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The catalytic activity of cobalt ferrite, Cos_.Fe,O4, for the hydrogen—deuterium
exchange reaction and the change in thermoelectric power of the ferrite during the adsorp-
tion of hydrogen and oxygen were investigated as functions of the catalyst composition.

The exchange reaction was carried out on catalysts with values of z: 1.93, 1.97, 2.02,
and 2.07 in a flow reactor in the temperature range 60° to 130°C, at 1 atm pressure. It
was found that the rate of the reaction was dependent upon the pretreatment of the
catalyst while the activation energy increased from about 19 to 24 kcal mole~! and the
pre-exponential factor from 10% to 10%” min~! as the compositional parameter, z, pro-
gressed from 1.93 to 2.07. :

The change in thermoelectric power of compressed powder ferrite pellets during the
adsorption of hydrogen and oxygen was investigated in the temperature range 88-250°C
on two samples of cobalt ferrite, x = 1.91 and 2.04. At temperatures > 120°C hydrogen
was adsorbed on the cobalt ferrite as an electron donor, and oxygen as an acceptor.
However, no change in thermoelectric power was detected at lower temperatures, indicat-
ing that in the range in which the catalytic reaction was studied no net electron transfer
oceurred between the adsorbed molecules and the substrate.

It is concluded that the hydrogen—deuterium exchange reaction on cobalt ferrite
occurred in two stages. The first is an initial activation step in which the catalytic ac-
tivity increased with time. This step can be associated with the reduction of the surface
of the ferrite and with the exposing of surface cations. In the second stage the exchange
reaction proceeded at constant activity. A reaction mechanism involving hydrogen being
adsorbed dissociatively on cation-anion couples in such a way as to restore the octa-
hedral coordination of the cations of interest (Co’t, Fe3*) is in accord with the experi-
mental results. The differences in activation energies are qualitatively related to the
energies of the Co?*—Co%t and Fe?™-Fe3* electron transfers. A theoretically calculated
reaction rate, which assumes slow hydrogen desorption, is in accord with the experi-
mental rate.

Correlations between the chemical reac-
tivity of metal oxides and the nature of the
electronic defects of the solid have been
generally deduced from a comparison of the
catalytic behavior of chemically different
solids. In this manner the possibility arises
that the reported relationships may be more
dependent upon variables controlling the
gross chemical nature of the solid than upon
the sign of the majority carriers. This possi-
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bility is strengthened by recent investiga-
tions on the catalytic activity of p- and
n-type germanium samples for the hydro-
gen—deuterium reaction (7). These studies
showed that the catalytic activity was not
appreciably influenced by the sign of the
majority of the electrical carriers in ger-
manium. Furthermore, it has not been
possible in most instances to convincingly
differentiate between the role of electronic
and ionic defects (2) on surface reactivity.
Thus, a correlation between electrical prop-
erties and catalytic aetivity cannot, in
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general, be inferred whenever variations in
both of these properties are obtained by
modifying different variables of the system.
In a similar fashion, the extensive work
carried out to derive a relationship between
the electronic and catalytic effects of doping
in semiconducting catalysts has produced a
situation clouded by many uncertainties.
At present, it is not possible to predict
whether marked qualitative differences in
the catalytic activity of n- against p-type
semiconductors or among different types of
doping are to be expected. Similarly, no
predictions can be made on the catalytic
behavior of substances with mixed n-
and p-type conductivities (double carrier
conductors).

Some of these ambiguities may be clarified
by studying the catalytic activity of solid
compounds with a well-defined chemical
composition (ion defects) and electronic be-
havior (electron defects) and which permit
modification of the latter without appre-
ciably influencing the former. Furthermore,
it is advantageous to use compounds with
which the investigation of the whole range
of p- and n-type properties is feasible with-
out drastically modifying the chemical
composition of the solid. These requirements
are met by some oxide compounds with a
spinel structure. In these binary systems, the
valences of the metal ions are determined
by the tendency to form an ideal spinel
strueture with the ratio of 3 to 4 of metal to
oxygen ions. As a result, these solids do not
contain an appreciable number of lattice
vacancies, thus justifying the assumption
of a fixed metal/oxygen ratio during adsorp-
tion and catalysis. Since the ratio may
influence the catalytic activity (3), this
situation permits a closer investigation of the
effect of adsorption and catalysis on the
electronic equilibrium of the system.

In cobalt ferrite, Co; .Fe,O4 the stoi-
chiometric composition, CoFe;04, contains
all of the cobalt ions as Co?*t and all of the
iron ions as Fe¥t. Thus z = 2. For = > 2
the compound is an n-type semiconductor
and the excess iron is incorporated as Fe’t,
For z < 2, the ferrite contains excess cobalt
which is incorporated as Co3t. Variations in
z of 0.05 per molecule for values of z = 2
are sufficient to cause drastic changes in
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electrical conductivity (7 orders of magni-
tude) and thermoelectric power (4800 to
—600 wpvolt °C~') (4). Thus p- and n-type
samples can be prepared having essentially
similar chemical compositions and with the
concentration of excess electrons and elec-
tron holes simply controlled by the concen-
tration of Fe?* and Co*t, respectively.
These effects can be achieved without the
necessity of introducing foreign ions into
the spinel phase. This eliminates most of the
difficulties inherent in the method of doped
semiconductors (chemical and electronic
effects of the additions, their distribution
throughout the solid phase and surface) and
it allows a more direct test of the role of the
sign of the majority carriers or of the pres-
ence of double carrier conduction on catalytic
reactions. Finally, this class of spinel com-
pounds enables verification of the claim that
only trivalent cations in spinel structures
represent sites of catalytic activity (5).

