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The surface hydroxyl concentrations of BaTiO;, SrTiO;, and LaCoO; were determined by
exchange with D, as a function of the dehydroxylation temperature. The results suggest that the
surface chemistry of these materials resembles that of certain other oxide systems such as alumina
and titania. Values approaching the number of hydroxyls required to terminate the lattice (1.4 X
10'3/cm?) were obtained for samples evacuated at room temperature, but these values fell by about
an order of magnitude as the pretreatment temperature was increased to 450°C and by another
factor of about 2 at 600°C. In this way coordinatively unsaturated centers were produced. The
experimental procedure was complicated somewhat by the fact that all three oxides were reduced
to a greater or lesser extent when contacted with D, at elevated temperatures. This amount was
negligibly small at 450°C (the temperature required for equilibration) with BaTiQ; and SrTiO; but it
amounted to about 1 e /mole for LaCoO; (e = electrons). The former two oxides could be reduced
by about 0.4 ¢ /mole at 1200°C. In all cases an amount of H,0O equivalent to that of the H, consumed
was produced in the reduction step and the oxygen removed could be readily replaced on contact
with O, at the same temperature. LaCoQO; could be reduced by up to 3 ¢/mole at 500°C and the
oxygen again replaced stoichiometrically. X-Ray patterns of the parent perovskites were in good
agreement with literature values. The pattern for LaCoO; changed slightly when it was reduced by
1 e/mole, but returned to that of the parent sample on reoxidation at 450°C. The pattern of La,0O;
appeared when the sample was reduced by 3 e/mole, but it again became nearly identical with that
of the parent perovskite upon reoxidation. Lines for metallic Co did not appear at 500°C but
became evident when the reduced sample was sintered in He at 800°C. In the latter case the
perovskite lines returned only very slowly as Co;0, reacted with La,O; at this temperature. The
catalytic implications of these observations are briefly discussed.

INTRODUCTION reflected in the X-ray patterns. Interest-

ingly, small changes in structure and com-

The perovskites have long been of inter-
est to solid-state chemists and physicists
because of their technologically important
physical characteristics such as ferroelec-
tricity, piezoelectricity, pyroelectricity,
magnetism, high-temperature superconduc-
tivity, and electro-optic effects. These iso-
morphic oxides have the general formula
ABO;, where A is usually a large ion with a
filled d shell and B is a smaller transition
metal ion. Ideally, the crystal structure is
based on a cubic unit cell (Fig. 1) but
tetragonal or rhombohedral distortions are
not uncommon and these features are

1 On leave from the CNRS Institute for Solides a

Organisation Cristalline Imparfaite, Orleans, France.
2 To whom all correspondence should be addressed.

position may result in large changes in
electronic properties. The isostructural
ABOj; compounds include a wide variety of
transition metal ions and vary from insula-
tors and wide band-gap intrinsic semicon-
ductors to metallic conductors and Mott
insulators. The literature contains a wealth
of information on the solid-state properties,
which has been adequately covered in re-
cent reviews (Refs. (/-5)).

The ready availability of a family of iso-
morphic solids with controllable physical
properties makes the perovskites attractive
for basic research in catalysis. So far such
interest has centered around their redox
chemistry and semiconducting properties
(1, 4) and, more recently, around their uses
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FiG. 1. Model of ideal perovskite crystal structure.

as photocatalysts and photoelectrodes for
water splitting (6-9).

The perovskite structure is amenable to
theoretical calculation of band structure
and properties (/0-12). These consider-
ations have led to attempts to relate these
results to chemisorption and catalysis.
Such calculations usually either ignore sur-
face states or are ‘‘cluster calculations”
based on an assumed model of the surface.
It seemed to us, therefore, that a study of
the surface chemistry of these materials
might be timely.

It is by now well known that the surfaces
of most oxides are covered, to a greater or
lesser extent, by a layer of hydroxyl
groups. In principle, these should appear at
all points where the surface oxygens would
be coordinated to cations in the next high-
est layer, were they present. In practice,
lower and lower values of surface OH con-
centration are frequently found as the pre-
treatment temperature in vacuum or dry
gas is increased. These result from dehy-
droxylation processes as H,QO is formed by
condensation. In this way coordinatively
unsaturated cationic sites which may be of
catalytic importance are developed as an-
ion vacancies are introduced into the sur-
face layers. Such information should be
helpful in modeling the surface for theoreti-
cal work.

