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Experimental data are presented on the activities reported for metals and com- 
pounds in the formation of water by catalysis of the reaction of hydrogen and 
oxygen and by reduction of metal oxides. The Intermedion Theory is used to 
predict metals which should catalyze reactions of H and H~ with O, OH, and H20. 
Predictions and experiment are in agreement with respect to the metals and in 
many cases with respect to chemical oxidation state as well. Other metals which 
are not good catalysts or components of oxidants to form water are not found among 
the metals predicted for these reactions. Restricting the reactants at the catalytic 
site to a single oxidation state limits the number of metals predicted to such an 
extent that differences in reaction mechanism become clearly apparent. Certain 
oxidation states of Cr, Fe, Cu, Ag, Co, and Ni catalyze the reaction of polarized 
chemisorbed hydrogen molecules and oxygen atoms to form water directly in a single 
step. Other metals, such as, Mn, Ru, Ir, Pd, and Pt catalyze successive steps 
through OH and HsO + intermediates. The catalytic species active in these reactions 
are Cr ~+, Fe 4+, Co 4+, Ru ~+, and Ru 3+, Mn 3÷ and Mn 4+, Mn "+ and Mn 7+, and Ni ~+. The 
possibility that "intermedions" are one class of the long-sought activated inter- 
mediates of catalysis is supported by these results. 

INTRODUCTION 

The following study considers the for- 
mation of water from the point of view of 
the Intermedion Theory. This provides a 
method for the selection of metals which, 
in metallic or combined form, are the most 
efficient catalysts for the synthesis of water 
from hydrogen and oxygen and whose 
oxides a~e the most readily reduced by 
hydrogen. The oxidation state of the 
metallic component of the oxide or catalyst 
is described and steps of the reaction 
mechanism are clearly specified. 

The Intermedion Theory is based on the 
following three hypotheses: 

(1) Chemisorbed intermedions are a 
group of adsorbates which may be described 
by equations relating their vibration 
frequencies to numbers of valence elec- 
trons. 

(2) The polarization exerted on a 
chemisorbed intermedion by the metallic 
component of the adsorbent is, for certain 
oxidation states of the metal, a constant 
which may be expressed in terms of a 
fractional number of electrons. 

(3) A catalyst for a reaction contains a 
metal (or its compound) which, because 
of its unique polarizing effect, forms inter- 
medions with vibration frequencies which 
match or differ by factors of 2. The match- 
ing of vibration frequencies as a criterion 
for reaction was proposed by Myers (1). 

A previous publication (2) presented a 
qualitative survey of the application of the 
Intermedion Theory to several catalytic 
reactions. Th.ese were reactions of synthe- 
sizing water from hydrogen and oxygen, 
oxidizing carbon monoxide, decomposing the 
peroxide radical, and hydrogenating acety- 
lene. The following three new concepts have 
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changed the qualitative results to ones that 
are quantitative. 

(1) The requirement of a single oxidation 
state at the catalytic site has diminished 
the number of metals selected to one-half 
the former number. This makes differences 
in the reaction mechanisms with different 
metals clearly apparent. 

(2) The number of metals and their 
different oxidation states that are included 
in the theory has been expanded (3) from 
10 to 42. I t  is now possible not only to 
select the metals and oxidation states that 
are active in these reactions but also to 
show that others are not active. 

(3) A relationship has been established 
between the chemical oxidation states of 
metals and the electronic states of their 
gaseous ions. With this relationship, the 
appropriate oxidation state of the metal 
for catalysis or the oxide most easily 
reduced may be specified. The method of 
assignment of the oxidation states of the 
metals in these reactions is described in a 
forthcoming paper (8). 

In a very abbreviated summary in Table 
1, the catalysts found by experiment are 
compared with the metals and oxidation 
states predicted for these reactions. The 
metals predicted show good agreement with 
experiment. However, in some examples, the 
oxidation state predicted is not the same as 
indicated by the empirical formula of the 
active compound. These differences will be 
discussed when the r~actions of the indi- 
vidual metals are considered. 

A more detailed description is presented 
in Table 2 of the conditions and results 
of the experimental investigations reported 
for the synthesis of water and reduction 
of oxides. A discussion of the predictions 
presented in Table 3 indicates the method 
of assigning the elementary reactions 
catalyzed by each metal. Finally, a detailed 
description of the calculations necessary to 
construct Table 3 is presented in Part  B 
of this paper. 

Disc~rssm~¢. PART A 

The interpretation of a catalytic reaction 
by means of the Intermedion Theory 

involves a comparison of two somewhat 
independent sets of numbers. One set is 
generated by the simultaneous solutions of 
the equations of the intermedions of the two 
reactants. These are the equations relating 
vibration frequency to numbers of valence 
electrons. The solutions are those numbers 
of electrons for which the vibration fre- 
quencies of the two reactants match or 
differ by factors of 2. These numbers of 
electrons are generally nonintegral, that is, 
numbers composed of an integer and a 
fraction. The significant solutions are those 
for which the numbers of electrons of the 
pair of matching intermedions have the 
same fraction. These fractions are con- 
sidered the "optimum fractions" for the 
reaction. I t  may be noted that the optimum 
fractions do not necessarily depend on data 
from chemisorption or catalysis. The 
equations of the intermedions can be 
obtained from the measured vibration 
frequencies of molecules and ions of the 
reactants when this information is avail- 
able. 

The other set of numbers is composed of 
the fractions which are characteristic of the 
polarization exerted on adsorbates by each 
metal. These fractions, called "polarization 
fractions," were discovered during an 
infrared study of chemisorbed carbon 
monoxide (18). The possibility that these 
fractions are a fundamental property of 
the metal is strongly supported by the 
discovery of a quantitative relationship 
between the polarization fractions deter- 
mined by carbon monoxide chemisorption 
and the electronic energy levels of metal 
ions. In a forthcoming paper (8), this 
relationship is used to calculate the polar- 
ization fractions of many metals which 
have not yet been studied with infrared 
spectroscopy as adsorbents for carbon 
monoxide. 

