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Rate studies have been made of the catalytic decomposition of N,O on single
crystals of CoO with the aim of determining the effect of crystal orientation. In
addition, a comparison was made beiween the activity of CoUO {100} and the solid
solution (0.60 Co, 040 Mg)O {100} to determine the effect of cation dilution.
Catalyst outgassing was done in an ultra-high vacuum, reaction temperatures were
500-250°C, and N.O pressures were usualiy about 90 torr. Catalyst areas were about
2-5 em® Although complications were present due to variable effects of pretreat-
ment of the catalysts, the activation energies and pre-exponential factors were found
to vary in the order: {100} ~ {111} < {110}, in agreement with an elementary
application of crystal-field theory to this reaction. In addition, the Co0O-MgO
catalyst was found to have a lower activity than the pure CoO, and an activation
energy that was much higher (39 kcal/mole) for a chemically polished surface than

for a mechanically polished one (26 keal/mole).

INTRODUCTION

The past decade has seen a growth of
interest in the structural aspects of hetero-
geneous ecatalysis (I-4) and much recent
research has involved kinetie studies of low
surface area catalysts such as thin films (5)
and single crystals (6, 7, 8) rather than the
clagsical high surface area powdered
catalysts. The value of single crystals in
investigations of the effect of surface struc-
ture on catalysis lies in the possibility of
characterizing more precisely than in
powders the structure of their surfaces. For
example, in the present research single crys-
tals were cut along certain chosen crystal-
lographic planes, so that the catalytic
activity of those planes alone could be
measured.

The heterogeneous decomposition of N0,
for which p-type semiconducting oxides

CeQ and NiO excellent
catalysts (9-12) has been studied exten-
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sively in the past with conventional powder
techniques Most of this work has been con-
cerned with 1t:1a.u1ug the aCh'v'my of these
oxides in the N,O decomposition to their
semiconducting properties (13-16); very
little has been done on the possible effect of
their surface structure. On the basis that
the rate-determining step is an adsorption
or desorption (12, 15, 17) it would be ex-
pected that different crystal faces of these
semiconductors would exhibit different
catalytic activities. If such a process in-
volves an electron transfer (9, 10, 12, 15),
the activities would be expected to be ef-
fected by the Fermi level or by the value

of the electronic work function of the

catalysts (2) a quantity that has been
found to vary from face to face (18-21).
The application of crystal-field theory to
catalysis also predicts a variation of rate
with crystal orientation (4, 22, 23). Such
variations of activity with surface orienta-
tion have been demonstrated experimen-
tally for reactions other than the N,O de-

compos1t10n by a number of investigators.
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Gwathmey and co-workers (1) found a
variation of rate with orientation for metal-
lic catalysts in the Hs, O. reaction and for
the decomposition of CO. Similar results
were found by others for the decomposition
of formie acid by copper (7) and silver (6}.

We have measured activation energies
and pre-exponential factors for the N,O
decomposition on the {100}, {110}, and
{111} faces of single-crystal CoO and the
{100} face of single-crystal CoO-MgO solid
solution. The catalysts were initially out-
gassed in an ultra-high vacuum at 450°C.
Nitrous oxide pressures were around 45 to
90 torr; the reaction temperature range was
250-500°C. Catalyst surface areas were
about 2-5 c¢m? and were determined from
the erystal dimensions,

EXPERIMENTAL

Materwals

1. N,O was procured from a commerecial
supplier, nominally 98.0% pure. It was
further - purified by being passed slowly
over a trap cooled in dry ice-Freon TA
mixture and was then stored in a glass
bulb. Mass spectrographic analysis after
purification showed it to consist of
>99.4% N,O with 0.5% CO,., ~0.01% O,,
and <0.1% H.O.

