a c r y l o n i t r i l e , 23 
desorption, decomposition of 

2-propanol on various zinc oxide 
surfaces, 212 

selective oxidation to acrolein, 23 
Propylene 

ammoxidation 
phase composition and catalytic 

a c t i v i t y , 63 
preferred catalyst, 75 

electrooxidation by lead 
ruthenates, 157 

oxidation 
acrolein, 45 
yie l d of acrolein and carbon 

dioxide, 12f 
Pseudointercalation, transition metal 

sulfides, 229 
Pulse reactor and steady state 

studies, mechanism of methanol 
oxidation, 103 

Pyridine 
adsorbed on NiSMM clays, FTIR, 282f 
effect on conversion of 

MCP, 28lf,282f 
Pyrochlore(s) 

alkaline solution synthesis, 146 
cry s t a l l i z a t i o n from alkaline 

solution, 148 
nonstoichiometric ruthanate, 

synthesis and electrocatalytic 
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Pyrochlore(s)—Continued 
properties, 143 

nonstoichiometric ruthenate, l a t t i c e 
parameter vs. composition, I47f 

thermal s t a b i l i t y of 
nonstoichiometric, 146 

Pyrochlore structure 
characterization, 145 
mixed metal oxides, discussion, 161 
synthesis method, 144 

R 

Rag structure, layered transition 
metal sulfide catalysts, 230 

Raman spectroscopy, alumina-supported 
tungsten oxide, 171 

Rates of oxidation of various 
organics, lead ruthenate, l60f 

Reactant s e l e c t i v i t y , zeolites, 268 
Reaction conditions, preparation of 

transition metal sulfides, 249t 
Reactor, preparation of Co-S, 

Ni-S, and Fe-S catalysts, 249f 
Reduction, i n t e r f a c i a l effects, 43 
Reduction behavior, bulk tungsten 

oxide compared to alumina 
supported, 176 

Reduction resistance, alumina-
supported tungsten oxide, 168 

Regeneration, active center, 16 
Regenerative mechanism, WGS, 

magnetite, 315 
Restricted transition-state molecular 

shape s e l e c t i v i t y , zeolites, 268 
Rhenium oxide matrices, mild oxidation 

catalysts, 42f 
Rhodium, reactions i n zeolites, 263 
Rotating ring disk experiments, lead-

substituted lead ruthenates, 157 
Ruthenate(s) 

Bi-substituted bismuth, 
synthesis, 149 

Pb-substituted lead 
electroorganic oxidation 

properties, 157 
rotating ring disk 

experiments, 157 
Ruthenate pyrochlores 

nonstoichiometric, l a t t i c e parameter 
vs. composition, I47f 

nonstoichiometric, synthesis and 
electrocatalytic properties, 143 

oxidizing potential, reaction 
medium, effect on synthesis, 149 

oxygen electrocatalytic 
properties, 151-157 

Ruthenate pyrochlores—Continued 
oxygen evolution, 155 
oxygen reduction, 151 

Ruthenium sulfide, HDS a c t i v i t y , 226 
Ruthenium tetroxide, role i n mechanism 

of ruthenium pyrochlore 
catalysts, 162 

Ruthenium(001) surface, SIMS studies, 
structure and reactivity of 
carbon, 339-347 

Ruthenium-water system, potential-pH 
diagram, 152f 

S 

Scanning electron microscopy (SEM) 
vanadium oxide catalyst, 128f 
(V-Ti)0 fused powder mixtures, 128f 
(V-Ti)0 systems, 123 

Scattering, multiple e l a s t i c , effect 
on HREM technique, 186 

Scheelite-derived structures, metal 
molybdates, 43 

Scheelite-type structure, 
discussion, 6l,62f 

Secondary alcohols 
cleavage by mixed metal oxides with 

pyrochlore structure, 161 
electrooxidation by lead 

ruthenates, 158 
Secondary ion mass spectrometry (SIMS) 

ethylene on Ru(001) surface, 341 
structure and reacti v i t y of carbon 

on Ru(001), 339-47 
Selective ammoxidation, o l e f i n , s o l i d 

state mechanism, 71 
Selective dehydration, butanol, 263 
Selective oxidation 

mechanistic studies, 30 
Mo dioxo units, 33 

Selectivity, c a t a l y t i c performance of 
(V-Ti)0 catalysts, 135 

Selectoforming, zeolites, 264 
Shape s e l e c t i v i t y 

effect of the size of the zeolite 
grains, 267 

zeolites, 263 
Shear mechanism, crystallographic, 

nucleophilic insertion of oxygen 
into hydrocarbon molecules, 3 

Shear planes 
formation i n rhenium oxide type 

structure, 12f 
and oxygen vacancies in molybdenum 

oxide structure, 15f 
S i l i c a , effect on magnetite catalytic 

a c t i v i t y , 333 
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S i l i c a binder, promoted (U-Sb)O 
catalysts, 86 