These two sets of fractions are used to 
explain or predict catalytic activity by 
comparing the optimum fractions of a re- 
action with the polarization fractions of 
specific metals. The metal (in the appropri- 
ate oxidation state), whose polarization 
fraction matches one of the optimum 
fractions of the reaction should chemisorb 
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T A B L E  1 
Jk COMPARISON OF EXPERIMENTAL AND PREDICTED ACTIVITIES OF METALS AND OXIDES 

Experimental 

H~O synthesis I-I~O synthesis 
tteterogeneous ttomogeneous~ Oxide reduction 

Act ive  

Inac t ive  

Act ive  

Inac t i ve  

CoaO~, CuO, MnO,., 
Mna+. 4+, NiO 

Pt, Pd, Ir, & Ru metals 

TiO, ¥~O~, Cr~O~ 
ZnO, Fe, Co, and Ni 
Metals 

CO 4+, CU~ b 
Mn3+, 4+, Nia+, 
ptb, pd b, ir ~, I~u2+, a+ 
Fe4+~ Cr 4+, Ag b 

Tia+, 4+, Va+, 4+, ~+ 
CW+, ~+, Zn b, 

Fel+, 2+, 3+ 

Co~+, 2+, ~+, Np+, ~+ 

Experimental 

Cu (ie) salts 
Ag salts 

Salts of Fe, Mn, V, 
Ti, Ni, Co, Pt, Pd, 
It, Rh and Ru 

Predicted 

Cub (ic) salts 
Ag b salts 
Cr ~+, :Fe 4+, Co4+~ 

NiS+ 

~el+, 2+, 3+ 

All Mn, V, Ti, 
Pt, Pd 

Ir, and Ru salts 
Nil+, 2+, Co~+, ~+, 8+ 

CoaO4, CoO, CuO, Cu~O, 
NiO, MmOa, Cr <47)' 5+, 6+ 

Fe2Oa, MnO~, Ag oxide 

V205, ZnO, Mn~O~ 
Cr2Oa, MnO, FeO 

Co 4+, Cub (ic) 
Nia+, Mna+, 4+, Cr4+ 
Fe ~+, Ag b 

Va+, 4+, 5+, Znb, Mn2+, a+ 
Cr2+, 3+ Fe2+, s+ 

a Assume single-step mechanism and maintenance of oxidation state. 
b Data necessary to assign oxidation state are not available. 

the two reactants, forming intermedions 
with matching vibration frequencies. The 
metals listed in Table 3 satisfy this 
criterion for catalysis of these reactions. 

The reactions shown in Table 3 may be 
grouped into the following three mech- 
anisms for the formation of water: The 
single-step mechanism combines a hydrogen 
molecule intermedion with an oxygen atom 
intermedion, that is, H2 + 0 ~- H~O. (It is 
assumed that  some dissociation of chem- 
isorbed H~ and 02 intermedions takes place 
so that H and O atom intermedions are 
present.) The two-step mechanism involves 
the formation of ON radicals by H + 0 
OH and the addition of a second H by 
H ~ OH ~ H~O. The three-step mechanism 
forms OH, adds H~ by H2 + O N ~ H 8 0  + 
+ e-, then dissociates the hydronium ion 
by HsO + ~ e- ~ H + H20. Thus the par- 
ticular elementary reactions whose optimum 
fractions are matched by the polarization 
fraction of a metal and/or its compounds 
indicate the reaction mechanism when the 
synthesis of water is catalyzed by that 
metal. 

All of the metals in Table 3 are among 
the efficient catalysts or readily reducible 
oxidants in Table 2. Since the polarization 
fractions of Hg, Pb, Cd, and Sn are not 
known at this time, predictions can not be 
made of their activity. The more subtle 
aspects of these reactions are indicated by 
the oxidation states of the metals in the 
tables. Experiments reported in Table 2, 
No. 5 show that  a very high temperature is 
necessary to reduce Cr2Os. This observation 
is consistent with the first reaction indicated 
for chromium in Table 3. This reaction, 
catalyzed by Cr 3+, would reduce a hydroxide 
but would not reduce Cr2Oa. In contrast, 
the second reaction for chromium will lead 
from chemisorbed H2 and O intermedions 
to water. Oxygen atom intermedions may be 
formed by the dissociative chemisorption 
of oxygen molecules in the catalytic 
reaction. They may come from the lattice 
of the metal oxide in the case of reduction 
by hydrogen.) Nigher oxides of chromium 
which contain Cr ~÷ at any point in the 
lattice should be readily reduced by 
hydrogen. Depletive reduction will stop at 
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TABLE 2 
EXPERIMENTAL RESULTS ON THE SYNTHESIS OF WATER AND REDUCTION 

OF OXIDES REPORTED BY OTHER INVESTIGATORS 
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1. Oxididation of hydrogen at 150°C (4) 
Co3Oa > CuO > MnO2 > Fe203 > Cr203 > V205 > ZnO > TiO2 
X l0 T relative activity X 10 

2. Initiation temp. for reduction of oxides by hydrogen (5) 
CuO, 138°C; Cu20, 144°; Co304, 197°; CoO, 222°; ttgO, 258°; NiO, 298°; PbO, 319°; 

Mn203, 319°; CdO, 340°; Fe203, 309°; Fe~O4, 362 ° ; FeO, 348°; SnO, 400°; 
Mn304, 409°; GeO:, 480°; V205, 492°; ZnO, 568 °. 

3. Recombination of H: + O2 in aqueous solution (6) 
Cupric salts--only effective catalysts 
Silver salts--slight activity but precipitated 
Pt, Pd, Os, Ir, Ph, and Ru compounds--reduced to metal, then catalyzed explosions 
Fe, T1, Ca, Sn, Mn, V, and Ti compounds with UO2SO4--very slight 
Ni, Co, Zn, Cd, Pb, As, Li, Rb, K, and Mg--no activity 

4. Synthesis of water at room temp. by metals (7) 
Os, Rh, Ir, Pd, and Pt--active 
Fe, Co, and Ni--inactive 

5. Cr203 reduced by hydrogen in temp. range at 1400°C (8, 9) 
CV + to CV + oxides reduction initiated at 140°C (10) 

6. MnO not reduced by H2 at ll00°C (9) 
Oxidation of hydrogen catalyzed by oxygen-deficlent Nin02 at 25°C, requires both (11) 

Mn ~+ and Mn 4+ 
Depletive reduction of MnO~ at relatively low temp. stops at Mn203 

7. FeO requires high temp. for reduction (9) 
Higher oxides may be reduced at 2650C (12) 

8. Copper oxide reduced at 75°C (13) 
In high H2 conch, activity of copper oxide diminishes above 300°C (4) 

9. In high H2 concn, activity of nickel oxide diminishes above 200°C (4) 
10. Silver oxide reduced at 90°C (1~) 

Silver precipitated from silver nitrate solns, by H2 
11. W08 reduction by H: accelerated by Pt and H20 (15, 16, 17) 

Cr~O~ since Cr ~÷ is necessary for the re- 
action, H2 H-0  ~ H20. In addition, the 
difficulty of reducing C~20~ suggests that 
Cr ~÷ sites for intermedions are not available 
in Cr203. 