In order to analyze some of these con-
siderations, we have performed experiments
on the rate of the isotopic exchange reaction
between hydrogen and deuterium on cobalt
ferrite samples, with different Fe/Co ratios.
The results of this study are summarized
in the present communication, together with
observations on the effect of hydrogen and
oxygen adsorption on the thermoelectric
power of cobalt ferrite.

EXPERIMENTAL
Materials

Weighed amounts of reagent grade cobalt
carbonate (J. T. Baker) and iron oxide
(Allied Chemical and Dye) were mixed and
wet ball-milled in acetone for 4 hr. After
drying overnight, the mixture was fired at
1050°C for 4 hr in air. The material was then
crushed, screened, and compressed in a 3/8
inch diameter mold. The pellets were further
fired for 10 hr at 1350°C in air, air-quenched,
crushed, screened, and the fraction between
40 and 100 mesh was used as the catalyst
in the hydrogen—deuterium exchange runs.
The BET surface area of these samples,
determined by low-temperature nitrogen
adsorption, was found to be 0.08 m? g
This preparation resulted in cobalt ferrite
samples which, due to their low surface to
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volume ratio, showed no measurable varia-
tion in thermoelectric power or electrical
resistivity during the adsorption of hydrogen
or oxygen after 48 hr of contact with the gas
atmosphere at 200°C. It was, therefore,
necessary for investigations on the effect of
gas adsorption on thermoelectric power to
prepare samples with higher surface area.
For this purpose, the material from the
1050°C firing was mixed on rolling mill for
17 hr and fired at 1100°C for 8 hr in air, air-
quenched, crushed, and screened. The frac-
tion between 40 and 100 mesh was com-
pressed at 20,000 psi into 3/8 inch diameter
pellets, which were used in the thermo-
electric power studies. The BET surface
area of these samples was found to be equal
to 2.0 m? gL

Spinel samples were made having four
different Fe/Co ratios, two of which resulted
in n-type and two in p-type ferrite. The
ratios were determined by comparing the
catalyst samples with three samples of
known Fe/Co ratios by means of X-ray
fluorescent spectrometry. The standard sam-
ples were made from the same starting
materials, ball-milled, and pressed into
1-inch pellets. X-ray fluorescence analysis
was carried out 12 times on each side of
every catalyst pellet. The homogeneity of
the samples was checked by grinding the
surface and exposing a new layer of material
between each analysis. The Fe/Co ratio was
also determined by wet chemical analysis.
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Particle size distribution of the ferrite
powder was determined from electron-
micrographs at 11000 X magnification.

Prepurified hydrogen (Matheson Co.) and
deuterium (General Dynamics Corp.) were
obtained from commercial tanks and further
purified by passage through a ‘“Deoxo”
catalytic purifier, followed by a phosphorous
pentoxide drying column. Helium from a
commercial tank was purified by passage
through hot copper oxide and an activated
charcoal cold trap. Oxygen (Matheson Co.)
was purified by passage through the acti-
vated charcoal cold trap.

Apparatus

The rate of the hydrogen—deuterium ex-
change reaction was studied in a flow system
at atmospheric pressure. A stream of hydro-
gen containing 29, deuterium flowed at
constant rate from a glass-lined, pressurized
mixing tank through a preheater and the
catalyst bed kept at constant temperature
(£0.1°C) in a Pyrex reactor. After leav-
ing the reactor, the exit stream was sam-
pled and the sample analyzed by a mass
spectrometer.

The thermoelectric power of the ferrite
pellets was measured in a cell whose details
are shown in Fig. 1. A modified Dresser
coupling was used to support the sample
holder and Pyrex cover. The sample pellet
was mounted between two 20-mil platinum
discs, supported by 2-mm bore capillary
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F1a. 1. Thermoelectric power apparatus.
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Pyrex tubing. The capillary tubes were
mounted inside hollow stainless steel cylin-
ders which were welded to the sample holder
support. The sample was tightened in place
by means of a knob, threaded into the outer
cylinder. Temperature gradients across the
sample were obtained by means of an auxil-
iary heating coil wound on the inner glass
capillary. Chromel-Alumel thermocouples
and Pt wire (for emf measurements) were
welded on each platinum dise on the side
opposite the sample. The wires were led
outside the cell through a Kovar seal. Tem-
peratures were measured by means of a
K-3 Leeds and Northrup potentiometer and
an electronic DC null detector. Thermal
emf’s were determined by means of the K-3
potentiometer and a DC microvolt ammeter,
used as a high impedance null detector.