Silica-supported magnetite, p a r t i c l e 
size determinations, 324t 

Single catalytic active phases, 
i n t e r f a c i a l effects, 49 

Single-phase boundaries 
(Ce-Mo-Te)O, 96f 
(Ce-Te)O phases, 94f 
component oxides of (Ce-Mo-Te)O 

system, 91f 
(Te-Mo)O and (Ce-Mo)O phases, 93f 

Single-phase catalysts 
analysis, Bi-Ce molybdates, 63 
thermodynamic and structural 

properties, 38 
Single-phase products 

preparation, cobalt sulfide, 250 
sulfides, preparation, 250 

Sodalite, structure, 259f 
Solid state chemistry 

alumina-supported tungsten 
oxide, 165 

role i n catalysis, transition metal 
sulfides, 221-33 

Solid state mechanism, selective 
o l e f i n ammoxidation, 71 

Solid state probes, active WGS sites, 
magnetite structure, 332-336 

Solvent-like properties, zeolites, 262 
Spatial arrangements, typical, 

zeolites, 258 
Spectator oxo effects, molybdenum 

catalysts, 24-29 
Spherical aberration, electromagnetic 

lenses, HREM studies, 184 
Spinel structure, magnetite, 314 
Steady-state and pulse reactor 

studies, mechanism of methanol 
oxidation, 103 

Steady-state polarization curves for 
oxygen reduction, ruthenate 
pyrochlores, 154f 

Stoichiometric samples, preparation, 
cobalt sulfide, 250 

Stoichiometry, anion, lead 
ruthenates, 146 

Structural aspects, i n t e r f a c i a l 
effects, mild oxidation 
catalysts, 37 

Structural changes, alumina-supported 
tungsten oxide, 175 

Structural effects, Bi-Ce molybdate 
catalysts, 57 

Structural properties 
magnetite, 314-323 
oxide catalysts, 40 

Structure 
Co-promoted molybdenum sulfide, 237 

Structure—Continued 
crystal, magnetite, 319f 
molybdate catalysts, 108 
related to properties, zeolites, 262 
various phases of 

bismuth-molybdo-tungstate, 189 

Sulfides 
preparation of single-phase 

products, 250 
transition metal 

preparation and properties, 247 
role of s o l i d state chemistry i n 

catalysis, 221-33 
Superlattice structure 

bismuth-niobium-tungstate, 196 
Ni-substituted bismuth 

molybdate, 194 
Superoxo-complexes, mechanism of 

formation, 4 
Support(s), preparation of transition 

metal oxides, 224 
Support interaction, metal oxide, 

alumina-supported tungsten 
oxide, 177 

Supported multicomponent molybdates, 
catalytic performances, 49 

Surface(s) 
molybdate catalyst, mechanism of 

oxidation, 13 
zinc oxide 

decomposition of 2-propanol, 214 
schematic drawing, 206f 

Surface area 
effect on catalytic a c t i v i t y of 

ruthenate pyrochlores, 1565 
effect on oxygen evolution, 

ruthenium pyrochlores, 155 
molybdate catalysts, 108 

Surface concentration ratios, atomic, 
alkali-promoted (Cu-Zn)O 
catalysts, 299 

Surface doping, (Cu-Zn)O catalyst, 296 
Surface geometry 

effect on catalytic properties, 3 
molybdates, and selective oxidation 

and ammoxidation of propene, 23 
role in catalytic a c t i v i t y , 16-18 

Surface intermediates, WGS on 
magnetite, 316 

Surface l a t t i c e plane, pattern common 
to mild oxidation catalysts, 44f 

Surface oxygen, WGS on magnetite, 331 
Surface structures, Mo, and spectator 

oxo effects, 24 
Swelling clays, cross-linking 

experiments, 286 
Synergic pairs, transition metal 

sulfides, 229 
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Τ 

Temperature, 2-propanol decomposition 
on various zinc oxide 
surfaces, 210 

alumina-supported tungsten 
oxide, 177 

calcination, effect on alumina-
supported tungsten oxide, 178 

desorption of 2-propanol decomposi
tion products, zinc oxide, 214 

magnetic susceptibility, 
sulfides, 251 

preparation of transition metal 
sulfide catalysts, 224 

rates of oxidation, lead 
ruthenates, 158 

synthesis of ruthenate 
pyrochlores, 148 

various 
ESR spectra of (V-Ti)O catalyst 

precursors, 125 
Raman studies of alumina-supported 

tungsten oxide, 175 
Temperature-programmed desorption 

(TPD), 2-propanol decomposition, 
zinc oxide surfaces, 208,209f 

acetone on zinc oxide, 213f 
Temperature-programmed oxidation 
CO on Ru(001) surface, 342f 
ethylene on Ru(001) surface, 341 

