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A detailed study of the thermal deactivation of a commercial Hopcalite catalyst, “CuMn204,” 
has been made by a multitechnique catalyst characterization approach using XPS, ISS, XRD, 
SEM, TA, BET, and activity testing. It is shown for the first time that the deactivation is due to 
segregation of the potassium component to the surface of the catalyst. The driving force of the 
segregation is the amorphous-to-spine1 phase change at >773 K. Deactivation in Nz or O2 at 823 K 
resulted in a restructuring of the outer surface zone of the catalyst with Cu being enhanced relative 
to Mn. The deactivation and the concomitant phase change are accompanied by a change in the 
dominant oxidation state of Cu from Cu?+ to Cu” and of Mn from Mnj+ to Mn4+. The oxidation 
state change is associated with the formation of the spine] phase where the coupled redox reaction 
CU*+ + Mn” Z Cu” + Mn4’ is experimentally supported in the XPS data by the chemical shifts 
and shake-up structure (Cu), and by multiplet splitting (Mn). Plasma chemical reoxidation has been 
used to reestablish Cu2+ at the catalyst surface at a low temperature and nonequilibrium condi- 
tions. This study reveals the phenomenon of phase-change-induced segregation of a promoter when 
the ionic radius or the oxidation state precludes its accommodation in the lattice. o 1986 Academic 

Press, Inc. 

INTRODUCTION 

Hopcalite, “CuMn204,” is a well-known 
oxidation catalyst (1-3) at room tempera- 
ture. This catalyst system is important in 
respiratory protection in military, mining, 
and space applications (4-6). It is highly 
active in the amorphous state but has gen- 
erally been observed to lose activity at tem- 
peratures above -773 K where crystalliza- 
tion of the spinel, CuMnz04, occurs (7-10). 
However, crystalline CuMn204 has also 
been reported to be active (11). 

The structure and oxidation states of the 
components of “CuMn204” have been diffi- 
cult to determine (12-24). The ionization 
state of Cu in copper manganite is different 
from that of the other isomorphous com- 
pounds such as CuFez04 and CuCr,O, 
where it is CL?+. In addition Mn is generally 
present as Mn3+ whereas in CuMnz04 it is 
likely to be Mn4+ (20). It has also been re- 
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ported that it is impossible to prepare stoi- 
chiometric CuMn204 which is cubic at room 
temperature (24) and that it can only 
be cubic with excess Cu (X = 0.05) for 
Cul +.Mnzmx04. The nature of any surface 
phases have not been examined. The latest 
results on the bulk structure indicate that 
Cu’+(tetrahedral) and Mn4+(octahedral) is 
the most stable configuration in Cu-Mn 
spinels (24). 

Little is known about the active sites in 
this catalyst, the role of the Cu “pro- 
moter,” the mechanism of oxidation, or the 
mechanisms of deactivation. The catalyst is 
usually activated at temperatures above 
which water loss occurs. With water loss it 
has been suggested that Mn3+ (as MnOOH) 
is transformed to Mn4+ (9, 10) which should 
be an active site for O2 adsorption. This 
speculation does not agree conceptually 
with either the acid-base properties of the 
reactants (CO and 0,) or the relative basic- 
ity of hydrated Cu and Mn oxide surfaces. 
A coupled dehydration reaction between 
hydrated Cu and Mn oxides can be envi- 
sioned. Here the acid-base properties of 
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the reactants aid the thinking. CO is basic 
(25, 26) and 02 is acidic (25) in the Lewis 
sense. Because of relative acid-base prop- 
erties it can be expected that hydrated Cu 
oxide will dehydroxylate and hydrated Mn 
oxide will deprotonate to form water. This 
would generate relatively unstable Cu3+ 
(27), and Mn3+ would remain unchanged. 
However, the excess electron on MnOO- 
would be transferred to Cu3+ producing 
Cu2+. In this way the following redox cou- 
ples and their adsorption properties would 
be produced: 

co 
L 

/02 

Cu2+-Mn3+ 
Cur+-Mn4+ 

7 T 
02 co 

Supporting this model is the fact that both 
Cu20 and Mn02 are active CO oxidation 
catalysts (3). In addition, this is supported 
by the observation of Kanungo (9, 10) that 
the maximum activity occurs for Cu mole 
fraction of 0.5 coincidental with the maxi- 
mum H20 content and the maximum Mn3+/ 
Mn4+ ratio. In this context, the oxidation 
activity of CuMn204 has been attributed by 
Schwab and Kanungo (II) to Mn4+ where 

CO + Mn4+ + CO&, + Mn7+ 

occurs. The promotion by Cu has further 
been tied to the reduction of O2 

4 02 + cu1+ + cu2+ + O& 

by these authors. The oxidation occurs by 
the process 

and the much discussed (9-12, 19-21) reso- 
nance reaction system 

Cu2+ + Mn3+ % Cu’+ + Mn4+ 

brings the catalyst back to the active state. 
If the above applies, the deactivation of this 
catalyst system can hardly be tied to the 
oxidation state of Cu or Mn as long as the 
redox couple remains active. 