The elementary reactions predicted in 
Table 3 for manganese fit exactly the ex- 
perimental observations reported by Brooks 
(I1), indicated in Table 2, No. 6. He found 
that an oxygen-deficient, nonstoiehiometric 
manganese dioxide was a very efficient 
catalyst for the synthesis of water from 
hydrogen and oxygen. He concluded that 
both Mn 3÷ and Mn 4+ were necessary for 
catalytic reaction. Further he observed that 
depletive reduction of MnO~ at relatively 
mild conditions stops at 'Mn20~. The first 
three reactions predicted for manganese in 
Table 3 form the three-step mechanism for 
the synthesis of water starting with H and 

0 intermedions. The 3-~ oxidation state is 
required for the first and third reactions 
while the 4 +  state is required for the 
second reaction. Thus reduction will stop 
when the Mn 4÷ is exhausted. As in the 
example of chromium oxides, it is concluded 
that Mn 4+ sites for intermedions are not in 
equilibrium with lower oxidation states in 
Mn~O~. 

The oxidation states which are present 
in compounds are not always indicated by 
the empirical formulas. This is well il- 
lustrated by the oxides of cobalt. Kuznetsov 
and Kulish (19) propose that CoO is 
thermodymanically unstable below 291°C, 
disproportionating to Co and Co:204. Even 
Co~04 is a compound containing cobalt in 
more than one oxidation state. The high 
activity of Co304 as a catalyst or oxidant 
in these reactions is indicated by its early 
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TABLE 3 
METALS AND OXIDATION STATES PREDICTED FOR ELEMENTARY P~EACTIONS 

Optimum Polarization Chemical oxidation 
Reaction fractions 1VJ[etal fraction state 

H + OH ~ - t i 2 0  0.098 Cr 0.099 3 +  
112 + 0 ~ H20 0.199 Cr 0.205 4 +  
t I  -5 H20 +~-1130 + -5 e -  0.365 Cr 0.36s 6-5 

H -5 0 ~-0I - I  0.158 M n  0.153 3-5 
112 -5 OH ~- H30 + -5 e-  0.151 M n  0.153 4-5 
H -5 H20 ~- H30 + -5 e -  0.146 M n  0.153 3-5 
H -5 0 ~-OH 0.284 Mn 0.28o 6-5 
H2 -5 OH ~ 1130 + -5 e -  0.281 M n  0.280 6-5 
H -5 H20 ~ 1130 + -5 e-  0.529 M n  0.534 7-5 

H - 5 0  ~ 011 0.257 Fe 0.257 1-5 
H 4- H20 ~--H~O + -5 e -  0.253 Fe 0.25v 1-5 
H~ - 5 0  ~-- I-I20 0.315 Fe 0.308 4-5 

H~ - 5 0  ~- H~O 0.315 Cu 0.32 * 

1-Is -50 ~ H20 0. 544 Ag 0.54 * 
H2 + OH ~ H80 + -5 e -  0. 534 Ag 0.54 * 
11 -5 tt~O ~ H30 + -5 e-  0. 529 Ag 0.54 * 

H2 -5 0 ~ H~O 0.544 Co 0.543 4 +  

t I  -5 0 ~- O i l  0. 798 I r  0.80 * 
H -5 OH ~ t t~0 0. 797 Ir  0.80 * 

11 + 0 ~ OH 0.817 Pd 0.81 * 
H3 -5 OH .~-H30 + + e -  0.815 Pd  0.81 * 
t t  -5 H20 ~---1130 + -5 e-  0.811 Pd 0.81 * 

H + 0 ~ O H  0.817 P t  0.817 * 
H2 -5 0 H  ~---H30 + -5 e-  0.816 P t  0.817 * 
H -5 H~O ,~- tlsO -5 e-  0.812 Pt 0.817 * 

It2 + O ~ 1130 0.856 Ni 0.857 3-5 
H + O ~- OH 0.857 Ni 0.857 2-5 

H + 0 ~ OH 0.750 Ru  0.745 3-5 
H -5 OH ;=~ H20 0.944 Ru  0.942 2-5 
I-I -5 OH ~-- I~O -5 e -  0.945 Ru 0. 943 2-5 
H -5 H~0 ~ H~0 + -5 e-  0.944 Ru  0.94~ 1-5 

TABLE 4 
MECHANISMS AND OXIDATION STATES IOREDICTED FOR SYNTHESIS OF WATER 

Three Step 
Two Step H -50 ~ OH 

Single Step t t  + O ~-- OH H2 -5 OH ~ H30 + -5 e-  
H~ + O ~-- H20 H + OH ~ t t20  H30 + ~- H + + H~O 

Cr 4+ 

Fe4+ 
Cu 
Ag 
Co 4+ 

Ni3+ 

Ir 
I:~U2+, S+ Pd 

Pt 
~UI+, 2+, 3+ 
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position in the series reported in Table 2, 
Nos. 1 and 2. This activity is consistent 
with the close match of the optimum 
fraction of 0.544 in Table 3 to the polar- 
ization fraction of 0.543 for Co% Thus Co .4+ 
may be in equilibrium with lower oxidation 

leads to water by the single-step mecha- 
nism. The higher temperatures for reduction 
of Fe0 may be required to generate some 
Fe ~÷ sites for intermedions. 