Procedure

In the course of preliminary runs, it was
found that the rate of the exchange reaction
could be conveniently studied in the tem-
perature range 110°C and upwards, after
having subjected the catalyst to a treatment
with hydrogen at 200°C for 8 hr. However,
following this procedure the activity of the
catalyst remained constant only for the
duration of the kinetic investigations with
two different gas flow rates (high-tempera-
ture runs). Subsequently it was established
that repreducible catalytic activity for long
periods of time, at all flow rates studied,
could be achieved upon submitting the
catalyst to a hydrogen pretreatment lasting
12 hr at 200°C (low-temperature runs). The
constancy of the activity was often checked
by repeating runs after having completed
the usual sequence of experiments at dif-
ferent flow rates, for periods of time of
continuous operation of 6 hr. The activated
samples could be rapidly deactivated if
exposed to air or oxygen. The per cent
conversion, p, was determined from observa-
tions at at least three different flow rates
(from 10 to 35 em® min~') at the same
temperature. Activation energies and pre-
exponential factors were computed from the
equation™®:

* For explanation of the symbols see the section
at the end of the paper.
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B 1\ kwTaP( E
kt = In (1 - p) B vaTPa oxp — RT
1)

Equation (1) assumes first order kinetics
and the applicability of the Arrhenius equa-
tion. Plots of log(»,T") vs. (1/T) at constant
p and of log[l/(1 — p)] vs. 1/v, at con-
stant 7 were used to calculate the ac-
tivation energy and pre-exponential factors,
respectively.

To minimize electrical contact resistance
in the determination of the thermoelectric
power, the ends of the ferrite pellet were
coated with graphite. The pellet was clamped
between the platinum dises and the Pyrex
envelope put in place. The cell was evacuated
to 10~* mm Hg, subsequently filled with
purified helium and evacuated again to
10~ mm Hg. This cycle was repeated five
times. The cell was finally filled with helium
at atmospheric pressure and a temperature
difference of about 3°C was set across the
pellet. Helium pressure was then reduced to
30 cm Hg and 2 to 6 cm Hg of hydrogen (or
oxygen) gas was introduced. The pressure
was increased to 76 cm Hg with prepurified
helium. Measurements of the thermal emf
were taken and continued until steady state
was reached. Additional details on the
equipment used, preparation of samples,
and analytical procedures can be found
elsewhere (6).
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REsuLrs

Catalyst Characterization

X-ray diffraction patterns and microscopic
examination of all the compositions prepared
indicated that the catalyst was a single
phase spinel (4, 7). Particle size of the
catalyst samples was between 0.15 to 0.5
mm, and the picnometric density was
5.2g ecm™.

Figure 2 presents an electronmicrograph
of the spinel used in the thermoelectric
power experiments. Particle-size distribu-
tion of these samples showed a normal dis-
tribution when plotted on a logarithmic
scale (Fig. 3) which gives a skewed curve
when plotted on a linear scale. The skewed
distribution, found also in previous work
(8), is probably due to sintering of the
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Fi6. 2. Electron photomicrograph of separated
ferrite particles. (13,330 ).
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Fic. 3. Particle size distribution for separated
ferrite particles.

ferrite powder. Assuming spherical shape,
the average particle size of the spinel sam-
ples used in the thermoelectric experiments
can be calculated to be 0.56 g, in agreement
with the value determined electron-micro-
scopically (Tig. 3). For electrical charac-
terization of the samples thermoelectric
power measurements were used. The values
of the thermoelectric power of the spinel
compositions determined in air are reported
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in Tig. 4, together with the results from
previous investigations (4).
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F1c. 4. Thermoelectric power of cobalt ferrite
as a function of composition. Ambient: air.

Thermoelectric Power Measurements

In preliminary runs, no variation in
thermoelectric power of the sample was
found with varying AT with AT up to 25°C.
Generally, a value of AT = 3°C was used.
At AT =0, a small thermal emf was ob-
served (about 20 [uvolt]), its value being
approximately constant in helium, oxygen,
or hydrogen atmospheres. Typical plots
showing the change in thermoelectric power
during gas adsorption are given in Figs. 5,
6, 7, and 8. A summary of the results of all
of the thermoelectric runs is given in Table 1.

Hydrogen—Deuterium Exchonge Reaction

Typical results on the effect of gas flow
rate on the conversion at constant tempera-
ture and of temperature at constant flow
rate are reported in Figs. 9 and 10. A typical
run is shown in Fig. 11, while a summary
of the computed activation energies and pre-
exponential factors is given in Table 2.

Rate experiments were also performed on
mechanically mixed samples, with composi-
tions at opposite sides of = = 2, with or
without sintering. These results are pre-
sented in Table 3.
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Fic. 5. Variation of thermoelectric power with
temperature = 250°C.