From the previous work it is not clear 
why the amorphous Hopcalite catalyst de- 
activates at the crystallization temperature. 
This question is the main emphasis of this 
paper and illustrates the requirement of a 
multitechnique approach in characteriza- 
tion of the Hopcalite catalyst system. This 
approach has been lacking so far. 

The methods of X-ray diffraction (XRD) 
(7-11), thermal analysis (7-12), surface 
area determination (20, 22), and activity 
measurements (7-11, 21, 23), and the tran- 
sient rate tracer technique (28) have been 
applied to study Hopcalite catalysts. Obvi- 
ously missing have been applications of 
surface analysis techniques. Indirect mea- 
surements of surface excess oxygen by KI 
and hydrazine (9, 10, 29) have been used. 

Since heterogeneous catalysis occurs on 
the very outer surface of solids, previous 
activity studies correlated with bulk com- 
position (9, 10) and structural changes are 
in doubt. This is particularly true where 
commercial samples have been examined 
(7, 8). 

Commercial oxidation catalysts usually 
have electronic (30) and structural pro- 
moters added (31) which although generally 
present in small amounts strongly affect ac- 
tivity and/or selectivity. They must also be 
considered in deactivation mechanisms. 

In this work we use a multitechnique 
characterization approach with emphasis 
on the surface sensitive tools, X-ray photo- 
electron spectroscopy (XPS) and ion scat- 
tering spectroscopy (ISS), to study the deac- 
tivation of a commercial Hopcalite CO 
oxidation catalyst. 

EXPERIMENTAL 

Catalyst Data 

The present study has been carried out 
with a Hopcalite catalyst purchased from 
Auergesellschaft, Berlin, F.R.G. Granule 
size was 1.0-1.5 mm. The catalyst was X- 
ray amorphous in the as-received condition 
and after activation according to the com- 
mercial specification. It was established 
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that the activity behavior of this catalyst is 
very similar to other commercially avail- 
able catalysts or those prepared according 
to Refs. (32, 33). 

The composition of the catalyst as de- 
termined by neutron activation analysis 
(NAA) is as follows for the minor constitu- 
ents (in ppm): K 7170, Ca 4600, Fe 1850, Zn 
320, Br 226, Co 158, As 70, Sb 20, Cr 9, and 
Ag 2.7. X-Ray emission (EDAX) analysis 
gave the Cu/Mn ratio I : 2. The activation 
and deactivation have been done under 
controlled gas flow at -493 K in pure oxy- 
gen and 823 K in pure nitrogen (or oxygen), 
respectively. The deactivation also occurs 
at 823 K in air. 

Activity Testing (Oxidation of CO) 

Oxidation of CO was performed by pass- 
ing a mixture of 4.97 ~01% CO in air at con- 
stant flow rate (35 mYmin) through a ther- 
mostated linear reactor containing about 1 g 
catalyst. The measurement procedure fol- 
lowed that described by Schwab and 
Kanungo (12). The gas from the reactor 
was bubbled through a known amount of 
Ba(OH)z solution. The extent of conversion 
was calculated from the CO2 required to 
neutralize a standard solution. Conversion 
is then proportional to the reciprocal of 
time and is taken as a measure of the rela- 
tive activity of the catalysts. 

Low-Pressure Plasma Reoxidation 

In the course of this study it became nec- 
essary to establish the role of the oxidation 
state of copper without changing the struc- 
tural and morphological properties of the 
deactivated catalyst. We found that Cu*+ is 
reduced to Cu’+ during the phase transition 
even in the presence of pure oxygen at 1 
atm and 823 K. The loss in activity might be 
due to the oxidation state change of copper. 

A low-pressure electrical glow discharge 
(34) of pure oxygen was used to activate 
the O2 for the Cui+ to Cu2+ conversion. 
Since a plasma discharge can activate oxy- 
gen under mild thermal conditions, the 
structural and morphological properties of 

the deactivated catalyst should be main- 
tained. The discharge was excited by an 80- 
MHz RF generator in a silica glass tube 
with external sleeve electrodes. The typical 
conditions of treatment were: 573-623 K, 
pressure about 1.3 mbar, and duration of 
treatment of 1 to 2 h. 

