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The kinetics, in alkaline solution, of heterogeneous HzO, decomposition by the 
cobalt-iron spine1 oxide system, CorFer-,Oa, (0 5 z 5 3), were studied with a view 
to defining the intrinsic and microstructural factors influencing the catalytic activity. 
The activity order for two catalyst series, prepared by hydroxide and oxalate co- 
precipitation routes, was found to be (considering x values) 

1.0 > 1.5 > 2.0 > 2.4 > 3.0 > 0.6 > 0.0 

on the basis of diffusion-free activation energies for the decomposition reaction. This 
order agreed with results obtained by measuring the initial rates of H&, decom- 
position, provided the rates were normalized for the available area of reaction at the 
catalyst surface. The activity order can be interpreted in terms of the electronic 
structure of cobalt-iron oxides, and a key factor is the presence of Con ions on the 
octahedral lattice sites, which can initiate a cyclic electron transfer process (redox 
reaction) on the catalyst surface. 

Maximum activity, and lowest activation energy for the reaction, occurs at 
x = 1, since the greatest availability of octahedral Con occurs at this composition. 

The cobaltriron spine1 oxide system may 
be represented by the general formula 
ComFes-rOb, where 2, the composition vari- 
able, can take values between 0 and 3. This 
system was reported by Cota, Katan, Chin, 
and Schoenweis (1) to possess activity for 
hydrogen peroxide (H202) decomposition in 
alkaline solution comparable to highly 
active catalysts for the reaction such as 
silver and platinum black, when tested 
under similar conditions. The pronounced 
activity may be explained in terms of 
intrinsic factors, such as the chemical and 
electronic structures of the catalysts, or 
through microstructural factors, such as the 
surface area characteristics of the catalysts 
(2). The present paper describes an investi- 
gation of H,O, decomposition by cobalt- 
iron spine1 oxides in which intrinsic and 

microstructural factors are taken into 
account. 

EXPERIMENTAL 

In order to investigate H,O, decom- 
position kinetics as a function of catalyst 
composition and microstructure, it was 
necessary to synthesize cobalt-iron oxides 
over the complete composition range of the 
system (0 < II: < 3), with differing surface 
areas. Two series were accordingly pre- 
pared. The first, consisting of high surface 
area powders, was obtained by hydroxide 
coprecipitation, using a method based on 
the work of Sato, Sugihara, and Saito (3). 
The second, a low surface area series, was 
prepared by the oxalate co-precipitation 
method of Schuele and Deetscreek (4). The 
two series of catalysts, prepared with 2 
values of 0, 0.6, 1.0, 1.5, 2.0, 2.4, and 3.0, 
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are henceforth referred to as “hydroxide 
route” and “oxalate route” catalysts. The 
preparation of these oxides, their chemical 
characterization by X-ray and quantitative 
analysis, and their electronic structural 
analysis, revealing an inverse/normal struc- 
tural change with composition, has been 
described elsewhere (4-S). These studies 
showed that the cobalt-iron oxides pro- 
duced by the two routes possess similar 
crystal structure and chemical composition. 

The activity of the catalysts towards 
H,O, was evaluated in the liquid phase, 
using the gasometric technique of Cota et 
al. (1). Catalyst samples were injected into 
a stirred, thermostatted reaction vessel 
containing known volumes of reaction 
medium (usually KOH solution) and H,O, 
solution. The weight of catalyst and the 
concentrations of the KOH and H,O, 
solutions were accurately known. The KOH 
solution was freshly made up from 
carbonate-free Analar grade KOH pellets 
(Hopkin and Williams Ltd.) and the H,O, 
solution from Laporte stabilizer-free 86% 
w/v H,O,, using deionized, distilled water. 
Both solutions were standardized im- 
mediately before runs, the KOH using 
standard HCl ampoules and the H,O, using 
standard KMnO,. 

Oxygen was evolved from the reaction 
vessel according to the equation, 

2HO,- = 02 + 20H-, (1) 
the H,O, being present in alkaline solution 
as the perhydroxyl ion, HO,-. The oxygen 
evolution rate was monitored for a given 
temperature and atmospheric pressure, the 
oxygen displacing water from a Bunte gas 

burette. The results were corrected for self- 
decomposition of the H,O,, and the effect 
on the reaction kinetics of varying the 
catalyst mass, the H,O? or KOH concen- 
tration, and the reaction temperature were 
investigated for the two catalyst series. The 
oxygen evolution rate was found to be 
independent of stirring. 

The catalyst microstructures were char- 
acterized by visual investigation using a 
high resolution optical microscope and by 
surface area measurements. The BET 
specific surface areas were measured using 
nitrogen adsorption at - 193”C, after initial 
degassing of the catalysts at 300°C for an 
hour. In addition, the catalyst samples were 
sent for particle sizing t,o Coulter Counter 
Ltd., Dunstable. For the particle sizing 
the oxide powders mere ultrasonically dis- 
persed in an isotonic aqueous electrolyte 
(0.1 N dibutyl phthalate) and evaluated as 
to mean aggregate size by Coulter counter 
analysis (7). 