TABLE 1
THERMOELECTRIC POwER CHANGE DURING
THE ADSORPTION OF HYDROGEN AND
OxyGeN oN CoBaLT FERRITE

Gas adsorbed

Irtlgn z Oxygen Hydrogen Tem?‘%:;.ture
112 1.91 (1)1 —_ 250
113 1.91 — ! 250
114 204 (2)] o 250
119 2.04 (2! 7 250
120 191 217 @l 250
126 1.91 (1)7 @1 250
138 2.04 (2 1)\ 250
139 2.04 1) N 250
141 1.91 ()7 @)l 250
142 2.0¢ 2)7 (N 250
143 1.91 @)1 L} 250
147 1.91 @17 @y 250
149  1.91 (2)/ 1)— 140
150 2.04 (2)— 1)— 88
152 1.91 ()T @) ] 250
153 1.91 (T 21 250
155 2.04 (21 ()N 250
1552 2.04 1)— /4 @)+ -0 250
157 2.04 — 1yl 160
158 2.04 — 1)— 88
1584 2.04 — 1)— 120
159 2.04 — @yl 180

e The arrows show the direction of change of the
absolute value of thermoelectric power upon
admittance of the gas. The numbers (1), (2) refer
to the order in which the gases were admitted, i.e.,
compare Runs 155, 157, 150, and 155a with Figures
5,6, 7, and 8.

®In Run 155a the thermoelectric power changes
from — to + as oxygen was first introduced and
from 4+ to — when hydrogen was introduced. The
+ and — signs on the arrows indicate this change.

time in helium, hydrogen, and oxygen atmospheres;
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Fia. 6. Variation of thermoelectric power with
time in helium, and hydrogen atmospheres; tem-
perature = 150°C.

DiscussioN

Thermoelectric Power Results

The results and conclusions on the effect
of the chemisorption of hydrogen and
oxygen on the thermoelectric power of the
ferrite catalysts can be summarized as
follows:

1. No variation in the thermoelectric
power of the catalyst was detected whenever
a surrounding atmosphere of helium was
replaced by hydrogen at reaction conditions
(60° to 130°C).

2. At higher temperatures (up to 250°C)
variations in the thermoelectric power of the
ferrite upon hydrogen or oxygen adsorption
were dependent upon the type of semi-
conductivity displayed by the samples (sin-
gle or double carrier semiconductor), hydro-
gen and oxygen adsorptions entailing in both
cases electron donation to or acceptance
from the solid, respectively.

These results can be interpreted on the
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F1c. 7. Variation of thermoelectric power with time in helium, hydrogen, and oxygen atmospheres;

temperature = 88°C.
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Fic. 8. Run number 155a; variation of thermoelectric power with time in oxygen and hydrogen
atmospheres.
TABLE 2
SuMMARY OF AcCTIVATION ENERGY AND PRE-EXPONENTIAL FACTORS FOR
HyproceEN~DEUTERIUM ExXCHANGE EXPERIMENTS ON CoOBALT FERRITE
High-temperature runs Low-temperature runs
Aet, Pre-exp Act. Pre-exp
energy factor energy factor
x (kcal mole™1) In (ko) (keal mole™1) In (ko)
1.93 19.4 29.2 18.3 30.1
19.9 30.2 18.5 30.2
18.4 27.6 — —
1.97 18.7 27.5 19.0 30.8
18.5 26.9 18.6 30.1
18.8 27.2 — —
2.02 23.2 33.4 23.9 37.8
23.0 33.0 23.1 36.1
22.9 33.0 —
22.3 32.0 — —
2.07 23.3 33.8 23.4 37.3
22.4 32.1 23.9 37.9

basis of the known electronic model of the
spinel (4), and can be conveniently dis-
cussed according to three temperature
ranges. At high temperatures (180-250°C)

Co*t and Fe?* ions, which are located at
0.06 ev above the valence band or below the
conduction band, respectively, are com-
pletely ionized and electrons are thermally
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run.

excited from the valence band into the
conduction band (gap width 0.55 ev). As a
result, cobalt ferrite becomes a two carrier
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TABLE 3
AcTivaTION ENERGIES AND PRE-EXPONENTIAL
Facrors vor Runs Usineg
Mixep SINTERED CATALYSTS

Time and Pre-exp
temperature Act. factor
of energy In (ko)
Sample sintering  (kcal mole~1) (min1)
0 20.7 33.5
1 hr 21.6 34.2

509% Coi.mFe1.0:4) 850°C
1hr 21.1 34.2

50% Coq.ssFez.:04)  990°C
1hr 22.1 34.3

1120°C

semiconductor with electrons in the condue-
tion band contributing to the n-type con-
ductivity and the holes in the valence band
contributing to the p-type conductivity. In
this temperature range thermoelectric power
is given by (4):

'—’ﬂlﬂl(Eg — E: + a) + n2#2(Ei + B)
N e + Naopol

QT =
@)

where E; and (E; — E;) are logarithmic
functions of carrier concentration. For
ny 3> ny (or ne > ni), Eq. (2) reduces to:

QT = —a — kTln (N/n) (mi>mny) (3)
QT = 48+ kTIn (N/ny) (ne>mn) (4)

In air cobalt ferrite becomes a two carrier
semiconductor at temperatures above ap-
proximately 160°C (4).