Popovskii and Boreskov (4) report that 
the catalytic activity of nickel oxide for the 

TABLE 5 

v ( H - H )  = 2080 .57  E ( H 2 )  

v(O)  = 778 .19  [ 8 - E ( O ) ]  

08  + H28 ~ H208 

(1) 
(2) 
(s) 

Apparent 
electron transfers 

electron exchanges e 
Optimum 

0 H2 fractions 

Chemical 
Corresponding Polarization oxidation 

gaseous ions Metal fractions state 

2 --  e 2 - -  e 0 . 0 0 3  

e 2 --  e 0 . 0 0 3  

2 - -  e 2 - -  e 0 . 0 0 6  

e 2 - -  e 0 . 0 0 6  

2 - -  e 2 - -  e 0 . 0 1 2  

e 2 - -  e 0 . 0 1 2  

2 --  e 2 - -  e 0 . 0 2 3  

e 2 --  e 0 . 0 2 3  

2 - e 2 --  e 0 . 0 4 6  

e 2 - -  e 0 . 0 4 6  

1 - -  e 1 --  e 0 . 0 8 9  

e 2 --  e 0 . 0 8 9  

2 --  e 2 --  e 0 . 0 9 1  

e 2 - -  e 0 .  171 

2 --  e 2 - -  e 0 .  179 

1 + e 1 - -  e 0 . 1 9 9  

e 2 --  e 0 . 3 1 5  

2 - -  e 2 - -  e 0 . 3 4 2  

1 + e 1 - -  e 0 . 4 9 9  

e 2 - -  e 0 . 5 4 4  

e 2 --  e 0 . 5 4 4  

2 - -  e 2 - -  e 0 . 6 3 0  

1 --  e 1 - -  e 0 . 7 1 2  

1 + e 1 --  e 0 . 7 1 4  

1 + e 1 --  e 0 . 8 4 6  

e 2 - -  e 0 . 8 5 6  

1 + e 1 - -  e 0 .  920 

1 + e 1 - -  e 0.  959 

1 + e 1 - -  e 0 .  979 

1 + e 1 --  e 0 . 9 9 0  

I I  V 0 .042  ic  2 +  

n v 0 .042  ic  2 +  

II Sc 0.088 ous 1+ 
n s¢ o.088 ic 2 +  
I I  Sc  0 .088  ic  2 +  

I V  C r  0 .205  o u s  4 +  

- -  C u  0 . 3 2  ic  

I I I  F e  0 .308  ic  4 +  

- -  A g  0 . 5 4  i c  

I I I  C o  0 .548  ic  4 +  

I I  T a  0 .71~ o u s  1 +  

I I  T a  0 . 7 1 .  ot is  1 +  

I I I  N i  0.85~ ic  3 +  

states in oxides which have the empirical 
formula of CoO and Co804. 

The equilibria between oxidation states 
in iron oxides may be similar to the 
equilibria suggested for cobalt oxides. As 
with cobalt, it is the 4 +  oxidation state 
which is predicted in the third reaction 
shown for iron in Table 3. This reaction 

oxidation of hydrogen actually decreases at 
temperatures above 200°C at the higher 
hydrogen concentrations. The 3 +  oxidation 
state is required in the first reaction for 
nickel in Table 3. This is the single-step 
mechanism to form water. Thus reaction 
conditions which cause the reduction of 
Ni 3+ to Ni 2., if only on the surface, should 
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d i m i n i s h  t h e  a c t i v i t y  of  n i c k e l  o x i d e s  
t h i s  r e a c t i o n .  

N i c k e l o u s  s a l t s  w e r e  f o u n d  t o  b e  
a c t i v e  as  h o m o g e n e o u s  c a t a l y s t s  f o r  
r e c o m b i n a t i o n  of  h y d r o g e n  a n d  o x y g e n  
T a b l e  I I ,  N o .  3. T h e  i n a c t i v i t y  of  
l o w e r  o x i d a t i o n  s t a t e s  of  n i c k e l  is 

R. A. G A R D N E R  

fo r  T h e  o x i d a t i o n  s t a t e s  of  c o p p e r ,  s i l ve r ,  
i r i d i u m ,  p a l l a d i u m ,  a n d  p l a t i n u m  w h i c h  a r e  

i n -  a c t i v e  i n  t h e s e  r e a c t i o n s  c a n  n o t  b e  d e t e r -  
t h e  m i n e d  b y  t h e  m e t h o d  u s e d  fo r  t h e  o t h e r  

gas ,  m e t a l s  i n  T a b l e  3. T h e  d a t a  a r e  n o t  a v a i l -  
t h e  a b l e  t o  a s s i g n  t h e  n u m e r i c a l  o x i d a t i o n  

a l so  s t a t e s  f r o m  t h e  e l e c t r o n i c  e n e r g y  l e v e l s  of 

TABLE 6 
v(H) = 4161.14 E(H) (~) 

~(O) = 778.19 [8 -- E(O)] (2) 
O 8 + H 1 ~ (OHp (5) 

Apparent 
electron transfers 

electron exchanges • 
Optimum 

O t t  fractions 

Chemical 
Corresponding Polarization oxidation 

gaseous ions Metal fractions state 

1 + e 1 - e 0.003 
1 + e 1 -- e 0.006 
1 -- e 1 -- e 0.009 
1 + e 1 - -  e 0 . 0 1 2  

1 -- e 1 -- e 0.017 
1 + e 1 -- e 0.023 
1 -- e 1 -- e 0.035 
1 + e 1 -- e 0.045 
1 -- e 1 -- e 0.069 
1 + e 1 -- e 0.086 
1 -- e 1 -- e 0.134 
1 + e 1 -- e O. 158 
1 - -  e 1 - -  e 0.257 
1 + e 1 -- e 0.272 
e e 0.284 

[2 -- el [el [0.361] 
1 -t- e 1 -- e 0.428 
1 -- e 1 -- e 0.473 
1 + e 1 -- e 0.599 
1 + e 1 - e 0.750 
e e 0.798 
1 -- e 1 -- e 0.817 
1 -- e 1 -- e 0.817 
1 + e 1 -- e 0.857 
1 + e 1 -- e 0.923 
1 + e 1 -- e 0. 960 
1 + e 1 -- e 0.980 
1 + e 1 -- e 0.990 
1 + e 1 -- e 0.995 

I I  V o. 042 ous 1 + 
I I  Ti  0.064 ous 1 + 
I I  Sc 0.08s ous 1 +  

IV M n  0.153 ous 3-t- 
I I  Fe 0. 257 ous 1 + 

V M n  0.280 ic 6-}- 

I I I  Zr 0.463 ous 3 + 
I I  Y O. 597 ous 1 + 
I I I  Ru  O. 745 ous 3 + 
- -  (Ir) (0.80) ic 
- -  ( P d )  ( 0 . 8 1 )  ous 
- -  P t  O. 817 ous 