Two experiments were performed to as- 
sess whether the results on aggregate size 
distribution as measured by Coulter counter 
analysis are similar to the aggregate size 
distribution when the cobal&iron oxides 
are used in the H,Oz decomposition ap- 
paratus. Coulter counter results for pow- 
ders which have been used once in H,Oz 
activity tests gave similar aggregate size 
distribution results when subjected to 
Coulter counter analysis. Furthermore, the 
results for H,O, decomposition when the 
tests were performed in an ultrasonic bath 
are the same as normal tests (i.e., the use 
of a magnetic stirrer). These experiments 
showed that the aggregates were quite 

SO 

t -0 

FIG. 1. V-t plot for HZOZ decomposition by hydroxide route CorFezOa at 25°C. 
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FIG. 2. Log& 
route CoIFe,Oa. 

- C/a) vs t plot, showing first-order kinetics, for Hz02 decomposition by hydroxide 

firmly held together and that the results 
obtained from the Coulter counter analysis 
were reliable. 

RESULTS 

Hydroxide Route Catalysts 

A plot of oxygen evolved vs time 
obtained for a reaction mixture of hydrox- 
ide route Co,Fe,Oc (50.0 mg), 5 N KOH 
(50.0 ml), and 1.00 M H,Oz (5.0 ml) at 
25.0 (+O.l) “C and one atmosphere pres- 
sure is shown in Fig. 1. V is the volume 

04 
I 

FIG. 3. Plot of k,,,,, (hydroxide route catalysts) 
and k,,, (oxalate route cat,alysts), at 25”C, as a 
function of z. 

(ml) of oxygen evolved from the reaction 
mixture, while t (see) is the time elapsed ; 
the plot is corrected for self-decomposition 
of H,O, (0, evolution rate at 25’C = 1.3 X 
lo-* ml set-I). Figure 1 is typical of results 
obtained for hydroxide route catalysts. 

The H,O, decomposition kinetics for this 
series were found to follow a rate law which 
was first order with respect to H,O,. Thus, 
the results of Fig. 1 for hydroxide route 
Co1Fez04, when expressed in the form of a 
log,,(l - q/u) versus t plot, with a the 
initial concentration of H,Oz and c the con- 
centration after time t, gave a linear plot 
(Fig. 2) over 95% of the total reaction 
time. In addition, the reaction rate con- 
stants were shown to be independent of the 
initial H,Oz concentration. These results are 
characteristic of first-order kinetics. 

The first-order rate constants were also 
directly proportional to the catalyst mass 
in the reaction mixture, at least in the 
weight range 5-100 mg. In Fig. 3, the rate 
constant per unit mass catalyst, lcf,, at 
25”C, is plotted against x. The maximum 
error in /Q,~, values is 25%. The effect of 
varying the reaction medium is demon- 
strated in Fig. 4, where the same reaction 
conditions as for Fig. 1 are maintained, 
with the exception of the reaction n&dium, 
which is changed successively from 5 N 
KOH to 10 N, 1 N, 0.1 N KOH, 10 N 
K2C0,, and distilled water (all 50 ml). In 
Fig. 4, Ic,,m at 25°C is plotted vs the re- 
action medium pH before H,O, addition, 
measured either with a glass electrode pH 
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FIG. 4. Variation of ICJ,~, at 25”C, with pH of reaction medium before Hz02 addition, for hydroxide route 
CorFezOl. Open circle, water; open square, 0.01 N KOH, open triangle, 10 N K&03; closed circle, 0.1 A’ 
KOH; closed square, 0.5 N KOH; closed triangle 1 N KOH; circle with cross, 5 N KOH; square with cross, 
10 N KOH. 

meter (pH < 14) or by caiculation from 
activity coefficients (pH > 14) (8). 

The rate constants l~f,~ increased with 
temperature between 5” and 50°C in ac- 
cordance with the Arrhenius equation. 
The activation energies for H,O, decom- 
position by hydroxide route cobalt-iron 
oxides are plotted vs composition in Fig. 5; 
the error in activation energy is kO.5 kcal 
mole-‘. 

The microstructural features are sum- 
marized in Table 1 and Fig. 6, which show, 
respectively, the BET specific surface area 
and mean aggregate size, d, of the catalysts 
as a function of 2. The error in these 
parameters, as found by successive deter- 
minations, was + 5%. 

Oxalate Route Catalysts 

In contrast to V-t plots for hydroxide 
route catalysts, the V-t plots for oxalate 
route catalysts were linear. Figure 7 shows 
the V-t plot for oxalate route ColFezO, 
obtained with similar conditions to Fig. 1, 
but with 250 mg catalyst. The plot is cor- 
rected for self-decomposition of H,Oz. A 
linear V-t plot is indicative of reaction 
kinetics which are zero order with respect 
to H,O,. The zero-order rate constant, Ic,, 
is then identical with the slope of the V-t 
plot. The rate constant was found to be 
directly proportional to the catalyst mass 
used in the reaction mixture, and in Fig. 3, 
the rate constant per unit mass of catalyst, 

Fig, 5 

FIG. 5. Activation energy for Hz02 decomposition vs 2: A, from kf ,m values for hydroxide route catalysts; 
!I, from k,,, values for oxalate route catalysts; 0, from kr ,m values for hydroxide rorrt,e catalyst,s. 