Let us consider samples with 2 > 2, and
assume that hydrogen adsorption produces
energy levels close to the donor levels al-
ready present in the spinel. At 250°C the
former will be completely ionized and the
electrons released by hydrogen adsorption
should increase the value of the n-type
thermoelectric power, as predicted by Eq.
(2). When the increase in free electron
population reaches the condition n;>> ns,
the magnitude of n-type thermoelectric
power should begin to decrease according
to Eq. (3). If oxygen is now admitted to the
surface, electrons will be trapped by ad-
sorbed oxygen and the value of the thermo-
electric power should again increase. Oppo-
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site effects should occur if the order of
admission of hydrogen and oxygen is ex-
changed. These facts are clearly demon-
strated in runs 138, 139, 142, 155, and 155a
(Table 1). In run 155a (Fig. 8), oxygen was
adsorbed at 250°C on an n-type ferrite.
As chemisorption proceeded the condition
n1 < ne was reached and the thermoelectric
power changed from an initial value of —170
to a value of +600 [uvolt °C-], where it
began to level off as n; became much less
than 7.. Upon contacting this surface with
hydrogen, the thermoelectric power switched
from +600 to —420 [uvolt °C~']. At this
point, n; >> ne and as predicted by Eq. (3)
the value of thermoelectric power began to
decrease as 7, increased further.

The order of magnitude of the amounts of
hydrogen and oxygen needed for the transi-
tion from two carrier to the single carrier
semiconductivity may be estimated by
means of the known electronic structure of
the ferrite (4). Assuming that the maximum
value of the thermoelectric power in our
experiments 1is solely controlled by the
adsorbed species, it can be calculated that
a surface coverage of about 29 is necessary
to change the thermoelectric power from the
negative minimum to the positive maximum
under the conditions of Fig. 8.

At temperatures between 100° and 200°C,
the acceptor (or donor) species are thermally
ionized but intrinsic conduction is negligible,
and Egs. (3) or (4) apply. In this case the
value of the thermoelectric power of an
n-type sample should be decreased by hydro-
gen and increased by oxygen adsorption. In
a similar manner, but with opposite results,
the magnitude of the thermoelectric power
of the p-type ferrite should vary. These
effects are demonstrated in Table 1. The
suggested interpretation assumes that the
kinetic terms « and 8 in Egs. (2), (3), and
(4) are not appreciably affected by hydrogen
or oxygen adsorption.

At temperatures between 80° and 120°C,
cobalt ferrite becomes a single carrier semi-
conductor with no intrinsic conduction.
Therefore, the effect of the transfer of elec-
trons from adsorbed hydrogen or oxygen is
expected to be similar to that observed in
the intermediate temperature range (100-
200°C). However, the results presented in
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the previous section show that no change in
thermoelectric power was detected during
the adsorption of hydrogen or oxygen. This
fact points to chemisorption processes entail-
ing no appreciable electron transfer between
the adsorbed molecules and the catalyst
surface. This is not an unexpected conclu-
sion. On zinc oxide below 100°C there are
presently recognized four differcnt types of
hydrogen chemisorptions, none of which
influences the electrical conductivity of the
substrate (9). Similar results are known for
the chemisorption of hydrogen on transition
metal oxides, having an electron configura-
tion close to that of cobalt ferrite (10).

Hydrogen—Deuterium Exchange

The significant experimental results on the
catalytic activity of cobalt ferrite may be
summarized as follows:

1. After a suitable activation, cobalt
ferrite was found to catalyze the isotopic
exchange reaction between hydrogen and
deuterium at temperatures from 60°C up-
wards; lower reaction temperatures could
probably be obtained with a more extensive
activation procedure.

2. The rate of reaction was dependent
upon the condition of eatalyst activation.

3. The activation energy of the reaction
varied from 18.3 to 23.9 keal mole™, when
x was altered from 1.93 to 2.07 (Fe/Co molar
ratios of 1.80 and 2.22, respectively).

4. A mechanical mixture of two composi-
tions at opposite sides of x = 2, with or
without previous sintering, produced a
catalyst of activity intermediate between
those of the original compositions.

The correlation of the experimental re-
sults on the basis of the numerical values of
the rate of the exchange reaction is not
possible because of the critical dependence
of the former upon the conditions of previous
treatment of the catalyst. Thus, by varying
the time of hydrogen treatment at 200°C
from 8 to 12 hr, the reaction conversion on
Coi 07 Fe;.93504 at 75°C and constant flow
rate of 20 cm® min™' increased by a factor
of about 15. This effect is common to most
metal oxides. Previous discussions on re-
activity patterns of metal oxides for the hy-
drogen—-deuterium exchange reaction, based
solely on the rate of reaction, have produced
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conflicting views because of the rather poor
reproducibility of the values of the reaction
rate (11). To a large extent, the deduced
patterns are dependent upon the actual
pretreatment procedure. Activation energies
are generally not influenced much by the
catalyst pretreatment. In the present in-
vestigation, chemically similar -catalysts,
whose activity was modified by about an
order of magnitude by the pretreatment
procedure did possess about the same value
of the activation energy (Table 2). Because
of this effect, energies of activation were
used in the present study as primary sources
for the discussion of the experimental re-
sults, although the interpretation of the
former cannot be definitive since the mech-
anism of the exchange reaction at metal
oxide surfaces is not yet fully established.