2. A large cobalt oxide single crystal, 1
¢em in diameter and 5 cm long was pre-
pared from reagent grade Co,0., by the
Verneuil process with an arc-image furnace.
From chemical analysis its formula was
found to be Co00,.0;, while spectrographic
analysis gave total cation impurity content
of <0.5%—about the same as the Co;0,
powder from which it was made. Thin rec-
tangular wafers having the {100}, {110},
and {111} orientations were cut from the
large erystal. Because of finite thickness,
about 25% of the total area of the {110}
wafer had nonnominal orientation ({100}
and {111} planes); while this percentage
for {111} was 20%, consisting exclusively
of {100} planes. Only {100} faces were ex-
posed on the {100} wafers. The wafers were
mechanically polished, and the disturbed
layer. was removed by chemically polishing
a few seconds in hot H,POQ,, followed by

washing in water, acetone, and alcohol. The
change from a “disturbed” to a smooth
surface could be detected by electron dif-
fraction. The spot and line diffraction pat-
tern characteristic of a partly random
arrangement was converted to a simple spot
pattern by chemical polishing. X-Ray Laue
patterns, electron diffraction patterns, and
X-ray diffractometer tracings showed that
the cut and polished faces were within one
or two degrees of the nominal orientation.
The diffraction patterns indicated the pres-
ence of Co;0, on the surface. The chemical
polishing, which was necessary to remove
the disturbed layer, apparently uncovered
“inclusions” of Coz0,, which appeared as
projections on the surface, having the
symmetry of the surface. They introduced
nonnominal faces whose areas amounted to
about 7% of the total area on the {111}
crystal and were much less on the other
samples. Only if they were especially active
would these inclusions have contributed
appreciably to the observed rate. Evidence
that they were not very active was given
by the observation (see below) that the
{111} sample, containing the greatest con-
centration of inclusions, was not the most
active (it behaved much like the {100},
which had the least inclusion concentra-
tion).

3. CoO-MgO single-crystal solid solu-
tions were prepared from single-crystal
MgO by interdiffusion, in which Co?** re-
placed Mg?* gsubstitutionally (24). The
crystals were mechanically polished, then
chemically polished in H,PO, and washed.
Electron microscopic - examination showed
a very smooth surface. Laue patterns and
chemical etching demonstrated that the
Co0-MgO was a single crystal. Tlie surface
concentration of eobalt oxide was estimated
from electron probe analysis to be 60 mole

%.

Apparatus

Figure 1 shows a schematic diagram of
the apparatus. The reaction chamber was
made small so as to minimize the contri-
bution of the homogeneous reaction (24,
26) to the measured rate. It was surrounded
by a nickel-plated copper can and a mag-
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netically actuated, evacuated plug [Fig.
1(A)] to keep the reaction zone at constant
temperature (within 1%). When the plug
was moved to the left, the chamber was
connected by wide-bore tubing to the ultra-
high-vacuum system so that it could be
speedily evacuated. The reactor was con-
structed so that samples could be moved
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Fi6. 1. (A) Schematic diagram of the reactor,
made of quartz and Pyrex. The plug is shown in
the position it has during reaction; the reaction
volume is to its right. The plug and reaction
volume are made of quartz. The reaction products
are condensed at A; the N:O trap is labeled (f)
in (B). (B) Schematic diagram of apparatus. The
numbers label valves, the letters label cold traps.
The ultra-high-vacuum portion is enclosed within
the dotted lines. The thermocouple pressure
gauge is located at (e); it can be isolated from
the rest of the system by closing valve IIL.

into and out of the reaction zone, without
opening the system to the atmosphere, with
the help of a magnetically actuated car-
riage. Catalyst samples were removed and
replaced in the reactor by a glass-blowing
operation, For convenience, the reactor was
loaded with several samples at one time.
The product gas pressure was measured
with a directly heated thermocouple gauge
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(27, 28). It was calibrated against a Mec-
Leod gauge, with dry air, which was con-
sidered sufficiently close in chemical com-
position to the 2N, -}- O; product gas for
this purpose.