4r,G GOLDSTEIN AND TSEUNG 
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FIG. 6. Coulter counter measurements on hydroxide route catalysts: Mean aggregate diameter, (d), and 
mean aggregate specific surface area, (S), as a function of 2. 

k z,m, at 25”C, is plotted vs IL^. The error in 
k,,, values was found to be 257%. As ob- 
served for the hydroxide route series k,,, 
values increased with temperature in ac- 
cordance with the Arrhenius equation. In 
Fig. 5 the activation energies for H,O, de- 
composition are plotted vs x: for the oxalate 
route series; activation energies were sub- 
ject to +0.5 kcal mole-l error. 

error margin was large ( +50%) for such 
small surface areas, it was impossible to 
arrange the catalysts in order of increasing 
surface area. The mean aggregate sizes are 
shown as a function of composition in Fig. 
8; the error, as for the hydroxide route 
catalysts, was *5%. 

ANALYSIS OF RESULTS 

The BET specific surface area measure- A key objective in the analysis of the 
ments on the oxalate route catalysts were reaction kinetics was to arrive at an 
all in the range l-2 m2 gl; since the intrinsic order of catalyst activities for 

TABLE 1 
PROPERTIES OF COBALT-IRON OXIDES” 

Compo- 
sition 

Cation distribution and valency in the 
tetrahedral and octahedral sites of the 

spine1 structure 

Activation 
energy for Theoretical 

BET specific electronic density p 
surface area conduction (X-ray 

(k5%) ( + 0.05 eV) measurements) 
m* g-l eV g cm+ 

A 
CooFeaOa 

B 
Codh.~O~ 

C 
ColFe204 

D 
Col.sFel.0 

E 
CozFelOl 

F 
Con.rFeo.sOh 

G 
CoaFeoOr 

Inverse 
(Fe:“)tet[Fe:‘Fe:“],tO:- 130 0.10 5.22 

(Fe:“)t,t[Co:r,Fe:~~Fe:‘,T],tO:- 

Inverse 
(Fe:“)t,t[Co:‘Fe:“]~~~O~- 

125 0.15 5.32 

90 0.34 5.30 

(Co:r,Fe,‘.~~)t,t[Co~r,Co:f:Fe:!~l,,tO:- 

Normal 
(Co:‘)+,t[Co:‘lFe:“]~~O~- 

85 0.27 5.52 

80 0.35 5.69 

(Co:‘)t,t[Co:!~Fe:~~l,t02,- 

Normal 
~Co:‘)t,t~Co:“l,tO:- 

75 0.44 5.80 

60 0.52 6.07 

= From ref. (6). 
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FIG. 7. V-l plot for H,Oz decomposition by oxalat,e route ColFezOc at 25°C. 

cobalt-iron oxides in H,O, decomposition, 
one far more dependent on catalyst com- 
position than microstructural differences. 
A comparison of the Icf,, vs x: plot for the 
hydroxide route catalysts with the k,,, vs 
x: plot for the oxalate route catalysts 
(Fig. 3) indicates two main features. Under 
similar conditions the high surface area 
hydroxide route catalysts are nearly three 
orders of magnitude more active for H,O, 
decomposition than the low surface area 
oxalate route catalysts. However, the 
variation of activity with composition is 
completely different for the two series, 
indicat,ing that microstructural effects are 
operating within one, if not both, of the 
series. 

One possible approach to ascertaining 
the intrinsic activity is to make use of a 
kinetic parameter which is effectively 
independent of the catalyst microstructure, 
for each member of the two series. A suit- 
able choice for this parameter is the acti- 
vation energy for t,he decomposition re- 
action, which is dependent on the catalyst 

type rather than its surface morphology 
(9). This approach could be checked by an 
independent analysis in which an attempt 
was made t,o normalize catalyst activities 
for microstructural differences. An impor- 
tant parameter characterizing catalyst 
microstructure might, for instance, be the 
BET specific surface area (1). In each 
series, the microstructure-independent pa- 
rameter (activation energy) and the 
microstructure-normalized parameter (de- 
composition rate per unit surface area) 
should show similar intrinsic-only trends 
vs catalyst composition. 

Activation Energies for H,O, 
Decomposition 

The activation energies for the hydroxide 
route catalysts, obtained from kr,m values, 
show little variation with catalyst com- 
position (Fig. 5), being clustered in the 
range 9-11 kcal mole-l. This result seemed 
unusual for a cat,alyst series with such 
pronounced differences in composition and 

FIG. 8. Coulter counter measurements on oxalate route catalysts: Mean aggregate diameter, d, and mean 
aggregate specific surface area, S, as a function of 2. 
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structure. Moreover, the oxalate route 
catalysts show a wide variation in activa- 
tion energy with composition (9-19 kcal 
mole-l, Fig. 5, from k,,, values), with a 
pronounced minimum at the composition 
2 = 1. 

The anomaly may be explained in terms 
of diffusion effects. With the hydroxide 
route catalysts the high reaction rate for 
oxygen evolution produced marked turbu- 
lence; in fact, the reaction rate was inde- 
pendent of mechanical stirring. However, 
when turbulence occurs near the surface of 
a solid dispersed in a liquid, a thin liquid 
layer, of thickness about 10 ,pm, adheres 
to the solid surface (1’0). For H,O, de- 
composition by 3-phase heterogeneous 
catalysts, fresh H,O, must diffuse through 
such a layer to the catalyst surface to 
maintain the reaction, and diffusion control 
may well control the overall decomposition 
kinetics (11). 