In stoichiometric cobalt ferrite, all Co?t
ions and one-half of the Fe’t ions occupy
octahedral sites in the spinel structure, while
the remaining one-half of the Fe’+ ions are
distributed in the tetrahedral positions (in-
verse spinel structure). For samples with
z # 2, Co* and Fe*t, which have a similar
3ds electron configuration, prefer octahedral
sites. Thus, the latter type of sites have the
possibility of accomodating in a simple
fashion cobalt and iron ions of +2 and +3
electrical charge. Since a similar situation
cannot easily be brought about in the
tetrahedral sites, we shall discuss the re-
ported catalytic effects of samples with dif-
ferent values of z in relation to those surface
positions which partake in a sixfold co-
ordination group.

In order to visualize the relation of surface
octahedral cations to surrounding ions and
the various possibilities of adsorption sites
on cobalt ferrite, it is instructive to briefly
consider the structure of some typical crystal
planes of the spinel phase. The (100), (110),
and (110) planes are schematically repre-
sented in Fig. 12. These planes are likely to
occur on spinel surfaces since they fulfill the
condition of high atomic density and rela-
tively low number of chemical bonds be-
tween them. Some characteristics of these
planes are listed in Appendix I. The surface
configurations of interest in relation to
adsorption and catalysis are likely to be
controlled by the tendency to restore at the
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surface the sixfold coordination of the
cations. Thus, if one considers cations as
primary adsorption sites, an inspection of
Fig. 12 shows different types of possible
adsorption centers: in the (100) planes one
adatom for every distorted, square pyramid,
surface complex, (Me?*t)(0%-);, is sufficient
to restore octahedral coordination around
the cation, while in the (110) plane two
adatoms are needed to achieve the same
final state. Furthermore, on the (100) plane
Fe?t, Feit, Co*t, Co®t can be present, while
the (110) plane contains Co®*, Co%* ions
only. Several types of adsorption complexes
are conceivable on these surfaces and some
possibilities have already been discussed
(12).

In the original surface covered with
oxygen (Fig. 13a), each surface cation is
probably fully coordinated. The high-tem-
perature treatment of this surface with
hydrogen is a forerunner of surface reduction
with elimination of water. This course has
been extensively established for several
metal oxides, including those of transi-
tion metals. Let us consider samples with
xz < 2. The surface octahedral complexes,
Co?+(0%)s, will be reduced to a lower co-
ordination (square pyramid, tetrahedral)
by loss of oxygen (Fig. 13b, ¢):

Co**(0*)s + Hz — Co**(0*)s(OH )2 + 2
N
Co**(0*)s + Hy0 + 2e (5)

Reaction (5) involves electron transfer to
the substrate, in accordance with the high-
temperature results of the thermoelectric
power measurements, and it brings about a
reduction in the number of surface anions.
This interpretation of the catalyst activation
step is consistent with the known fact that
catalytic activation of metal oxides for the
hydrogen—deuterium reaction can also be
achieved by vacuum pretreatment, without
the presence of hydrogen (74). The resulting
lower coordination of surface cations leaves
the latter more exposed and the initial sur-
face complexes more distorted and disrupted.

Room-temperature hydrogen adsorption
on such a surface can easily occur by hetero-
lytic fission (12) which restores some of the
original coordination of the cations (Fig.
13d):
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Co**(0*)s + Ha — Co?*(H)(OH7)(0*7), or
Co**(0*)s + Ha — Co®(0*7)(H™)(OH7)

The first adsorption reaction of hydrogen
will not result in an electron transfer involv-
ing the metal ion if the Co®t ions are con-
sidered fast trapping centers for electrons,
while in the second reaction no change in
the oxidation state of the metal ion is re-
quired and therefore no effect on the electron
population of the solid will result. This is

(110)
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consistent with the results reported in the
previous section on the effect of hydrogen
on the thermoelectric power at temperatures
approximately <100°C (Fig. 7). Upon such
a hydride surface, hydrogen exchange can
oceur by desorption from adjacent groupings
(12) (Fig. 13e). For samples with z > 2, it
is possible to consider a similar activation
and reaction scheme occurring on Fe3+ (VI).

Recent work on transition metal hydrido-
complexes strongly suggests that hydrogen
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is incorporated in the complexes as an
anionic ligand (13). The condition for the
presence of this type of bonding is the
presence of ligands around the metal with
high ligand field strength (Cl-, CN™). In
the present context the oxygen anions could
form these ligands and produce, together
with the hydrogen, octahedral surface com-
plexes in which the metal ion retains its
normal valency and coordination number.
From studies on hydrido-complexes it is
also known that the hydrogen bonding is
very sensitive to the environment, i.e., to
the nature of the remaining ligands. Assum-
ing that the analogy between hydrogen
chemisorption on spinels and bonding in
hydrido-complexes of metals is valid, it is
possible to use the latter effect to interpret
the critical importance of surface pretreat-
ment to the reactivity of the surface itself.