Procedure

After the reactor had been loaded with
catalyst samples, the usual procedures of
bake-out and pump-down to achieve <10-°
torr were followed, the Vac-Ion pump cur-
rent serving to indicate the pressure. The
system was baked out only after it had
been opened to the atmosphere; evacua-
tion to ~5 X 10~® torr at reaction temper-
ature followed each run. N,O was intro-
duced by slowly flowing it through a trap
cooled with a dry ice-Freon TA mixture
and then condensing it in (f) [Fig. 1(B)]
with liquid nitrogen. The N,O pressure dur-
ing reaction was calculated from a knowl-
edge of the apparatus volumes and the
pressure (measured with a mercury ma-
nometer) before expansion.

A run was started after temperature
equilibrium had been established, and
evacuation to ~5 X 10° torr accomplished.
“Zero” time was established by rapidly
evaporating the N,O by gentle warming;
the evaporation took place within 1 min.
Reaction was allowed to proceed for the
appropriate time, after which the N,O was
recondensed in (f). The N,O and O, were
transferred to (e) (Fig. 1) by condensation
with liquid helium. The resulting pressure
(P.) was measured after Valve III was
shut, and the trap warmed to room tem-
perature. The reaction rate was calculated
from P, and the reaction time (see below).
In order to measure the extent of reaction
in the gas phase and the walls, the catalyst
was removed from the reaction zone and a
series of “blank” runs were made at various
temperatures. The blank rates were sub-
tracted from the total rates to obtain the
net rate due to the catalyst alone. The re-
actant gas was replaced infrequently be-
cause each run consumed only a small
fraction (see below) of the N,O. Calcula-
tions and experimental measurement of the
N,O pressure remaining after a number of
runs confirmed this.
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Rate Calculations

In keeping with previously published
findings for the N.O decomposition by p-
type catalysts (9, 12) we assumed the reac-
tion rate to be proportional to the N.O
pressure, and neglected the oxygen pressure
dependence. In our experiments the reactant
pressure was essentially constant during a
run (only about 53X 102 % of the N,O
reacted) and hence the oxygen pressure was
always much lower than the N,O pressure.

The “absolute rate constants,” k. (29)
in units of em/sec were calculated from the
equation

ka = %‘Pe.Ve[I)NA-t]_1 (1)

where P, is the total product gas pressure
measured in the volume V. (Fig. 1), Py is
the N,O pressure, A is the sample area, and
t is the reaction time measured from the

time of evaporation of the N,O. Units are
P, and Py, torr; V., cm®; A, cm?; ¢, sec. The
volume V. was 35 cm? in our apparatus.

The N,O condensation time was occa-
sionally, for active catalysts, an appreci-
able fraction of the total reaction time and
had to be taken into account. This was
done by assuming that the rate of conden-
sation of N,O was given by the equation
for the pumping speed of a cold trap (30).
The correction obtained was

t =il +[(1 — e)/Kal}. (2)

Here, t is the corrected reaction time, 7 is
the condensation time, ¢, is the time from
evaporation of N.O to the start of conden-
sation. The exponential term was always
equal to 10% or less, while [Ki ] was
usually less than 0.02 and only rarely did
it get as large as 0.08. Thus, even when the
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Fid. 2. Arrhenius plot for CoO {100}, random temperatures. Log k.(cm/sec) is plotted vs. 1000/
T(°K). Surface area, 3.79 cm?; N,O pressure 903 torr.
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Fia. 3. Arrhenius plot for CoO {110}. Crosses mark decreasing temperature points; open circles
mark random temperature points. Log ki.(ecm/sec) is plotted vs. 1000/7(°K). Surface area, 1.73

em®; N.O pressure 83.0 torr.

correction term was significant, it was
always less than 10%.