I I I  Ni  0.85T ous 2 + 

i n d i c a t e d  b y  t h e  d a t a  s h o w n  i n  T a b l e  2. 
R e m y  a n d  G o n n i n g e n  (7)  r e p o r t e d  t h a t  
m e t a l l i c  n i c k e l  d i d  n o t  c a t a l y z e  t h e  
s y n t h e s i s  of  w a t e r  a t  r o o m  t e m p e r a t u r e .  
T h e s e  o b s e r v a t i o n s  a r e  n o t  i n c o n s i s t e n t  
w i t h  t h e  p o s s i b i l i t y  t h a t  s o m e  N P  ÷ m a y  b e  
p r e s e n t  w h e n  N i O  p a r t i c i p a t e s  i n  t h e s e  
r e a c t i o n s  a s  a c a t a l y s t  o r  o x i d a n t .  

g a s e o u s  i ons  of  Cu ,  Ag ,  I t ,  P d ,  a n d  P t .  
H o w e v e r ,  t h e  a c t i v i t y  of  t h e s e  m e t a l s  i n  
r e a c t i o n s  of  h y d r o g e n  a n d  o x y g e n  is  v e r y  
w e l l  k n o w n .  T h e  c a t a l y t i c  a c t i v i t y  of  t h e  
m e t a l l i c  s t a t e  of I r ,  P d ,  a n d  P t ,  s h o w n  i n  
T a b l e  2, N o .  4, s u g g e s t s  t h a t  spec i e s  co r -  
r e s p o n d i n g  t o  t h e  1 +  or  e v e n  2- t -  o x i d a t i o n  
s t a t e s  m a y  o c c u r  a t  t h e  s u r f a c e s  of  m e t a l s .  
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However, in the case of a reaction such as 
the synthesis of water, a single-layer 
epitaxial oxide film might form. This would 
oxidize some of the metal atoms at the 
surface and the catalytic activity might be 
due to higher oxidation states. 

The reactions of aqueous solutions of Ag, 
Pd, and Pt salts more clearly indicate the 
catalytic activity of their higher oxidation 
states. These are "noble" metals since they 
can be precipitated by hydrogen from 
aqueous solutions of their salts at room 

by the following activity of platinum in a 
heterogeneous reaction. 

Khoobiar (15), Kohn and Boudart (16), 
and Benson et al. (17), have shown that 
W03 is reduced by hydrogen at room 
temperature in the presence o.f platinum 
and water. The reactions in Table 3 show 
that platinum should catalyze the reaction 
of H and H20 intermedions, forming H~0 ÷ 
and an electron. The marked effect of 
platinum and water on the reduction of 
WO~ suggests that the reducing agent may 

T A B L E  7 

v ( H )  = 4 1 6 1 . 1 4  E ( H )  

[ v ( - 0 H )  + 2 1 8 9 . 6 9 ] [ E ( 0 I t )  - -  0 . 1862 ]  = 1 7 1 0 9 . 7  c m  -1  
- 0 H  7 + H 1 ~ H ~ 0  s 

(4) 
(6) 
(7) 

Apparen t  
electron t ransfers  

electron exchanges 

O H  H 

Chemical  
O p t i m u m  Corresponding Polarizat ion oxidation 
fractions gaseous ions Meta l  fractions s ta te  

l + e  1 - e  

1 - e  1 - e  

1 - e  1 - e  

1 - e  1 - e  

I - e  1 - e  

e e 

1 - - e  1 - - e  

[2 - el [el 
1 - e  1 - e  
e e 
1 - - e  1 - - e  

(~; e 

[2 - -  e] [el 

1 - - e  1 - - e  

e e 

e e 

e e 

e e 

0 . 0  . . . .  

0 . 0 1 1  . . . .  

0 .  022  . . . .  

0 . 0 4 4  I I  V 0 . 0 4 2  o u s  1 + 

0 .  0 8 5  I I  S c  0 . 0 8 8  o u s  1 + 

0 . 0 9 8  I I I  C r  0 . 0 9 9  ic  3 +  

o .  162  . . . .  

[0.185] . . . .  

0 . 2 9 4  . . . .  

O. 4 0 0  . . . .  

O. 5 0 0  . . . .  

O. 6 3 8  . . . .  

[0 .7271  . . . .  

0 . 7 7 9  - -  ( R h )  ( 0 . 7 8 )  o u s  

0.797 - -  (Ir) (0.80) ic 
0 . 8 9 2  . . . .  

0 . 9 4 4  I I  R u  0 . 9 4 5  ic  2 +  

0 .  971  . . . .  

temperature. These three metals are 
predicted in Table 3 to catalyze the follo~v- 
ing reaction which should lead to reduction 
of the metallic component in solution. The 
combination of a hydrogen molecule with 
an OH radical would form an H30 species 
with nine outershell electrons. Since an 
oxygen atom can accommodate no more 
then eight outershell or valence electrons, 
and remain in the electronic ground state, 
the extra electron would be released and 
available for reduction of the metallic 
component. This reaction is also suggested 

be these electrons. The removal of these 
electrons by W0~ should drive this reaction 
to the right. Other metals in Table 3 which 
catalyze this reaction may also facilitate 
the reduction of W08, provided they are 
not reduced to an inactive oxidation state. 

The activity of copper as a catalyst for 
the oxidation of hydrogen is very well 
known. The polarization fraction of copper 
matches one of the optimum fractions in 
Table 3 for the single-step synthesis of 
matter. The decrease in catalytic activity 
of copper oxide above 300°C with a high 
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h y d r o g e n  c o n c e n t r a t i o n  m a y  b e  d u e  t o  a 

r e d u c t i o n  o f  t h e  c o p p e r  f r o m  a h i g h e r  

o x i d a t i o n  s t a t e  w h i c h  i s  r e q u i r e d  f o r  t h i s  

r e a c t i o n .  T h e  h o m o g e n e o u s  c a t a l y s i s  b y  

a q u e o u s  s o l u t i o n s  o f  s a l t s  o f  t h e  r e c o m b i n -  

a t i o n  o f  g a s e o u s  h y d r o g e n  a n d  o x y g e n  a l s o  

s u g g e s t s  t h a t  s o m e  o x i d a t i o n  s t a t e  h i g h e r  

t h a n  t h e  m e t a l l i c  s t a t e  i s  a c t i v e  i n  t h i s  

r e a c t i o n .  W h i l e  i t  i s  n o t  p o s s i b l e  t o  a s s i g n  

t h e  n u m e , r i c a ]  o x i d a t i o n  s t a t e  o f  t h e  c o p p e r  

T h e  m e c h a n i s m s  a n d  o x i d a t i o n  s t a t e s  

p r e d i c t e d  f o r  t h e s e  m e t a l s  i n  t h e  s y n t h e s i s  

o f  w a t e r  a n d  r e d u c t i o n  o f  t h e i r  o x i d e s  a r e  

s u m m a r i z e d  i n  T a b l e  4.  