In order to obtain an insight into the con-
trolling step of the exchange reaction, it is
necessary to arrive at an estimate of the
fractional surface coverage at reaction condi-
tions. The results from the thermoelectric
power measurements can provide some guide
to this purpose. In previous studies on
thermoelectric power of particulate systems
(8), it was calculated that the variation in
thermoelectric power with the amount
of adsorbate could be expressed by the
equations:

(n)e w (@ — €
()o P [_ &k

EZB; exp {Qc ; QO}, fors > w 7

A value for 8 = (eRT/8rne?)'/? can be
computed for a typical case. Thus, in Cog.ge-
Fes 704 with 3.15 X 10* Fe** em™3, T =
150°C, and taking e~ 12, one obtains
6 = 2A. This shows that it is justifiable to
assume that during the catalytic experiments
no appreciable electrical potential difference
was set up at the surface. Under these con-
ditions, it is likely that Eq. (6) applies.
Since the value of w is not known, we shall
use Eq. (7) for calculation, and the result
will give an upper limiting value for (n)..
Using the values from Fig. 6 [single carrier
conductor, Eq. (3) applies], Q° = —470

],foré < w (6)
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wvolt °C! and @° = —385 uvolt °C!, one
obtains (n)e/ (1) = 2.66. From Eq. (3)
and the fact that the sample initially con-
tained 0.04 conduction electron molecule™,
(n1)o = 1.17 X 10*° em™2. Then (n;). = 2.66
X 1.17 X 10*® = 3.1 X 10* cm™2. The per
cent of surface iron sites which have been
occupied by hydrogen adsorption is [(3.1 X
10%%) — (1.17 X 10%)/0.45 X 102} X 100 =
49, where 0.45 X 102 cm™ is the concen-
tration of Fe*t ions in octahedral sites. This
calculation assumes that on samples with
z > 2 no hydrogen is adsorbed on Co?t and
0% ions, and only Fe*t (VI) ions are chemi-
sorption sites. These assumptions are likely
to produce errors in opposite directions on
the calculated value of the fractional cover-
age. Therefore, it is believed that a surface
coverage of a few per cent is a reasonable
value. It should be noted that this order of
magnitude is consistent with the calculation
reported in the previous section on the
amount of adsorbed hydrogen needed to
swing the thermoelectric power from the
positive to the negative maxima of samples
with z > 2,

Let us assume that following heterolytic
adsorption on the spinel surface hydrogen
does not easily migrate among surface com-
plexes (immobile adsorption) and that the
rate of the exchange is controlled by desorp-
tion (Fig. 13e); then the expression of the
reaction rate calculated by absolute rate
theory is (5):

exp (E/RT)(vaes) gy = 2LE*(KT/h)(F/F.)

imm
where the ratio Ft/F, = 1, since activated
complex and adsorbed species are assumed
to be immobile. Taking T = 100°C, 8 = 0.2,
L = 6.9 X 10 atoms ecm™2, one gets

exp (E/RT)(Vaes) iy, =

4.38 X 10 molecules em—2 sec™?

From the results of the experimental runs
at low temperature (high catalytic activity),
it was calculated In(ky) = 30.1 and £ = 18.3
keal mole~! for samples with z = 1.93
(Table 2). At 100°C, these data give a first
order rate constant, k¥ = 2.064 X 10*> min™!
and p = 2.82 X 1072 Using the following
values: ¢ = 043 cm3, D, = 0.02, v, = 20
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em?® min~!, T, = 26 °C, Py = 740 mm Hg,
w=412 g, and A = 8 X 102 m? g7}, the
experimental rate of exchange at 100°C is:

—E_ v _ szNA _ D2pNAvaPn
XPA\RT/ " T "Aur RT.Aw

= 8.02 X 10* molecules cm™2 sec™!

This value is within an order of magnitude
of the theoretical one. Theoretical rates have
also been calculated on the basis of other
possible slow reaction steps: mobile and
immobile adsorption, mobile dissociative
desorption, first order reaction. In none of
these instances was there agreement between
calculated and experimental rates. This
lends support to an exchange mechanism
controlled by desorption kinetics.
According to the reaction scheme sug-
gested the catalytic exchange is dependent
upon the stability of surface complexes of
the type Me*+(OH-)(H7)(0*")s. In cobalt
ferrite the Co®t ions are situated about 0.5
ev below the Fe®+ ions (4), but the relative
stability of the surface hydrido-complexes
is not known. The crucial factor in the
stabilization is the energy separation be-
tween bonding and antibonding levels, the
extent of the gap varying according to
whether the complexes are formed with
Co?t, Co®t, Fert, or Fe*t ions. As a crude
approximation one may look at the relative
stability of bulk metal hydrides for clues
on the stability of the surface metal hydrides.
In the former compounds it is well known
that, upon moving from left to right across
the periodic table of the elements, the bond-
ing of transition metal hydrides becomes less
ionic with a decrease in the heat of forma-
tion. A similar criterion applied to the
surface hydride would indicate that the
relative stability of the complexes should
follow Te*+(H™)(OH)~(0*), > Co* (H)-
(OH-)(0*),. Then, if the decomposition of
the complexes is the slow step for the ex-
change reaction, the activation energies
corresponding to iron and cobalt sites
should be in the sequence Er. > Eco, as has
been found experimentally (Table 2).
Oxygen poisoning of the activated surface
can be explained by postulating a preferen-
tial adsorption of oxygen atoms on surface
complexes in such a manner as to re-estab-
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lish the sixfold coordination around Co’t
and Fet.