Methods of Characterization 

Characterization of any aspect of a heter- 
ogeneous catalyst that is to be correlated to 
activity requires multiple techniques (35). 
Until now Hopcalite catalysts have not been 
properly characterized. The methods and 
instruments used for the catalyst character- 
ization in this study are summarized in Ta- 
ble 1. The following characteristics of the 
Hopcalite catalyst along with the method 
used are as follows: bulk composition 
(NAA, EDAX), morphology (SEM), sur- 
face area (BET), bulk structure (XRD), 
thermal properties (TG/DTA), surface 
chemistry, structure, and composition 
(XPS), and surface composition and its 
depth profile (ISS). 

In a typical surface analytical experi- 
ment, the samples were either ground and 
pressed into a disk and treated, or treated 
and mounted as particles. They were then 
introduced into a preparation chamber and 
pumped overnight at ~353 K in order to 
decrease the outgassing. The typical back- 
ground pressure in the analytical chamber 
was <5 x lo-i0 and <I x lop8 mbar with- 
out and with the sample present, respec- 
tively. 

RESULTS 

Activity, Surface Area, and Structural 
Changes 

Table 2 summarizes these results. They 
are in fair agreement with those reported by 
others (7-22). The surface area increases 
on activation and decreases at the amor- 
phous-to-spine1 transition. The activity in- 
creases on activation and decreases at the 
phase transition. Activation apparently in- 
volves water removal, thereby generating 
adsorption sites for O2 and creating small 
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TABLE I 

Summary of the Methods and instruments Used 

Technique Instrument Instrumental conditions Sample preparation 

XPS Leybold-Heraeus 

LHS-10 

ISS LHS-10 

XRD 

TG/DTA 

SEM 

EDAX 

BET 

Guinier IV Camera 

Enraf-Nonius. 

Holland 

TA 2000-C 

Mettler 

Cambridge 

Stereoscan 

Cambridge 

Stereoscan 

Carlo Erba Milan0 

AIKcxI, 12 kVI30 mA, AEIE = const. 

MgKn. I2 kVi30 mA. AE = const. 

“He’, I keV. rastered ion beam 

2X2mm’ 

FeKn, (monochromatized) 

N?. I atm - 40 mhmin. dT/dT = 5 Klmin 

20 kV 

20 kV 

N?, 77 K 

Ground and pressed into 

disks or mounted 

granules 
Ground and pressed into 

disks 

Ground 

As received (granules) 

Granular 

Granular 

Granular 

pores causing the activity to increase and a factor of -20, whereas the area decreases 
the surface area to increase, respectively. only by a factor of ~5. This shows that the 
Of particular interest is the lack of an unam- deactivation is due largely to surface and/or 
biguous correlation between the activity structural properties of the catalyst. The 
and the specific area. Upon activation, both decrease of the area is qualitatively seen in 
show a nominal increase of 20 to 25% but the scanning electron photomicrographs in 
after deactivation, the activity decreases by Fig. 1. Considerable agglomerization and 

TABLE 2 

Activity. Surface Area. and Structural Changes 

Treatment 

method 

As received Activated Deactivated Deactivated and 

plasma reoxidized 

Surface area 

m’/g 

Activity 

7% conversion 

Structure 

IO0 I20 20-X) - 

68.9 93.2 4.7 -5 

Amorphous Amorphous CuMnQ, Icubic] CuMn@, [cubic] 

Temperature vs. structure 

Temperature of Compound Structure 

treatment (K) 

RT 

623 

X23 

I313 

Amorphous 

Amorphous 

CuMnlOl 

CuMnzOJ 

Mn104 

CuMnO! 

Two very weak lines corresponding to 

CuMn20d spine1 
Cubic. spine1 
Cubic 

Tetrdgonal (two lines) 

Monoclinic 
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a b 

FIG. 1. Scanning electron photomicrograph of Hopcalite catalyst surfaces. (a) activated in 1 atm 02 
at 220°C for 3 h; (b) deactivated in 1 atm N2 at 550°C for 1 h. 

sintering has occurred during the amor- 
phous-to-crystalline transition. Crystalliza- 
tion of amorphous catalysts is known to 
cause extensive sintering (36). 

The first indication of crystalline, 
CuMn204, formation is seen by XRD at 623 
K (Table 2), and the crystallization is com- 
pleted at 823 K. This is in good agreement 
with the data on the decrease of the activity 
reported previously (7-10) and verified in 
the present work. Continued heating at 
higher temperatures causes decomposition 
(endotherm at 1173 K) and above 1373 K, 
CuMnz04, CuMnOz , and Mn304 form. 