Conclusion 

T h e r e  d o e s  n o t  s e e m  t o  b e  a n y  f u n d a -  

m e n t a l  d i f f e r e n c e  b e t w e e n  t h e  c a t a l y t i c  r e -  

a c t i o n  o f  t h e  s y n t h e s i s  o f  w a t e r  f r o m  

h y d r o g e n  a n d  o x y g e n  g a s e s  a n d  t h e  c h e m -  

T A B L E  8 
v(H2) = 2080.57 E(It2)  

[ v ( - -OH)  -? 2189.69] [E(0 t t )  - 0.1862] = 17109.7 
- - O H  7 + H~ ~ ~ HsO s + e -  

(1) 
(o) 
(8) 

Apparent 
electron transfers 

electron exchanges • 
Optimum Corresponding Polarization 

OH H2 fractions gaseous ions 5~Ietal fractions 

Chemical 
oxidation 

state 

2 - e 2 - e 0 .005  - -  - -  - -  
2 - e 2 - e 0 . 010  - -  - -  - -  
e 2 - e 0 . 019  - -  - -  - -  
2 - e 2 - e 0 .020  - -  - -  - -  
e 2 --  e 0 . 037  - -  - -  - -  
2 -- e 2 --  e 0 .040  I I  V 0.042 ic 
e 2 - e 0 .071  - -  - -  - -  
2 - e 2 - e 0 . 079  - -  - -  - -  

e 2 - -  e 0 .  1 3 2  - -  - -  - -  

2 -- e 2 --  e 0 .151  IV M n  0.15~ ic 
e 2 --  e 0 . 230  - -  - -  - -  
1 - e 1 --  e 0 .232  - -  - -  - -  
2 --  e 2 - e 0 .281  V M n  0.280 ic 

e 2 --  e 0 .369  - -  - -  - -  
2 - e 2 -- e 0 .496  - -  - -  - -  
e 2 --  e 0. 534 - -  Ag  0 . 5 4  ic 
e 2 --  e 0. 534 VI  M n  0.534 ic 

1 - e 1 --  e 0 .692  - -  - -  - -  
e 2 - -  e 0 . 6 9 2  - -  - -  - -  

e 2 --  e 0 .815  - -  (Pd) (0.81)  ic 
2 --  e 2 --  e 0 .816  - -  P t  0.817 ic 

e 2 - e 0 . 897  - -  - -  - -  
e 2 -- e 0 . 945  I I  g u  0.942 ic 
e 2 -- e 0 .972  - -  - -  - -  
e 2 --  e 0 .986  - -  - -  - -  

2 +  

4 +  

6 +  

8 - ?  

2 +  

s p e c i e s  w h i c h  c a t a l y z e  t h e  s i n g l e - s t e p  

s y n t h e s i s  o f  w a t e r ,  t h e  p a i r  o f  m a t c h i n g  H 2  

a n d  0 i n t e r m e d i o n s  s h o w n  i n  P a r t  B c o r -  

r e s p o n d  t o  t h e  "ie" o x i d a t i o n  s t a t e  o f  c o p -  

p e r .  T h i s  i s  i n  g o o d  a g r e e m e n t  w i t h  t h e  

, e x p e r i m e n t a l  o b s e r v a t i o n  t h a t  c u p r i c  s a l t s  

a r e  t h e  e f f e c t i v e  c a t a l y s t s  f o r  t h i s  h o m o g e -  

n e o u s  r e a c t i o n .  

i c a l  r e a c t i o n  o f  t h e  r e d u c t i o n  o f  m e t a l  

o x i d e s  b y  h y d r o g e n .  I n  t h e  c a s e  o f  t h e  

c a t a l y t i c  r e a c t i o n  b o t h  r e a c t a n t s  m u s t  b e  

s u p p l i e d  t o  t h e  m e t a l  c o m p o u n d .  T h i s  i s  

d i f f e r e n t  f r o m  t h e  c h e m i c a l  r e a c t i o n  i n  

w h i c h  t h e  o x y g e n  o f  t h e  m e t a l  c o m p o u n d  

i s  c o n s u m e d .  T h e  c h e m i c a l  r e a c t i o n  g e n -  

e r a l l y  r e q u i r e s  t h e  h i g h e r  t e m p e r a t u r e .  T h e  
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T A B L E  9 A 

~ ( H )  = 4 1 6 1 . 1 4 E ( H )  

[ v l ( - O t t z )  + 2 1 5 3 . 4 9 ] [ E ( H ~ O )  - -  0 . 0 5 5 2 ]  = 1 7 1 0 9 . 7  

~ l ( - O H ~ ) S  ÷ H 1  ~ I-I~O s + e -  
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(4) 
(9) 
(io) 

Apparent 
electron transfers 

electron exchanges 

H20 H 
Optimum Corresponding Polarization 
fract ions gaseous ions Meta l  fract ions 

Chemical  
oxidation 

s ta te  

1 - - e  1 - - e  

1 - - e  1 - - e  

1 - - e  1 - - e  

1 - - e  1 - - e  

1 - - e  1 - - e  

[ 2  - e l  [el 
1 - - e  1 - - e  

1 - - e  1 - - e  

1 - - e  1 - - e  

[2  - el [el 
1 - - e  1 - - e  

1 - - e  1 - - e  

1 - - e  1 - - e  

1 - - e  1 - - e  

1 - - e  1 - - e  

1 - - e  1 - - e  

1 - - e  1 - - e  

0 .  0 0 9  . . . .  

0 . 0 1 8  . . . .  

0 .  0 3 6  I I  V 0 . 0 4 2  o u s  1 +  

0 .  0 6 9  I I  T i  0 . 0 6 ~  o u s  1 + 

O. 128  . . . .  

[ 0 . 2 0 7 ]  . . . .  

0 .  2 2 4  I 1  N b  0 .  220 o u s  1 +  

0 .  3 6 2  . . . .  

0 . 5 2 6  . . . .  