REsuwnts

CoO

The data for pure single-crystal cobalt
oxide are displayed in Figs. 2, 3, and 4 as
Arrhenius plots, and in table form in Table
1. The quantities plotted are absolute rate
constants, k., in units of cm/sec. The blank
rates, amounting to about 1%, have been
subtracted from the total rates.

For each of the samples, “activation”
was required, consisting of five runs made
at the higher temperatures, about 480°C.
This procedure increased the rates about
50-fold, after which, for the {100} erystal,

no further change was noted (Fig. 2). The
runs in this plot represent random choices
of temperature. After activation for the
{110} orientation, a good straight-line Ar-
rhenius plot resulted for decreasing temper-
atures (Fig. 3, solid line). Upon raising the
temperature to check points at 480°C, the
rate was found to have increased substan-
tially; cyclic variation of the temperature
between high and low values produeed the
points designated by open circles in Fig. 3.
The least-squares line for the latter points
is given by the dotted line. For the {111}
crystal (Fig. 4), the original run was also
made with decreasing temperatures; a “re-
peat” run was made with random temper-
atures some weeks after. In this case, both
the activation energies and pre-éxponential
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Fie 4. Arrhenjus plot for CoO {111}. Solid points are for decreasing temperatures, open eircles

terms were different. Calculated activation
energies and preexponential terms for both
random and continuously decreasing tem-
peratures are listed in Table 1.

Co0O-Mg0O
Figure 5 gives Arrhenius plots made

mark random temperature points: Log k.(cm/sec) is plotted vs. 1000/7(°K). Surface area, 2.60 cm?
N.O pressures, solid points, 90.3 torr; open points, 88.0 torr.

with random selection of temperature for
CoO-MgO that had been mechanically

TABLE 1 .
Dara SumMary FoR N;O Caravysis 8Y Pure CoQO anp BY CoO-MaO
Catalyst Area (cm3) Pngo (torr) Ea(keal /mole)s Pre-exp. (cm sec™1)s
CoO {100} 3.79 90.3 19.5 £ 0.1 (R) 62 + 2% (R)
CoO {110} 1.73 89.0 24.2 £ 0.1 (D) 370 + 6% (D)
1.73 89.0 25.1 £0.8 (R) 1365 + 100% (R)
CoO {111} 2.60 90.3 22.41+0.1 (D) 46 + 29, (D)
2.60 89.0 19.0 £ 0.1 (R) 13 + 30% (R)
CoO-MgO {100} %gig 22'2} 26.5 + 0.2 (R) 117 + 139 (R)
Co0O-MgO {100} 4.80 89.6 39 +4.7®R) 3.6 X 104 £ 100% (R)
MgO [ref. (9)] — 760 35 —

< (R), Random temperatures; (D), decreasing temperatures.

b Mechanical polish.
¢ Chemical polish.
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Fic. 5. Arrhenius plot for CoO-MgO {100}. Crosses are for chemically polished sample, round
points are for mechanically polished sample. Log k.(cm/sec) is plotted vs. 1000/T(°K) for random
choice of temperatures. Surface area, 4.8 cm?® {chemical polish) and 3.15 em® {mechanical polish).
N:O pressure chemical polish, 89.6 torr; mechanical polish, 88.5 torr.

polished only, and for CoO-MgO with
which the mechanical polish was followed
by a chemical polish in H;PO,. With these
samples the blank rates were about 20%
of the total rate; the data presented here
were calculated from the net rates for
Co0-MgO catalysis. In Fig. 5, the solid
points were made at 45.5 torr, while the
open points were at 88.5 torr. The fact that
they all lie on a straight line is good evi-
dence that the reaction is first order in
N,O pressure.

Table 1 compares the activation energies
and pre-exponential factors for the CoO-
MgO runs with those for CoO and MgO
[the latter from the data of Matsuura et
al. (9)]. The data show that the mechan-
ieally polished solid solution acts like pure

CoO while the chemically polished crystal
acts like MgO.