Thermal Analysis 

Differential thermal analysis (DTA) and 
thermogravimetric analysis (TG) data are 
shown in Fig. 2. There are three main ther- 
mal effects. The two endothermic peaks at 
-373 and 573 K are associated with the de- 
sorption of physisorbed and chemisorbed 
water, respectively. The exothermic peak 
at -773 K is due to the crystallization of 
the CuMnz04 spinel. The endothermic re- 
sponse at - 1173 K is due to the decompo- 
sition of the spinel. These results are in 
agreement with the published data (7-10, 
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FIG. 2. Thermogravimetric and Differential Thermal 
Analysis of Hopcalite catalyst in a nitrogen flow of 
about 40 cm3 mint at 1 atm. Heating rate 5 K/min, 
sample weight about 45 mg. 

37). In particular, the temperature range for 
the phase transition agrees with the copre- 
cipitated catalyst prepared by Dondur et al. 
(7,8) whereas the commercial catalysts had 
a somewhat higher (-50 K) transition tem- 
perature. This indicates that structural sta- 
bilization by promoters in the catalyst un- 
der study are minimal. 

Surface Studies, XPS 

X-Ray photoelectron spectroscopy 
(XPS) is an established catalyst character- 
ization tool. Dreiling (38) has shown that 
XPS can resolve the cuprous and cupric 
components of CuMnzOd and follow the 
changes in these with thermal treatments. 
However, XPS has not been previously 
used to study the catalytically important 
parameters of Hopcalite catalysts. XPS has 
been used in this study to examine changes 
in surface and subsurface composition and 
the oxidation state of the copper and man- 
ganese as they are affected by thermal 
treatments in various environments (i.e., 
activation and deactivation). 

Survey spectra (1000 eV) of activated, 
deactivated and plasma reoxidized samples 
are shown in Fig. 3. The obvious differ- 
ences between the spectra are seen in the 
Cu 2p region, in the CU(L~M~,$W~,~) Auger 
signal and in the intensity of the K 2p core 
line. Carbon as revealed by the C 1s line is 

generally present at a low, almost constant 
level. 

Detail of the Cu 2p region is shown in 
Fig. 4. The main features in this spectral 
region are the spin-orbit split 2p1,* and 2~~~~ 
peaks along with their shake-up satellites. 
CuZ+ has satellite features while Cu’+ does 
not (38, 39). The major differences are seen 
in the relative intensities of the satellites at 
-Eb = 963 and 944 eV and the binding en- 
ergy of the core level 2~3,~ and 2p112 peaks. 
The deactivation of the catalyst is seen to 
be accompanied by a decrease of the inten- 
sities of the satellites and a shift of the main 
peaks to lower binding energy. This is 
caused by a decrease of the Cu2+ concen- 
tration in the near surface zone. Deactiva- 
tion in oxygen causes a smaller effect than 
deactivation in nitrogen. 

Upon plasma reoxidation, the shake-up 
satellite structure is fully recovered but the 

bl deactwated 

dldeactivated and 
plasma reoridized 

1000 BINDING ENERGY (eV1 0 

FIG. 3. XPS survey spectra of Hopcalite catalyst 
after various treatments. (a) Activated, I atm 0, for 3 
h; (b) deactivated, I atm Nz for I h; (cl deactivated, I 
atm O1 for I h; (d) deactivated in I atm N2 and reox- 
idized in oxygen plasma, <3OO”C, 2 h. AIKa radiation, 
AEIE = const., retarding factor IO. 
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dl deactivated and 
plasma reoxldized 

1000 BINDING ENERGY IeV) 8;5 

FIG. 4. Detail of the Cu 2p region of the survey 
spectra shown in Fig. 3. The binding energies of Cu 
2p,, and Cu 2p,, are 954.2 and 934.5 eV for activated, 
and 950.2 and 930.5 eV for deactivated catalysts, re- 
spectively (see Table 3). These shifts are not quite 
resolved in the figure because of small charging of the 
samples. Therefore, the C 1s signal was used for exact 
energy calibration (see text). 

catalytic activity is not noticeably in- 
creased. The increase of the intensity of the 
CU(I,QI~&~~,~) Auger signal as compared 
to that of the deactivated and activated 
samples shows copper enrichment in the 
near surface region has occurred upon oxy- 
gen plasma treatment (Fig. 3). As shown in 
Fig. 5, this effect is reflected in the Cu 3p 
peak as compared to the Mn 3p. 

A close view of the intensity changes of 
the K 2p3,2 line (Fig. 3) shows that surface 
enrichment of potassium occurs upon deac- 
tivation and it remains approximately con- 
stant after oxygen plasma treatment. On 
the other hand, there are no comparable 
changes of the intensity of the Ca 2p3/2,3/2 
line (Eb - 350 eV) seen during the phase 
change and deactivation. Since XPS is sen- 
sitive to several atomic layers (47) of the 
catalyst, the location of the potassium at 
the outer surface is suggested, but not con- 

firmed. Consequently ion scattering experi- 
ments were performed to establish the de- 
tails of the location of potassium. 