The picture which emerges from the previ-
ous considerations on the role of Co®*t and
Fe¥t jons in the catalytic exchange is in
accord with previous claims on the forma-
tion of preferential catalytic sites on tri-
valent cations of spinel structures (5).

Finally, it is pertinent to emphasize the
fact that surface space charge effects are
not likely to be a contributing factor to the
surface activity of the catalysts investi-
gated, since hydrogen adsorption on n-type
samples is not expected to introduce a space-
charge layer and the behavior of these
catalysts is not much different from the
behavior of p-type catalysts. Possibly this
results from the rather thin space-charge
layer formed on p-type samples.

CoNCLUSIONS

Cobalt ferrite catalysts can be advan-
tageously used to analyze the role of electron
defects on the rate of the hydrogen—deu-
terium exchange reaction. Under conditions
in which the ferrite is a single carrier semi-
conductor, no significant difference in the
rate of the reaction, at temperatures from
60° to 110°C, is found between p- and n-type
samples. Since the investigation was per-
formed on ferrite surfaces with high catalytic
activity, this result shows that, under the
experimental conditions used in this study,
the nature and concentration of the elec-
trical carrier play no kinetically decisive role
in the catalytic exchange. The possibility
of the formation of surface complexes not
entailing a change in the oxidation state of
the metal ion seems to be a more important
factor for the adsorption and desorption of
hydrogen. The application of absolute rate
theory indicates that hydrogen desorption
is the kinetically controlling step. This
conclusion is consistent with a qualitative
explanation of the differences in activation
energies of the exchange reaction among
catalysts with different values of x, based
on the relative stability of the surface metal-
hydrogen complexes.

SYMBOLS
a 8.39 A°, lattice parameter of CoFeyO,
A Surface area [m? g]
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Ca Number of occupied surface sites Q Thermoelectric power [uvolts °C~]
e PN 4/RT, number of molecules in gas (superscripts ¢ and 0 refer to the value
phase [molecules em™3] at the experi- obtained upon chemisorption and be-
mental temperature and pressure fore chemisorption, respectively)
e Electron charge R Gas constant
E Activation energy [kcal mole™] T Temperature (subscript a refers to
E; Energy of Fermi level [ev] ambient conditions)
E,  Width of energy gap [ev] v Rate of reaction [molecules cm™2
F. Partition function of adsorbed species sec™]
Fi Partition function of activated com- v, flow rate [em3 min™]
plex w catalyst weight [g]
h Planck constant a, B energy terms for electron and electron
k Boltzman constant, first order reac- holes transport, respectively (4)
tion rate constant [min™] ) Debye length
ko Pre-exponential factor in first order e Dielectric constant
rate equation [min—!] 0 ¢a/ L, fraction of surface covered with
L ¢s + ¢a, total number of surface sites adatoms
[atoms ¢m—2] N Mobility of electrons (subscript 1) or
n Concentration of electrons [cm™ electron holes (subscript 2); micron
(subscript 1) or electron holes (sub- = Contact time [min]
script 2), subscripts ¢ and O for chemi- ¢ Void volume in reactor [cm?|
sorption or before chemisorption, o Thermal gradient
respectively (IV) Refers to metal ions with fourfold
N 1.35 X 1022 [em~®], concentration of coordination in the spinel structure
octahedral cations in CoFe,0, (VI) Refers to metal ions with sixfold
Na  Avogadro Number coordination in the spinel structure
(HD/Ha.
P ED/H, + Dy, < 10 = REFERENCES
(HDI. 1. Kucnaev, J. L., anp Boreskov, G. K., Prob-
(HD]; + 2[De]e X 100, 76 of conver- lemy Kinetiki i Kataliza Akad. Nauk.
sion S.S.S.R. 10, 108 (1960).
P Pressure (subscript a refers to am- 2. Stmxovicy, G, anp Wacner, C., J. Catalysis
bient conditions) 1, 521 (1962).
APPENDIX I
CHARACTERISTICS OF SOME CRYSTAL PrANES IN CoFE.O4
Composition Atomic density No. of No. of
Plane Area (atoms area=1) (atoms a72) bonds adsorption sitese Sites/cation
{100} a? 80 12 12 4(VID) 1
2 Co(VI)
2 Fe(VI)
(110) at V2 80 11.3 18 4(VI) 1
4 Co(VI) 4(1V)
4 Fe(IV)
(110) V2 80 7.5 18 8(VI) 2
4 Co(VI)
aif) at /'3 2 Co(VI) 3.5 18 10(VI) 1.66
4 Fe(VI)

s Agsumed to be equal to the number of atoms necessary to restore the typical coordination of underlying
cations.
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