[0.  668]  . . . .  

0 . 6 8 5  . . . .  

O. 8 1 1  - -  ( P d )  ( 0 . 8 1 )  o u s  

O. 8 1 1  ~ P t  0 . 8 1 7  o u s  

0 . 8 9 4  . . . .  

0 .  9 4 4  I I  g u  0 . 9 4 ~  o u s  1 + 

O. 9 7 1  . . . .  

0 .  9 8 6  . . . .  

T A B L E  9 B 

v ( H )  = 4 1 6 1 . 1 4  E ( H )  

[ ~ s ( - O H s )  + 1 6 7 1 . 0 5 ] [ E ( H 2 0 )  + 2 . 2 3 9 0 ]  = 1 7 1 0 9 . 7  

v 2 ( - O H ~ )  8 + H 1 ~ H a O  8 + e -  

(4) 
(11) 
(12) 

Apparent 
electron transfers 

electron exchanges 

B.~O H 

E 

Optimum Corresponding 
fractions gaseous ions Metal 

Polarization 
fractions 

Chemical 
oxidation 

state 

I - -  e 1 - -  e 0 . 0 1 1  . . . .  

1 - -  e 1 - -  e 0 . 0 2 1  . . . .  

1 - -  e 1 - -  e 0 . 0 4 1  I I  V 0 . 0 4 2  o u s  1 +  

1 - e 1 - -  e 0 . 0 7 9  . . . .  

1 - -  e 1 - -  e 0 .  146  I I I  T i  0 . 1 4 7  o u s  1 + 

1 - e 1 - e 0 . 1 4 6  I V  M n  0 . 1 5 3  o u s  3 + 

1 - e 1 - e 0 . 2 5 3  I I  F e  0 . 2 5 7  o u s  1 +  

[2 - el  [el [0.  289]  . . . .  

1 - e 1 - e 0 . 4 0 0  . . . .  

1 - e 1 - e 0 .  5 6 7  . . . .  

1 - e 1 - e 0 . 7 2 1  . . . .  

[2 l el  [el [0.  764]  . . . .  

1 - -  e 1 - -  e 0 . 8 3 6  . . . .  

1 - -  e 1 - -  e 0 . 9 1 0  . . . .  

1 - -  e 1 - -  e O. 9 5 3  . . . .  

1 - -  e 1 - -  e 0 . 9 7 6  . . . .  
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T A B L E  9 C 

v ( H )  = 4 1 6 1 . 1 4 E ( H )  

[ v 3 ( - - O H 2 )  + 2 1 6 9 . 2 4 ] [ E ( H 2 0 )  - 0 . 1 1 2 3 ]  = 1 7 1 0 9 . 7  

vd-OH2) s + H 1 ~-H~O a + e- 

(4) 

(14) 

Apparent  
electron transfers 

electron exchanges 

It~O H 

E 

Opt imum Corresponding 
fractions gaseous ions Metal  

Chemical 
Polarization oxidation 

fractions state 

1 - -  e 1 - -  e 0 . 0 0 9  - -  - -  

1 - -  e 1 - -  e 0 . 0 1 9  - -  - -  

1 - - e  1 - - e  0 . 0 3 6  I I  V 

1 - e  1 - - e  0 . 0 7 0  - -  - - -  

1 - -  e 1 - -  e 0 .  1 2 9  - -  - -  

[2 - -  el  [el [ 0 . 2 1 7 ]  - -  - -  

1 - -  e 1 - -  e 0 . 2 2 7  - -  - -  

1 - - e  1 - - e  0 . 3 6 5  V C r  

1 - e  1 - - e  0 . 5 2 9  - -  A g  

1 - - e  1 - - e  0 . 5 2 9  V I  M n  

[2 - -  el  [el [ 0 . 6 7 8 ]  - -  - -  

1 - -  e 1 - -  e 0 . 6 8 8  - -  - -  

1 - -  e 1 - -  e 0 . 8 1 2  - -  ( P d )  

1 - -  e 1 - -  e 0 . 8 1 2  - -  Y t  

1 - -  e 1 - -  e 0 . 8 9 5  - -  - -  

1 - -  e 1 - -  e 0 . 9 4 4  I I  R u  

1 - e 1 - -  e 0 . 9 7 1  - -  - -  

1 - - e  1 - - e  0 . 9 8 5  - - ,  - -  

- -  m 

O. 042 o u s  1 +  

0 . 3 6 s  o u s  6 + 

0 . 5 4  o u s  

0 . 5 3 4  o u s  7 + 

(0.81) ous 
O. 817 ous 

O. 942 o u s  1 + 

oxygen removed as water from the catalytic 
site may have to be replenished by dif- 
fusion of oxygen from other parts of the 
metal oxide lattice. Constant regeneration 
of a particular lattice face and oxidation 
state may be necessary to continue 
reduction of the oxide. 

Heterogeneous and homogeneous re- 
actions are also shown to be interpreted 
by the same group of elementary reactions. 
The role of intermedions as the long sought 
activated species in catalytic reactions is 
supported by these correlations between 
experiment and theory. 

D I S C U S S I O N .  P A R T  B 

This section presents the calculations 
and tables which produce the data in 
Tables 1 and 3 of Part A. The requirement 
of a single oxidation state at the catalytic 
site seems to be the last general restriction 
to be applied to the optimum fractions. 
Therefore, for each of the reactions, all of 
the optimum fractions are listed so that 
they will be available when polarization 
fractions are determined for additional 

metals. The numerical oxidation states of 
the metals predicted are included in the 
tables. However, the method of assignment 
of these oxidation states is described in 
the forthcoming paper (3). The oxidation 
states are derived from the polarization 
fraction. Thus they are more easily dis- 
cussed in the paper which describes the 
calculation of polarization fractions. 