The observed first-order rate law for the 
hydroxide route catalysts was t’hus the 
diffusion law for the H,O, under the ex- 
perimental conditions. With increasing mass 
of catalyst there would be more particles 
round which diffusion layers could be set 
up, explaining the dependence of the rate 
constant on t,he catalyst mass. Since the 
diffusion kinetics would be largely inde- 
pendent of catalyst composition, activation 
energies from kf,, values would be similar, 
as observed. 

In order to verify this reasoning, the 
act,ivation energies for the hydroxide route 
catalysts were obtained using initial rates 
per unit mass catalyst k,,, as a function 
of temperature. The Ic,,, values are less 
diffusion controlled than Ic,.m values, be- 
cause in the initial stages of the reaction 
there elapses a finite time before the 
diffusion layer is set up; inevitably Ic,,, 
values are rather less accurate than kf,, 
ones due to the uncertainties in tangent 
drawing. The lc,,, values, expressed in the 
units moIe 0, secl g-l, were subject to an 
error of f: 10%. The activation energies for 
the hydroxide route catalyst.s, based on 
k,,, values, are plotted vs cobalt-iron oxide 
composition in Fig. 5 ; the maximum error 
is of the order of 5 1 kcal mole-l. This plot 

shows similar trends to the corresponding 
one for the oxalate series; thus, the 
activation energies for H,O, decomposition 
vary from 6-16 kcal mole-l, and there is 
again a pronounced minimum at t,he 
composition z = 1. 

In the case of the oxalate route catalysts, 
the surface reaction rate is too slow to 
permit diffusion control. Zero-order kinetics 
can occur when the active centers at the 
catalyst surface are saturated with re- 
actant, as found by Bagg for H,O, de- 
composition on a silver crystal (12). The 
observed rates are hence a measure of the 
ease with which each catalyst clears H,O, 
from its active centers, and activat’ion 
energies derived from k,,,, values are 
relatively diffusion-free and independent 
of microstructure. 

The catalyst activities in the two series 
may be compared on the basis that the 
most effective H,O, decomposition catalyst 
possesses the lowest activation energy. For 
the hydroxide route catalysts, the activity 
order, considering z values, is 

1.0 > 2 = 1.5 > 2.4 = 0.6 > 3.0 > 0 (2) 

and for the oxalate route catalysts, 

1.0 > 1.5 > 2.0 > 0.6 
> 2.4 > 3.0 > 0. (3) 

The similarit,y, within experimental error, 
of results for the two series is strong 
evidence that the activation energies 
represent true intrinsic catalytic activities. 

Values for the pre-exponential factor, A, 
were obtained from each Arrhenius plot. 
A may be related (13) to the active site 
concentration on the catalyst surface or the 
entropy of adsorption of the reacting 
species; Bond (14) has shown how these 
catalyst properties may be inferred from 
the dependence of A on the activation 
energy for the reaction (compensation 
effect). In the present study an overall com- 
pensation effect holds; however, no coherent 
trend between individual A values and 
catalyst composition could be found. Pre- 
sumably randomizing factors in the reaction 
system mask a simple interpretation of A 
values. 



H202 OXIDATION 459 

Surface Area Effects in H,02 
Decomposition 

The cobalt-iron oxides consist of pow- 
ders, individual particles of which are some- 
what porous, possessing irregular and dis- 
continuous surface structures. The surface 
is interrupted by cracks and pores giving 
access to subsurface porous regions. Clearly 
the total surface is much greater than if 
the particles were wholly solid and con- 
tinuous. Catalytically active centers are 
distributed probably just as much in 
internal pores as on the cat,alyst outer 
surface. To normalize for microstructural 
effects, surface areas should accordingly be 
evaluated by a technique for the surface 
area cont”ribution of the internal structure. 
Cot,a et al. (1) applied such reasoning to 
their H,O, decomposition studies, normaliz- 
ing decomposition rates to unit specific 
surface area of catalyst as determined by 
the nitrogen adsorption (BET) technique. 

When the H,O, decomposition rate 
constants for the hydroxide route catalysts 
were normalized to unit BET specific sur- 
face area, it was found that the normaliz- 
ing procedure had left largely unaffected 
the activity order represented by the 
original Ic~.~& vs n: plot, Fig. 3. Thus the 
trends in the normalized activity plot bore 
no resemblance to the intrinsic order shown 
in Fig. 5. No corroborative normalizing 
procedure could be carried out, for the low 
surface area oxalate route catalysts, in view 
of the limitations in BET measurement 
accuracy. Nevertheless, the suggestion of 
Cota et al. that normalizing H,O, dccom- 
position rates t.o unit BET specific surface 
area yields intrinsic catalytic activities 
found no confirmation in the present study. 

ill1 alternative approach to microstruc- 
tural normalization is based on considering 
the amount of catalyst total surface 
actually used in liquid phase H,O, decom- 
position. For porous, ultrafine catalysts, the 
greatest contribution to the BET surface 
area arises from the pore walls of the 
developed internal structure. In fact, the 
outer surface of the catalyst probably 
represents only a small fraction of the total 
surface. Now, consider the utilization of 

catalyst internal surface in liquid phase 
H,Oz decomposition. To react over this 
region H,02 must diffuse into and along 
the catalyst internal pores. However, the 
decomposition reaction is a turbulent 
pro,cess, continuously releasing bubbles of 
oxygen gas. Such a process, occurring in 
confined, subsurface pores would inevitably 
force out reactant solution, curtailing 
further decomposition. 