The binding energies for carbon, oxygen, 
manganese and copper are summarized in 
Table 3. 

The binding energies for oxygen are typi- 
cal for the oxide ion, O*-. The binding en- 
ergy for carbon is chosen at 285.0 eV and 
used to calibrate for small charging shifts 
when they occurred. 

For the activated catalysts, Cu 2p3,* bind- 
ing energies are due mainly to Cu*+ with a 
binding energy of 934.5 eV. This binding 
energy is close to that found by d’Huysser 
et al. (40) for CU*+ in an octahedral envi- 
ronment. For the deactivated catalysts, the 
binding energies are shifted -4 eV to lower 
binding energies. This binding energy is 
lower than that generally observed for Cur+ 
in Cu20 and Cue in metallic copper. How- 
ever, such low binding energies for Cur+ 
have been found for Cul+ in ferrites and 
chromites in octahedral symmetry (40, 41) 
and in molybdates by Haber et al. (42). 

% 

I dldeactivated and 
plasma reoxhed 

n 

._ 
250 BINDING ENERGY WI 0 

FIG. 5. Detail of the survey spectra of Fig. 3 in the 
low binding energy region. 
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TABLE 3 

Binding Energies of the Principal XPS Lines in Hopcalite 
Corrected to &(C IS) = 285 eV 

Activated Deactivated CU 
in 02 at 220°C in N2 at 550°C metal 

cu 2P,l2 934.5 930.5 932.2 
cu 2PIi2 954.2 950.2 952.0 

Mn 2~3,~ 642.0 641.0 - 
Mn 2~10 652.3 651.5 - 

0 1s 529.0 529.0 - 

K 2Pm - 293.0 - 
K 2~1/2 - 295.5 - 

cu 3s 122.7 121.6 - 

cu 3p 76.0 75.5 - 

Mn 3s 83.3 83.0 - 

Mn 3p 48.6 48.5 - 
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Since the “chemical shift” is mainly due to 
the initial charge state, the Madelung po- 
tential and final state relaxation energy, 
these latter authors attribute the negative 
binding energy shift with respect to Cue to 
the difference in the Madelung potential. It 
thus appears that in the deactivated cata- 
lyst, the oxide surface region is dominated 
by Cur+ in octahedral environment. 

The shifts in the Mn electron binding en- 
ergies if they occur are within the instru- 
mental resolution used. Thus the oxidation 
state of Mn was not determined from the 
chemical shifts in this work. However, the 
3s multiplet splitting has been shown by 
Shirley (44) to decrease by about one eV 
per electron removed for Mn2+(3d5), Mn3+ 
(3d4), and Mn4+(3d3). This has been used to 
establish the oxidation states of Mn in the 
various treated Hopcalites. The multiplet 
splitting has been previously used to exam- 
ine the oxidation states of Mn in manganese 
spinels (43). The Mn 3s region is shown in 
Fig. 6. It is seen that the activated amor- 
phous catalyst has somewhat broader 

peaks as one would expect from the range 
of coordination found in amorphous mate- 
rials. The satellite position is indicative of 
Mn3+ with some smaller contribution from 
Mn4+. The catalyst deactivated in NZ 
clearly has Mn4+ in a discrete symmetry. 
Mn4+ with 3d’ electronic configuration is 
probably in octrahedral symmetry as pre- 
dicted (23,24). The plasma reoxidized cata- 
lyst shows both Mn3+ and Mn4+ satellites. 
Thus the following is established: 

Activated cu2+ Mn3+ 
Deactivated cu’+ Mn4+ 
Plasma reoxidized clJ2+ Mn3+(Mn4+) 

On those occasions when both Cu2+ and 
Cu*+ have been observed (i.e., deactivation 
in air or oxygen) both Mn3+ and Mn4+ have 
also been present. 

Surface Studies, ISS 

The application of ion scattering spec- 
troscopy (KS) to characterize heteroge- 
neous catalysts has been limited. However, 
its use is being extended to several hetero- 
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/ bl deactwated In Nz \ ;~ 
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FIG. 6. Detail spectrum of the Mn 3s region showing 
the decrease of the multiplet splitting due to the de- 
crease of the number of Mn 3d electrons upon deacti- 
vation (Mn3+ + Mn4+). (a) Activated; (b) deactivated. 
MgKa radiation, AE = const., transmission energy 
100 eV. 

geneous catalytic systems such as those 
used in hydrodesulfization and hydrocrack- 
ing. The principles of ISS and a summary of 
ISS catalyst characterization can be found 
in a recent review (45). It has monolayer 

sensitivity and can give detailed structural 
information by depth profiling through the 
outer three to four atomic layers. Beyond 
this, statistical mixing causes loss of infor- 
mation. It has, however, been able to delin- 
eate the layered structure of CO-MO and 
Ni-MO/alumina catalysts (46) and their 
thermally induced structural changes. It is 
used in this work for a similar purpose. 