In contrast with the previous paper (2), 
~he Tables 5-9 are arranged to emphasize 
the oxidation states of the metals. As 
noted in the previous paper, there appear 
to be two species of the metallic component 
of the adsorbent. If the polarization frac- 
tion is designated by e, these two species 
appear to have partially filled orbitals 
containing c and 1 + e electrons. On the 
basis that  the effect of the apparent elec- 
tron transfer is to fill or empty the partially 
filled orbital, the electron transfers shown 
in the drawing below appear to take place. 
The adsorbate may donate  2 - - ~  electrons 
to fill the orbital or accept  e electrons to 
empty the orbital in contact with a metal 
species containing e in its partially filled 



M A T H E M A T I C A L  I N T E R P R E T A T I O N  B Y  I N F R A R E D  S P E C T R O S C O P Y  301 

orbital. Correspondingly, the adsorbate may 
appear to donate 1 -- ~ or accept 1 ~- 6 in 
contact with a metal species containing 
1 -~ e electrons in this orbital. Two species 
of a metal differing by 1 electron seem to 
fit the conventional designations of th~ 
"ic" and "ous" oxidation states. Thus, in 
columns 1 and 2 of the tables, the "ic" 
state of the metal corresponds to apparent 
electron transfers which are indicated by 
2 - - •  and/or e. The "ous" state of the 
metal corresponds to apparent electron 
transfers indicated by 1 -  ~ and/or 1 ~ e. 
The designations "ic" and "ous" derived 
in this manner are observed to agree in 
many cases with the chemical name of the 
metal compound. 

The Optimum Fractions in column 3 of 
Tables 5-9 are found by the simultaneous 
solutions of the equations at the top of 
the table. These are the fractions (of 
electrons) for which the vibration fre- 
quencies of the two intermedions match. 
Those metals are noted in column 5 that 
have polarization fractions close to or equal 
to the optimum fractions. The oxidation 
states of the metals are identified in 
column 4 by the ionization state of the 
corresponding gaseous ions (using the 
physicists' notation where the atom is 
designated by "I") and by the "ic" or "ous" 

designation in the last column. The forth- 
coming paper (3) lists the polarization 
fractions of the various metals and explains 
the relationship of the gaseous metal ion 
and the "ic" or "ous" designation to the 
chemical oxidation state in the last column. 
In the equations at the top of each table, 
the symbol v refers to the vibration 
frequency and the symbol E refers to the 
total number of valence electrons which 
are assigned to the reactant. This number 
of electrons may be written as a post-super- 
script to the symbol of the reactant. 

The optimum fraction, 0.856, in Table 5 
may be used to further illustrate this type 
of analysis of a catalytic reaction. An 
oxygen atom intermedion which has 
accepted ~ electrons matches a hydrogen 
molecule intermedion which has donated 
2 - - ~  electrons when • equals 0.856. The 
neutral oxygen atom has six valence 
electrons; the acceptance of 0.85.6 makes 
E(0) ----6.856. Substituting this value for 
E(O) in Eq. (2), in Table 1, ,(06's~6) ---- 
890.25 cm -1. The neutral H2 molecule has 
two valence electrons. The loss of ( 2 -  E), 
[2 - -  (2--~)  ----2--2-~0.856],  makes E 
(H~) = 0.856. From Eq. (1), in Table 5, 
,(H~ °'s~6) = 1780.97 cm -1. The two fre- 
quencies differ by a factor of 2. The 
fraction 0.856 is, therefore, an optimum 

Partially Filled 
Metal Orbitals 

Example: 

Oxygen atom intermedions on nickel compounds 
Neutral oxygen atom has 6 valence electrons 
Polarization fraction of nickel is 0.857 
Therefore: ~ = 0.857 

lq-~ = 1.857 
i-¢ = 0.143 
2-6 = 1.143 

A donates "2-6" 

ie(  
accepts "6" 

ous 

accepts "I-~" 

Partially Filled 
Nickel Orbitals 

nickelic 

nickelous 

8s7 

.857 

.857 

04.857 = 06-1.143 

= 06-0.143 

= 06+0-857 

= 06+1.857 

"A" = adsorbate 
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fraction for the reaction of a hydrogen 
molecule intermedion with an oxygen atom 
intermedion to form water. The polarization 
fraction of nickel, namely, 0.857, is certainly 
close enough to the optimum fraction, 
0.856, to satisfy this criterion to catalyze 
this reaction. The matching pair of inter- 
medions, donating 2 -  e and accepting e 
correspond to the "ic" state of nickel. The 
last column notes that the 3 +  chemical 
oxidation state corresponds to ~he "ic" state 
of the nickel species whose polarization 
fraction of 0.85~ corresponds to the gaseous 
I I I  Ni ion. 

Table 5 presents the data for the reaction 
of a hydrogen molecule intermedion with 
an oxygen atom intermedion to form water 
in the single step mechanism. Table 6 
presents the initial step in the other mech- 
anisms, that  is, the reaction of atomic H 
and 0 intermedions to form an OH radical. 
Although the optimum fraction, 0.361, is 
shown in Table 6, it is in brackets. The 
pair of intermedions for this fraction 
requires that  the 0 atom corresponds to 
an electron donor, donating 2 -- e electrons 
while the H atom accepts E. Since an 0 
atom is more electronegative than an t I  
atom, a site which accepts electrons from 
an 0 atom would not donate to an t I  atom. 
Thus this is a pair of intermedions which 
cannot coexist at the same site. This 
situation is also encountered in Table 7 
and 9. Tables 7 and 8 present the reactions 
of It  atom and H2 molecule intermedions 
with Oil radical intermedions. Tables 9A, 
B, and C present reactions of i l  atom 
intermedions with water intermedions to 
form a hydronium molecule, tt~0 +, and an 
electron. Since water has three normal 
vibrations, there are three ~ables. In Part 
A, it is indicated that this reaction proceeds 
as written in Tables 9 during the platinum- 
catalyzed reduction of tungstie oxide with 
hydrogen and water. This reaction goes to 
the left in the three-step mechanism for 
the formation of water, shown in Tables 3 
and 4 of Part  A. All reactions are con- 
sidered to be reversible, at least micro- 
scopically reversible. The direction depends 
on ~he thermodynamics of the system. 

The formation of water by any of the 

three reaction mechanisms requires the 
initial combination of H or Il2 with O. 
Therefore all metals active in these re- 
actions should be in Tables 5 and/or 6. 
In addition to the active metals several 
others which are inactive in these reactions 
are found in these two tables. These are V 
1+  and 2+ ,  Ti 1+,  Sc 1+  and 2+,  Fe 
1+,  and Zr 3+.  The 1+  and 2 +  oxidation 
states may correspond to the metallic state 
or the lower oxidation state compounds. No 
experimental data were found concerning 
any activity of these oxidation states of 
these metals for the synthesis of water. The 
occurrence of Zr 3 +  in Table 6 does not 
lead to water since Zr does not appear on 
any of the other tables. 
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