Discussion

The effect that crystal surface structure
would be expected to have upon activation
energy can be quantitatively estimated by
use of crystal-field theory (4, 22). The
calculations follow very closely those made
by Haber and Stone (22) for oxygen ad-
sorption on NiOQ. If it is assumed that the
rate-determining step is the desorption of
oxygen from perfect CoO surfaces, then
these calculations show that the {110}
orientation would be expected to have an
activation energy which is 6.9 kecal/mole
higher than the {100} orientation and 3.5
keal/mole higher than the {111} face.
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Our experimentally observed activation
energy for the {110} crystal was, in fact,
higher than either the {100} or {111} acti-
vation energies. However, their magnitudes
depended upon the way that the temper-
ature was varied in constructing the Ar-
rhenius plots. As can be seen from Table 1,
based on random choice of temperatures,
the activation energy for the {110} crystal
was about 6 kcal/mole greater than either
of the others. If steadily decreasing temper-
atures were used for the {111} and {110},
the {110} — {100} activation energy differ-
ence would be 5 keal/mole, while the {110}
— {111} difference would be about 2 keal/
mole. This quantitative uncertainty was
mostly due to the large effect that catalyst
pretreatment had upon the {111} activation
energy. This, along with the activation phe-
nomenon and the pre-exponential variation
exhibited by the {110} (see Fig. 3 and
Table 1), indicates that pretreatment may
have been so important that an unequiv-
ocal interpretation of observed activation
energy differences in terms of surface ge-
ometry can not be made.

The mechanisms by which pretreatment
influenced the catalyst activities are still
obscure. It is conceivable that structural
rearrangement could be involved. Low-
temperature  structural rearrangements
(facet formation) during catalysis have
been observed with metal crystals (1) ; epi-
taxial oxide growths to form low-energy
metal-oxide interfaces apear to be essen-
tial in these cases. This mechanism may be
operable for CoO, faceting being stimulated
by surface Co;0, layers. Formation of
Co;0, from CoO during N,O catalysis has
been previously reported by Matsuura et al.
(9). The results of these investigators also
provided evidence that this type of oxida-
tion without facet formation could not ae-
count for our observation of an increase in
activity, since they found that the produc-
tion of Co;0, formed a less active catalyst.

Another likely cause would be nonequi-
librium adsorption of oxygen and possibly
impurities. It would seem that the adsorp-
tion—desorption reactions of oxygen that
are known to occur on the p-type semicon-
ductors (9, 12, 22, 23) (which involve both

labile and tightly held oxygen, and incor-
poration of oxygen into the lattice) could
provide an explanation. It should be recog-
nized too, that if oxygen adsorption were
important, the rate of diffusion of oxygen
from our reaction zone via the plug might
become an important factor in causing pre-
treatment of the sample to affect its ac-
tivity. More research will be needed to
completely understand these phenomena.

The CoO-MgO {100} catalysts (60%
cobalt, 40% magnesium) were much less
active per cobalt atom than the pure CoO
catalysts, They also exhibited a much
higher activation energy than the CoO
{100} and showed a distinet relationship
between crystal preparation and activation
energy (Fig. 5). One would expect CoO
and NiO to behave similarly, yet Cimino
et al. (81) found that powdered MgO con-
taining less than 10 atom 9% of nickel
gave a lower activation energy than pure
NiO, and they attributed this difference to
weaker bonding of oxygen by isolated Ni%+.
We find the opposite to be the case with
Co0-MgO, dilution of Co aparently in-
creasing the oxygen bond strength. Our
observation of two activation energies for
the mixed crystals, one similar to that found
for MgO (9, 31), may be due to prefer-
ential solution of Co by H,PO,. If so, it
emphasizes the importance of having the
transition metal ions present in the adsorb-
ing surface. This is support for a localized
bond theory for chemisorption and catalysis
such as crystal-field theory rather than a
boundary-layer theory.
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