A typical sequence of ISS spectra as a 
function of sputtering time is shown in Fig. 
7 for the activated, deactivated and plasma 
reoxidized catalysts. The dominance of the 
potassium peak in the spectra for the deac- 
tivated catalyst shows that the surface of 
the deactivated catalyst is completely cov- 
ered by a potassium overlayer. Although 
ISS cannot resolve the signals from K and 
Ca the features observed in Fig. 7 are due 
to K because of the absence of any changes 
in the corresponding energy regions of the 
Ca 2p signal in the XPS spectrum (Fig. 3). 
Furthermore, because of a relatively small 
radius of Ca’+ compared to Kit, no signifi- 
cant segregation of Ca is expected to occur 
upon crystallization of the catalyst, al- 
though its concentration in Hopcalite is 
only slightly less than that of K. At the be- 
ginning no Cu or Mn is visible, indicating 

I c,deact,vated and 
plasma reoxhzed 

FIG. 7. Selected examples of typical sequences of the ISS spectra as a function of sputtering time. (a) 
Activated; (b) deactivated; (c) deactivated and plasma reoxidized (as in Fig. 3). 4He+, I keV, AEIE = 
const., retarding factor 3. Typical sampling time: 4 to IO min. E,IEi: the ratio of the scattered to the 
incident He+ ion energy. 
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FIG. 8. Depth profiles as obtained from the complete sequence of the ISS spectra shown in Fig. 7. u: 
Activated; h: deactivated; c: deactivated and plasma reoxidized. 

that the adsorption sites for CO and OZ are 
blocked. This is in strong contrast with the 
active catalyst which shows that little po- 
tassium is at the surface and Cu and Mn are 
available for catalysis. Clearly potassium 
segregation is occurring and covering the 
active catalyst surface. Plasma reoxidation 
caused Cu segregation but left the Mn cov- 
ered by potassium as shown in Fig. 7c. 

Depth profiles which summarize the ISS 
data are given in Fig. 8. The profiles are 
plotted as ratios of the pertinent compo- 
nents to eliminate any fluctuations of sensi- 
tivity during profiling. 

To determine if the potassium is equilib- 
rium Gibbsian (47) or caused by some other 
phenomenon, the ISS depth profiles were 
taken on samples treated at 473, 553, 623, 
753,823, and 873 K along with XPS spectra 
taken before each ISS experiment. The 
results are shown in Fig. 9 for both the JSS 
and XPS intensity ratios. Clearly the potas- 
sium segregation does not follow the ther- 
modynamically expected pattern which 
would decrease monotonically with tem- 
perature if kinetically feasible. Segregation 
occurs at the phase transition as shown by 
the sharp onset at around 700 K indicated 
from the ISS curves. The XPS data are in 
agreement with the ISS results but, as is 
usual with XPS, its response to changes in 
the outer surface layer is mitigated by its 
larger depth sensitivity. 

DISCUSSION 

The mechanism of deactivation of Hop- 
calite is in controversy. Schwab and 
Kanungo (II) have reported crystalline 
CuMnzOd to be an active catalyst for CO 
oxidation. Dondur et al. (7,s) and Kanungo 
(9, 10) have reported the activity decreases 
drastically above the exothermal phase 
transition. Our results also show that upon 
the initiation of the phase transition activity 
begins to decrease. Deactivation is com- 
plete at 873 K after 1 to 2 h in nitrogen or 
oxygen. Kanungo (9) attributes the activity 
of ‘ ‘CuMn204” catalysts to a surface 
CuMn204 phase. Our results offer a possi- 
ble explanation of the observations. Pure 
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FIG. 9. Segregation of potassium to the surface of 
Hopcalite catalyst vs temperature. 
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crystalline CuMnzOd may well be active as 
reported by Schwab and Kanungo (11). 
Hopcalite catalysts containing any impuri- 
ties or promoters such as alkali metal ions 
may be subject to phase-change-induced 
segregation of these species, as found in 
this work for potassium. 