Ternary compounds, formation, 
(Ce-Mo-Te)O system, 95 

Tetravalent metals, substitution in 
(U-Sb)O catalysts, 75 

Thermal dealumination, modification of 
zeolites, 266 

Thermal desorption spectroscopy (TDS) 
CO, Ru(001) surface, 340,342f 
deuterium from Ru(001), 346f 
structure and reactivi t y of carbon 

on Ru(001), 339-47 
Thermal s t a b i l i t y , nonstoichiometric 

pyrochlores, 146 
Thermodynamic aspects of i n t e r f a c i a l 

effects, mild oxidation 
catalysts, 37 

Thermodynamic effects, Bi-Ce molybdate 
catalysts, 57 

Thermodynamic properties, single phase 
catalysts, 38 

Thermogravimetric analyses (TGA), 
transition metal sulfides, 250 

Thermogravimetric analysis (TGA), 
alumina-supported tungsten 
oxide, 167 

Three-layer sheet aluminosilicates, 
hydroisomerization a c t i v i t y , 275 

Time-of-flight (TOF) powder neutron 
diffraction data, bismuth 
molybdate, 58 

Tin substitution, (U-Sb)O 

catalysts, 79 
Titanium 

substitution i n (U-Sb)O 
catalysts, 78,80 

substitution effect on catalytic 
a c t i v i t y , 86 

Titanium oxide anatase, promoting 
effect, 48f 

Toluene 
alkylation by methanol, zeolite, 268 
disproportionation on zeolites, 264 

Topotactic decomposition, i n t e r f a c i a l 
effects, 43 

Topotactic reduction, vanadium oxide 
catalyst, 45 

Transition metal ion, reactions i n 
zeolite, 263 

Transition metal oxides 
catalysis, 3 
role of l a t t i c e s i n mechanism of 

selective oxidation, 11 
Transition metal sulfides 

preparation and properties, 224,247 
role of sol i d state chemistry i n 

catalysis, 221-33 
Transition temperature, phase, Fe-Al 

molybdate, 110 
Transition-state molecular shape 

se l e c t i v i t y , restricted, 
zeolites, 268 

Transmission electron micrographs 
(TEM), cross-linking i n NiSMM 
clays, 289 

Tungstate, methanol oxidation, 
discussion, 103,111 

Tungsten f o i l , ESCA spectra, 170f 
Tungsten oxide 

alumina supported 
CAEM, 167 
ESCA spectra, 170f 
laser Raman spectroscopic 

studies, 171,178 
metal oxide-support 

interaction, 177 
particle dispersion, 177,178 
reduction resistance, 168 
so l i d state chemistry, 165 
TGA, 167 

laser Raman spectra, 173f 
various structures, I4f 
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υ 

Unsupported Co-Mo catalysts, 
preparation, 236 

Uranium, oxidation state, promoted 
(U-Sb) catalysts, 83 

Uranium-antimony oxide catalysts, 
promoted, structure and 
acti v i t y , 75 

V 

Vanadium 
addition 

effect on s t a b i l i t y of promoted 
(U-Sb)O catalysts, 86 

improve catalyst s t a b i l i t y , 87 
content in various (V-Ti)O 

catalysts, 124 
Vanadium oxide 

characterization, 121 
coherent interface, 44f 
composition, (V-Ti)O catalysts, 131f 
CS mechanism i n transformation, 46f 
monolayers, supported on anatase, 47 
3-picoline adsorption, 134 
reduction, i n t e r f a c i a l effects, 47 

Vanadium-titanium oxide system, 
methods of preparation, 121 

Variable cation stoichiometry, 
ruthenate pyrochlores, 161 

Variable oxygen stoichiometry, mixed 
metal oxides with pyrochlore 
structure, 161 

W 

Water desorption, decomposition of 
2-propanol on various zinc oxide 
surfaces, 212 

Water gas s h i f t (WGS) 
catalysts, 314 
magnetite, mechanisms, 314-323 

X 

X-ray powder diff r a c t i o n (XRD) 
alkali-promoted (Cu-Zn)O 

catalysts, 299 
characterization of activated 

(V-Ti)O catalysts, 129 
characterization of molybdate 

catalysts, 107 
cross-linking i n NiSMM clays, 289 
crystalline phases detected by, 

(U-Sb)0 catalysts, 78 
NiSMM clays, 28lf 

particle sizes, effect of a l k a l i 
doping, 297 

precursors, (V-Ti)O systems, 123 
Sn-substituted (U-Sb)0 catalysts, 79 
transition metal sulfides, 250 
(V-Ti)O catalysts, 122 

Xylene isomerization, zeolites, 264 

Ζ 

Zeolites 
chemistry of catalysis, 257-71 
definition, 258 
synthesis conditions, 265 
synthesis of novel, 269 
various frameworks, 259f 

Zinc oxide 
crystal surfaces, various, schematic 

drawing, 206f 
powder, propene adsorption, 212 
product quantities in 2-propanol 

decomposition, 211 
temperature-programmed decomposition 

of 2-propanol, 205-216 
Zn-polar surface, decomposition of 

2-propanol, 205-216 
Zirconium substitution, (U-Sb)O 

catalysts, 79,80 
ZSW-11 

morphology, 269 
structure, 259f 

ZSM-5 
morphology, 269 
structure, 259f 
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