According to this proposal, liquid phase 
H,O, decomposition is greatly restsicted in 
catalyst internal pores and occurs predom- 
inantly on the outer surface. Normalizing 
to unit BET specific surface area, largely 
a measure of internal surface, hence does 
not correct for the effect of catalyst micro- 
structures on decomposition rat,es. Con- 
versely, if a suitable parameter describing 
t,he out.er surface area of the catalysts were 
measured, then normalizing demcomposition 
rates for this out~er surface area should 
yield an intrinsic measure of catalytic 
activity. 

Using optical microscopy, the individual 
particles from both series were seen to be 
roughly spherical aggregates, with the 
effective diameter, rather than the overall 
shape, varying with composition. The ag- 
gregat’es, in the case of hydroxide route 
catalysts, possessed particle diameters 
generally in the range l-10 J,,rn, whereas 
the corresponding aggregates, in the case of 
the oxalat,e route cat.alysts, were much 
coarser, lo-50 wrn diameter. The exposed 
portion of catalyst actually llsed in H,O, 
decomposit,ion would then be the outer 
surface of the aggregates. Assuming the 
aggregates to be approximated to by ideal 
spheres, then the mean aggregat,e specific 
surface area, S, is simply related to the 
mean aggregate diameter, rl, of the spheres 
by the formula (I@, 

s = G/dp 

where p is the particle density. 
The parameter d follows from the 

Coulter counter results (Figs. 6 and 8) ; P 
requires some knowledge of the aggregate 
densities. However, since the catalysts in 
each series were obt,ained by a similar 
coprecipitat.ion/heat, treatment procedure, 
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their porosities should be similar, and p can 
be taken to be the spine1 theoretical density. 
Catalyst theoretical densities, obtained from 
X-ray data (6)) are collected as a function 
of composition in Table 1. 

Values of S are shown as a function of 
catalyst composition for hydroxide route 
catalysts in Fig. 6, and for oxalate route 
catalysts in Fig. 8. The error in S values, 
reflecting the variation in the d and p 
parameters used to derive S, is about 2 5%. 
Clearly, the absolute significance of the S 
parameter is questionable, in view of the 
limitations of the Coult,er counter technique, 
and the approximations as to the ide,al 
sphere nature and real density of the ag- 
gregates. Nevertheless, for a relative order 
of aggregate areas, the approach is 
a,dequate. 

The initial rates per unit mass of catalyst, 
Ic,, at 25”C, normalized to unit S values, 
are shown as a function of catalyst com- 
position for both series in Fig. 9. The 
normalizing procedure is subject to a maxi- 
mum error of * 5% error in Coul ter counter 
measurements and the error of +lO% in 
k,,, values. Figure 9 exhibits significant 
differences from the I?,,, vs 2 plot (Fig. 3). 
The order of activities, listing the L-C values, 
is for hydroxide route catalysts, 

1.0 > 1.5 > 2.0 > 2.4 > 0.6 > 3.0 > 0 (4) 

and for the oxalate route catalysts, 

1.0 > 1.5 > 2.0 > 3.0 > 2.4 > 0.6 > 0. (5) 

The activity orders (4) and (5) for the 

S-normalized rates are within experimental 
error fairly consistent with one another for 
the two series ; they are also in agreement 
with the activity orders (2) and (3) 
derived for the two series on the basis of 
activation energies. Thus, overall in the four 
sequences (2)-(5) the greatest activity is 
shown for x = 1, and this is followed by 
the activities for x = 1.5 and 2.0. A third 
group follows, with x = 2.4 and 0.6, while 
the least active catalysts have x = 3.0 
and 0. 

The above results imply, firstly, that the 
mean aggregate specific surface area is a 
key parameter in assessing catalyst micro- 
structures for H,O, decomposition studies. 
Thus, S-normalized rates themselves rep- 
resent intrinsic catalytic activities, since 
they agree with the intrinsic order derived 
from activation energies. This correlation 
from independent approaches is itself good 
evidence for intrinsic activity. Secondly, the 
results justify the use of Coulter counter 
analysis to compare catalyst aggregate 
surface areas, and the accompanying 
assumptions. 

Mode of Operation of Cobalt-Iron 
Oxides in H,O, Decomposition 

A comparison of activation energy 
measurements and microstructure-normal- 
ized rates for H,O, decomposition by 
cobaKron oxides from the hydroxide and 
oxalate routes has enabled an order 
representing catalyst intrinsic activities to 

FIG. 9. Initial H,Oa decomposition rate at 25”C, normalized to limit mean aggregate specific surface area, 
S, as a function of 2. o-0, hydroxide route catalysts; A- - -A, oxalate route catalysts. 
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be established. The overall activi.ty order, 
considering the z value in Co2Fe3.+04, is 

1.0 > 1.5 > 2.0 > 2.4 > 0.6 > 3.0 > 0.0. 
(‘5) 

The intrinsic factors governing H,O, de- 
composit,ion by cobalt-iron oxides must now 
be discussed, and the order (6) justified. 