Catalyst Activity and Oxidation States 

The importance of oxidation states of Cu 
and Mn in Hopcalite has recently been em- 
phasized by Schwab and Kanungo (11). An 
“anomalous promotion” was attributed to 
electron transfer (charge transfer) between 
Cu and Mn via the redox couple Mn3+ + 
cd+ k Cul+ + Mn4+. Although this redox 
system has been suggested to explain the 
structural and electronic properties of 
CuMnz04 (12, 15, 28-20, 23, 24) and the 
idea has been indirectly supported by 
chemical analysis, yields of aldehyde in the 
oxidation of cinnamyl alcohol and the activ- 
ity for CO oxidation (22), no direct experi- 
mental evidence has existed before the 
present study for this redox system. The 
evidence from the chemical shifts of the Cu 
2p line and the multiplet splitting of the Mn 
3s clearly demonstrates the existence of 
this redox couple in the Hopcalite catalyst. 
The redox couple apparently operates in 
both the amorphous state and the crystal- 
line spine1 but is shifted predominantly to- 
ward the more stable Cu’+/Mn4+ state on 
crystallization as predicted by Vander- 
berghe (24). Because of the potassium seg- 
regation we are not able to tie the redox 
system directly to catalytic activity. This 
will have to be explored on ultrapure sam- 
ples. 

The activity of mixed copper oxide and 
manganese oxide for CO oxidation shows 
two maxima at -0.1 and -0.5 CuO mole 
fraction (9, 10, 22). The minimum in activ- 
ity occurs in the middle of the composition 
range. Dollimore and Tonge (22) attribute 
this behavior to the amount of Cu’+ in the 
surface. According to their reasoning, Cu’+ 
forms stable complexes with CO. A high 
Cur+ surface concentration would give 

strongly adsorbed CO and block the surface 
causing lower activity. The highest Cur+ 
concentration was predicted but not mea- 
sured to be in the middle of the concentra- 
tion range. Since in these studies we see 
Cur+ form at the surface on deactivation, 
the above explanation would seem to have 
validity. However, the catalyst in the 
present study did not reactivate at the oxi- 
dizing conditions used for the amorphous 
samples. Second, plasma-induced reoxida- 
tion to Cu2+ did not reestablish activity. 
Thus the potassium segregation which is ir- 
reversible and causes catalyst deactivation 
did not allow us to check the interpretation 
of Dollimore and Tonge. The true catalytic 
importance of the oxidation states in the 
Hopcalite catalyst must be determined in 
future studies. The clear indication of the 
redox system as seen in chemical shifts and 
multiplet splitting indicates this will be pos- 
sible in future studies. The present results 
emphasize the need to study the system in a 
highly pure state free of promoters and 
dopants. 

Segregation 

Surface segregation in catalysis is an im- 
portant phenomenon (48-50). Its influence 
on catalytic activity and selectivity has 
been demonstrated with Cu-Ni alloys 
where a small amount of Cu in the bulk 
produced enormous effects on catalytic be- 
havior (48-50). Consequently much work 
(47,51,52) has been directed at segregation 
in alloys. In metals, segregation affects the 
outer few atomic layers with the dominant 
change being the outermost monolayer. 
These studies have been directed at equilib- 
rium segregation where the phenomenon 
occurs at elevated temperatures sufficient 
to allow atom mobility. However, it is a 
decreasing function of temperature in the 
thermodynamic sense where the higher the 
temperature the closer the surface compo- 
sition approaches that of the bulk. The ma- 
jor parameters which control segregation 
are surface energy, bond energies and 
atomic size differences. The first parameter 
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can be influenced by adsorbate bond energy 
differences and chemically driven segrega- 
tion can occur under nonvacuum condi- 
tions. 

Although this is the dominant effect in 
most systems, lattice strain energy caused 
by size mismatch controls segregation in 
some systems and it must always be ac- 
counted for. 

Segregation in nonmetallic systems has 
not been sufficiently examined, neither ex- 
perimentally nor theoretically (47, 53). 
Nevertheless, it can be as important or 
more important catalytically than in metal 
systems since catalytic site density related 
to anion vacancies and inductively induced 
acidity or basicity can be small on nonme- 
tals. In addition, the effects of segregation 
can influence several tens of monolayers as 
compared to l-5 layers in metals (54). The 
same parameters of surface energy differ- 
ences and (ionic) size differences will be 
involved in nonmetals with additional ac- 
count being taken of electrostatic influ- 
ences. In the present case the observation 
of potassium surface enrichment by XPS 
and 1% mainly involves the latter two. 

Potassium segregation occurs at the 
phase change and causes deactivation of 
the Hopcalite catalyst. The question arises 
as to the origin of the segregation. It could 
be kinetic effect where the temperature of 
the catalyst must be sufficiently high to al- 
low ion migration. In this case one could 
expect some exponential dependence on 
temperature. It could be equilibrium segre- 
gation where the extent of segregation is 
decreased by increasing temperature, bar- 
ring any kinetic effects, or most likely it is 
segregation forced by the crystallization of 
the spinel. The results in Fig. 9 clearly 
show that it is strictly associated with the 
phase change. As the amorphous-to-crys- 
talline transition occurs, the ordering of the 
lattice and the strict ionic size requirements 
cause the large K+ ion (ionic radius = 1.33 
A) to move to the surface. In addition, the 
charge compensation for the Mn3+ to Mn4+ 
transition might be partially accounted for 

by loss of K+ from the structure. It is 
known that alkali metal ions stabilize Mn3+ 
in oxide lattices (55). The dominant effect, 
however, is likely to be the large ionic ra- 
dius of K+. 

During plasma reoxidation of Hopcalite, 
surface enrichment of copper was ob- 
served. Given the strong oxidizing condi- 
tions of the plasma it might be expected 
that the Mn4+ would be maintained. How- 
ever, as the multiplet splitting indicates, 
both Mn4+ and Mn3+ are present. The oxi- 
dation of Cur+ to Cu2+ is still accompanied 
to some extent by the Mn4+ to Mn3+ transi- 
tion. However, Cu2+ does segregate to the 
surface region. In those locations where 
Mn4+ is maintained, conversion of Cu’+ to 
Cu*+ causes a charge imbalance and the 
Cu?+ would be expected to migrate to the 
surface. Thus migration of Cu?+ from the 
charge-imbalanced lattice forming cation- 
vacancies in the bulk and CuO at the sur- 
face may well be the major driving force in 
an “over-oxidized” system. This is the 
most direct explanation without becoming 
involved with the very complex and as yet 
not firmly established crystallographic 
properties of the spine1 oxide, CuMn204. In 
this connection, it may be noted that 
Radhakrishnan and Biswas (23) have pro- 
posed the following structure: 

<Cd> Cdh Mn&),,, 

. lCu& Mn?i Mnikl,,,02- 
where the site preference energies have 
been considered. For a thorough discussion 
Ref. (23) should be consulted. 

The proposed surface CuO is suggested 
by the phase diagram (56) and supported by 
the work of Dollimore and Tonge (22) and 
others (57) where CuO was found to be 
present whenever the oxidation state of 
manganese was higher than Mn3+. How- 
ever, no MnOz phase was detected by 
X-ray diffraction indicating Mn4+ remains 
part of the lattice. 

Catalyst Activity and Bulk Structure 

Schwab and Kanungo (II) attributed the 
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enhanced catalytic activity to the formation 
of the CuMn204 spine1 in Hopcahte cata- 
lysts. Others (7-10) have seen a loss of ac- 
tivity on the crystallization of the amor- 
phous Hopcalite catalyst. Clearly segrega- 
tion of K or another component or 
contaminant driven by the phase change 
could poison the surface in a manner simi- 
lar to the findings in this work. 

There is growing evidence that the nature 
of catalytic sites in amorphous systems are 
not fundamentally different from those 
found on their crystalline counterparts. 
However, they differ considerably in con- 
centration at the surface. Larger numbers 
of sites are being found on amorphous ma- 
terials than on crystalline materials particu- 
larly when these sites involve defect struc- 
tures (58). The smaller number of catalytic 
sites on crystalline materials has two ef- 
fects. The catalytic activity decreases on 
crystallization and the catalyst becomes 
more susceptible to poisoning. 

To correlate Hopcalite catalysis with 
bulk structure will require well-character- 
ized amorphous and crystalline samples 
where specific activity is studied (turnover 
number if possible). These studies must be 
performed on ultrapure systems since the 
number of sites on the crystalline materials 
will be low. Therefore, the correlation be- 
tween catalytic activity and structure of 
Hopcalite remains an open question. 

CONCLUSION 

These studies have produced the follow- 
ing conclusions and questions for future 
work. 

(a) Phase-change-induced segregation 
can have substantial importance in hetero- 
geneous catalysis. Even impurities and 
dopants at small levels may appear at the 
surface and block active sites. This is exac- 
erbated by the decreasing numbers of sites 
during the amorphous-to-crystalline transi- 
tion. Potassium segregation is mainly re- 
sponsible for the deactivation of the Hop- 
calite catalyst in this study. 

(b) The coupled redox system 

Cd+ + Mn3+ $ Cur+ + Mn4+ 

has been experimentally confirmed using 
XPS chemical shift and shake-up informa- 
tion on Cu, and multiplet splitting on Mn. 
This interesting and important phenomenon 
is now open for further investigation. 

(c) The activity-structure correlations on 
Hopcalite catalysts must be done on highly 
pure materials, thus avoiding the phenome- 
non of phase-change-induced segregation. 
The turnover number also must be estab- 
lished to investigate the quality of the cata- 
lytic sites on the amorphous and crystalline 
systems. 

(d) The importance of a multiple tech- 
nique approach to catalyst characterization 
involving both primary structural probes as 
well as surface analysis has been demon- 
strated. 

This paper lays the groundwork for fu- 
ture detailed investigations of amorphous 
and crystalline oxide systems, in particular 
mixed Cu- and Mn-oxide catalysts. 
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