There have been several approaches to 
the study of het,erogeneous H,O? decom- 
position by metal oxide systems. Schwab 
and co-workers (16, 17) investigated H,O, 
catalysis by ferrites, and concluded that 
FeT1 ions on the spine1 sublattices could act 
as active centers for the decomposition re- 
action. The most favorable position for FeI’ 
in the case of inverse ferrites was found to 
be the octahedral sites; clearly, t.he effective 
number of Fe” ions was increased due to 
the octahedral sit.es; clearly, the effective 
number of Fe” ions was increased due to 
the possibility of electron hopping with 
adjacent FenI ions (18). Hart and co- 
workers (19, 20)) in a series of vapor phase 
H,O, decomposition studies, classified oxide 
cat.alysts on the basis of defect t,ype. In 
general, p-type oxides were more active 
than n-type oxides for the decomposition 
reaction. 

An electrochemical approach to H,O, 
decomposition reactions was emphasized by 
Ardon (2). If a system exists in two 
oxidaBtion stat.es having a suitable redox 
potential so that the lower oxidation state 
can be oxidized by H,O?, and the higher 
state reduced by it, and both reactions 
proceed at, a measurable rate, then the 
system will act as an H,O, decomposition 
catalyst. Roy (21) correlated the H,O, 
decomposition activity of several transition 
metal oxides with their measured redox 
potentials. The dual valence oxides with 
standard redox potentials considerably 
above the standard reduction pot,ential, 
0.68 V (22)) for H,O, oxidation, 

0, + 2Hf + 2e = HzOT (7) 
were effective catalysts, whereas those 
oxides with low standard redox potentials 
were much less active. 

Whereas Schwab et al. were mainly con- 
cerned with electronic factors in H,O, de- 

composition, a different approach was de- 
scribed by Parravano (23’). Sintered 
CozFe3+04 samples, in the composition 
range 0.9 < x: < 1.1, were evaluated for 
their ‘activities in H,O, decomposition, 
oxygen adsorption, and N,O decomposition. 
The results were correlated with earlier 
work on isotopic exchange (CO/CO, and 
HZ/D,) (24,25) for the same catalyst com- 
positions. Parravano showed that t,he rates 
of reaction which t’ook place under oxidizing 
conditions (H?02, N,O decomposition, and 
oxygen adsorption) had a maximum value 
at ca’talyst compositions near x=1 
whereas the rates of reactions which took 
place under reducing conditions (CO/“CO, 
and HZ/D2 exchange) had a minimum 
value at this c’omposition. 

A generalized picture of the surface 
phenomena during oatalysis was presented. 
For re,actions under oxidizing conditions a 
common stage is the loading of the spine1 
surface with oxygen by means of O?, CO,, 
H,O,. Thus, (26, 27) 

Spine1 surface + oxygen donor = 
oxidized adsorption layer + defects on 

spine1 surface + oxygen acceptor. (8) 

Similarly, for processes occurring under 
reducing conditions, the unloading of oxygen 
from the spine1 surface by means of an 
oxygen acceptor or reduced pressure rep- 
resents the common stage. 

Parravano’s basic assumption was th’at 
t.he surface reactions took pl,ace by means 
of a mechanism in which orientation 
relationships between ads’orbent and ad- 
sorption layer were kinetically important 
and determined the variation of rate with 
catalyst composition. This tBopochemical 
rat’e control w’as significant in the narrow 
composition range studied, since variation 
of catalyst structure with composition was 
minimal, and the site occupancy in the 
spine1 was determined by the Co/Fe ratio. 
Accordingly maximum or minimum rates 
found for a given reaction shoulmd also be 
observed, at the same composition, for the 
other reactions Topochemical rate control 
from diffusion effects along and within the 
adsorpt,ion layer during the rate determin- 
ing step. Accordingly, diffusion rates for 
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cationic defects in Eq. (8) were shown to 
be a minimum for the spine1 composition 
x = 1 in oxidizing reactions, but a maxi- 
mum for the composition z = 1 in reducing 
reactions. 

Parravano’s results (2s) for H,O, de- 
composition by cobalt-iron oxides are 
presented in Fig. 10, which shows values 
for Icf,?n (25°C) and act,ivation energies as 
a function of catalyst composition. The 
significant feature of these results is that 
a maximum kf,,,, value, and minimum acti- 
vation energy, were found near the com- 
position ColFe,O,, agreeing with the present 
study; in addition the kinetics of H,O, 
decomposition were first order with respect 
to H,O,, as found for hydroxide route 
catalysts. The kf,, values for Parravano’s 
catalysts were much smaller than kf,, 
value-s from the pres,ent study, considering 
the similarity of the test conditions. This 
reflects the low surface areas of Parravano’s 
sintered powders and decreased H,O, de- 
composition rates for catalysts screened in 
neutral, rather than alkaline solution. How- 
ever, there is as much variation in catalyst 
activities for the narrow composition range 

oo~lo 
IO 1.1 

--wx in Co, FeAmR04 

FIG. 10. H,O, decomposition results of Parravano 
(%9): kf,,,, values at 25”C, and activation energies, 
as a function of 5, for sintered cobalt-iron oxides in 
3 x lo-* M aqueous H20,. 

0.9 < x < 1.1 studied by Parravano, as is 
found in the present st’udy for the whole 
series, 0 < x < 3, showing the dominant 
effect of topochemical factors over narrow 
composition ranges. 

The factors reviewed above may be 
considered in turn with respect to the 
cobalt-iron oxide system. The electronic 
structure and cation distribution of the 
system, elstablished on the basis of con- 
ductivity measurements in a previous study 
(6) I .are presented as a function of com- 
posltlon in Table 1. Schwab et al. estab- 
lished the importance of Fe”/FeT1’ tran- 
sitions on the spine1 ferrite lattice as 
initiating centers for H,O, decomposition. 
In the cob,alt-iron oxide series, however, 
there are two types of divalent ion readily 
promoted to the trivalent state, Fe” and 
Co’I. Co”, as well as FeI’, may act as 
catalytic centers for H,O, decomposition. 

The relative importance of Co” and Fe’I 
cent’ers may be gauged from the plots used 
to obtain the intrinsic activity order (6), 
viz., Figs. 5 and 9, for the two series. 
Clearly, Co,O, possesses much greater in- 
trinsic activity for H,O, decomposition than 
Fe,O,. The electronic structures of Co,Oa 
and Fe,O, are compositions G and A, 
respectively, in Table 1. The activity dif- 
ference occurs despite the fact that all Fe” 
in Fe,O, is favorably positioned on octa- 
hedral sites, whereas all Co’I in Co,O, is 
confined to tetrahedral sites. The Co” 
centers in these spinels are thus much more 
effective than Fe” centers for H,Oz 
decomposition. 

An additional feature of the intrinsic 
activity plots is that Co,O, is not drasti- 
cally less active than the best cat.alysts in 
the cobalt-iron oxide system, whereas 
Fe,O, is. This implies th.at activity en- 
hancement through octahedral sit,ing of 
catalytic centers is not so marked with 
Co” in this system, as with Fe” in the 
ferrite systems studied by Schwab and 
Kraut (17). This effect is related to the 
ease of octahedral site elect’ron hopping 
on the spine1 lattice as the ionic distribution 
changes. Conductivity measurements on 
the cobalL-iron oxide series showed (6) that 
electron exchange between CO’~/CO’~’ or 
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Col/Fel” couples is much more restricted 
than Fe”/Fe”I transfers. 

The catalytic centers in cobalt-iron 
oxides may be arranged in order of decreas- 
ing intrinsic activity for H,O, decom- 
position on the basis of the foregoing con- 
siderations. The most, effective center is 
(Co”) act, with greater activity when the 
adjacent octahedral site ion is CoTI than 
when it is Fe’I’. This follows from the 
electron hopping considerations. Both con- 
figurations ,afford somewhat greater activity 
than the case of (CO”)~~~, even when the 
adjacent species is (Fe”‘),,,, due to the 
effective isolation of tetrahedral sites. HOW- 
ever CoTI, wherever sited, is markedly 
superior to Fe”, and Fe’I itself, when sited 
octahedrally with adjacent Fe”‘, is superior 
to (Fe”) tet. These principles may be 
schematically summarized: 

[Co” - COI~*]~~~ > [Co** - Felll]oct > 
ColItet >> [Fe” - Felll]oct >> (Fel*)tpt. (9) 

Considering the electronic structures in 
Table 1, the intrinsically most active 
catalyst should be C, with II: = 1, since no 
other composition contains as much as 1 
mole Co” per formula weight on the octa- 
hedral sites. The next most active would 
be D, with x = 1.5. This, in common with 
E-G, ha,s a total of 1 mole Co” per formula 
weight, but only with D is as much as 50% 
of this Co’I octahedrally sited. Compositions 
E-G each h,ave 1 mole Co” tetrahedrally 
sited, and identical activity for H,O, de- 
composition would be expected. However, 
over this composition range the activation 
energy for electronic conduction increases 
(6) (Table 1) ; this implies a drop in 
electron availability, and the H,O, de- 
composition reaction, being an acceptor re- 
action, would respond such that the activity 
order became E > F > G. Composition G 
should itself be superior to B with x = 
0.6, since although the Co” in B is o&a- 
hedrally sited, there is only 0.6 mole per 
formula weight. Finally composition B 
should be markedly superior to A, with 
2 = 0, which possesses no CoTI, only Fe”. 

Hence the predict,ed intrinsic activity 
order is listing x values, 

1.0 > 1.5 > 2.0 > 2.4 > 3.0 > 0.6 > 0. (10) 

This is in good general agreement with 
the observed activity order (6)) derived 
on the basis of activation energies and 
microstructure-normalized rates. The only 
discrepancy is that the position of com- 
position x = 3 and 0.6 in activity order 
(10) should be reversed. Clearly for these 
two compositions, there is a trade-off 
between the efficacy of a large amount of 
Co” sited unfavorably (tetrahedrally in a 
poor electron donor system), and a smaller 
amount of Co” sited favorably (octahe- 
drally in a superior electron donor system). 

The present study thus affords further 
support to the mechanism for H,O, de- 
composition proposed by Schwab et al. 
based on divalent transition metal ions on 
spine1 lattices. Moreover, the report of 
Hart et al. (19) that p-type semiconduct- 
ing oxides were more active H,O, de- 
composition catalysts than n-type, is con- 
firmed here, since Jonker (5) showed that 
compositions with x > 1 in the system 
CoZFe3-Z04 exhibited p-type semiconduc- 
tivity, whereas those compositions with x < 
1 were n-type semiconductors. Correspond- 
ingly, cobalt-iron oxides with z > 1 have 
H,O, decomposition activit,ies above those 
with x < 1. 

The electrochemical approach of Roy 
(21) is support,ed also by this study, at 
least qualitatively. In alkaline solution the 
redox reactions of importance for the 
cobalt-iron oxide system, 

Co(OH)z + e = Co(OH)2 + OH- (11) 
Fe(OH), + e = Fe(OH)z + OH- (12) 

have standard reduction potentials respec- 
tively, of +0.17 V and -0.56 V (22). 

In comparing these values with the 
standard reduction potential, - 0.08 v 
(22), for perhydroxyl ion oxidation, 

02 + Hz0 + 2e = HOz- + OH- (13) 

it may be deduced that the couple (11) will 
be much more active for H,O, decom- 
position than the couple (12). Inevitably, 
the redox species involved in the reaction 
at high pH levels on the spine1 surface are 
less well characterized than (11) or (12) 
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would imply, precluding more quantitative 
predictions. However, Pourbaix (28) has 
reported that H,Oz can act as an oxidizing 
agent, converting Co0 into CoZ03, and as 
a reducing agent, bringing about the reverse 
process ; a state of equilibrium between 
the two oxides is rea’ched. This would sup- 
port the redox classification (2). 

and the significance of topochemical effects 
will inevitably decrease. 

The importance of pH effects may be 
analyzed at this point. As shown in Fig. 4, 
a typical hydroxide route catalyst h,as a 
pronounced activity for H,O, decom- 
position in neutral solution; the activity 
rises with incre,asing pH to a maximum at 
about pH 13-14 for KOH and drops 
sh,asply as the KOH concentration is in- 
creased further. The increase in rate with 
alkalinity of reaction medium has been 
observed for many H,O, decomposition 
catalysts. The effect is attributed to the 
intrinsic instability of H,O, in alkaline 
solution, and base catalysis by OH- ions 
(29), but another factor is that reaction 
intermediat,es, such as oxide or hydroxide 
layers produced at c.atalyst surfaces during 
the decomposition react’ion, become stabler 
at higher pH levels (20). The observed 
rate maximum near pH 14 has been ob- 
served for spine1 catalysts similar in type 
to cobalt-iron oxides (31) and occurs even 
in the absence of heterogeneous catalysts 
(9, 31). At very high KOH con’centrations, 
transport of reactive species concerned with 
H,O, decomposit’ion is restricted and the 
rate should drop. Thus, the 0, solubility 
and diffusion coefficient decrease with in- 
creasing KOH concentration (S2), while 
the viscosity increases (8). An activity 
maximum at a high pH is thus justified for 
KOH solution. 

Parravano did not evaluate electronic 
effects, but these may be important, since 
for Co,Fe,-,Oc in the composition range 
0.9 < x < 1.1 there are drastic changes in 
both conductivity (seven orders of magni- 
tude) and thermoelectric power (-600 to 
+800 PV “C-l) (5). It is, in f)act, possible 
to explain Parravano’s results on the basis 
of electronic structural differences. By inter- 
polation from Table 1, the structure of 
Co,Fe,04 for two compositions near x = 
1, such as z = 0.9 and 1.1, would be, 
respectively, 

This is to be compared with the structure, 
forx = 1, of 

(Fe:To’)t,t[Fe:T,‘Co:‘,1,,,02,- (15) 
Oxidizing reactions, of which H,O, de- 
composition is exemplary, respond to Con, 
especially on octahedral sites. The rate is 
hence a maximum for composition (15). 
Reducing reactions, as Schwab et al. (16) 
found for the CO/CO, reaction, respond to 
Fen1 only on tetrahedral sites. Octahedrally 
sited Con1 is also catalytically active for 
reducing reactions (SS). A minimum in the 
rate should therefore result for such re- 
actions at composition 15. 

CONCLUSIONS 

Topochemical factors must also be 
considered in their effect on intrinsic 
catalytic activities. Parravano’s work on 
cobalt-iron oxides was restricted to a nar- 
row composition range 0.9 < x < 1.1, 
thereby minimizing chemical variation and 
structural distortion within the lattice, and 
allowing kinetic control by reactant/ 
ad,sorbent orientation to predominate. In 
the present study over the complete com- 
position range, 0 < x < 3, there are large 
overall chemical and structural changes, effective in the decomposition reaction, with 

Similar trends in liquid phase H,O, de- 
composiGon activity vs cobaltriron oxide 
composition have been demonstrated for 
(i) a microstructure-independent kinetic 
parameter, viz., the diffusion-free activation 
energy, and (ii) a microstructure-normal- 
ized kinetic parameter, viz., the decom- 
position rate normalized to the catalyst 
mean aggregate specific surface area. This 
affords strong evidence th,at the observed 
trend represents the t,rue intrinsic catalytic 
activity for the system. In addit’ion, the 
results indicate that predominantly the 
outer aggregate surface of an ultrafine, 
porous H,O, decomposition catalyst is . _ 
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the internal pore area correspondingly less 
important. 

The decisive factors affecting intrinsic 
H,O, decomposition activities by cobaltc 
iron oxides may finally be summarized. The 
major controlling factor is the elect%ronic 
struct.ure of the spinel. The occurrence of 
Co” on octahedral sites, with its ready 
conversion to Co”‘, allows a highly effective 
redox system to be set up, initiated by CO” 
centers. However, catalysis control by 
topochemical or pH effects arc not thought 
t,o be as important over the composition 
range and reaction conditions investigated. 
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