Three perovskites were selected for our
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study: SrTiO;, BaTiO;, and LaCoQO,. The
first two were of the insulator-semiconduc-
tor band-gap type; the last is thought to
have localized d orbitals (/). BaTiQ, differs
from SrTiO; by becoming ferroelectric be-
low about 120°C, where the structure
changes from cubic to tetragonal as the
temperature is lowered through this region.
This ferroelectric polarization is sufficient
to produce substantial catalytic effects
(9, 13, 14).

EXPERIMENTAL

Preparation of perovskites. To obtain
samples of acceptable surface area, the
method of Voorhoeve et al. was used (15).
This involved precipitation of the metal
ions A and B with a strong organic base
from an equimolar solution of their nitrates
in water. When cation B was Ti**, how-
ever, the nitrate was replaced by TiCl,
dissolved in cold water at about 5°C. The
base used was (C,H;),NOH, tetraethyl-
ammonium hydroxide (TEA), in excess of
three times the stoichiometrically required
amount; it was rapidly added to the stirred
solution of the nitrates. The precipitate was
washed with H,O and separated by centrif-
ugation repeatedly until the water came to a
pH of 7.0. Finally, the precipitates were
dried by evacuation for 48 h before being
placed under flowing oxygen at the temper-
ature used for calcination; this was deter-
mined by increasing the temperature in
steps until only the X-ray pattern of the
perovskite phase remained. The tempera-
tures required were 550°C for SrTiOs,
650°C for BaTiO,, and 800°C for LaCoO,
when the samples were treated for 10-15 h.
Milder treatments which have sometimes
been used (/6) did not accomplish complete
crystallization: The lines for the separated
oxide phases remained evident.

‘Because preparations made in Pt (17, 18)
have been shown to have catalytic activity
due to Pt, only Pyrex or porcelain vessels
were used in the present work. Moreover,
TEA was substituted for KOH [which had
been used previously (14) in the precipita-
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tion step] to minimize contamination by
alkali metals. Table 1 contains analytical
data for impurities in our preparations that
could have originated from Pyrex in contact
with the strongly basic solutions.

Materials. Merck analytical reagent
grade chemicals were used for these prepa-
rations. The organic base contained 20%
TEA in distilled deionized water. The pu-
rity of TiCl, was >99.97%. The impurities
(0.03%) which originated from the degrada-
tion of TiCl, were mainly chlorides and
oxides of titanium (/9). The specified me-
tallic impurities contained in these reagents
are listed in Table 2.

X-Ray characterization. The perovskite
preparations were first examined by X-ray
diffraction with a General Electric
reflection diffractometer (Model No. XRD-
5) using CuKoa radiation with a Ni filter
placed between the sample and the detector
to absorb a large fraction of the fluorescent
rays originating from Co and La. FeKa
with a Mn filter was used in later experi-
ments where the reduction of the LaCoO;
was studied (to improve the sensitivity to
Co).

Characterization of the surface. Surface
areas were determined by the BET tech-
nique; the cross-sectional area of N, was
taken to be 16.2 A2, The full isotherms were
of Type II according to the Brunauer
classification (20). The surface areas of the
samples were 18, 16, and 64 m?/g for Ba-
TiO;, LaCoO;, and SrTiO;, respectively.
The larger surface area for SrTiO; probably
resulted from the lower temperature re-
quired for its preparation.

The total hydrogen content of the
perovskites was measured by exchange
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TABLE 2
Analysis of Reagents (ppm)
Ba(NO), Co(NOy), La(NOy), SK(NO;),
Ba — — — 100
Ca 1000 — — 50
Ce — — 300 _—
Cu — 10 —_ 2
Fe 2 10 — 5
K — — — 50
Mg —_ — — 50
Mn — 50 — —
Na — — — 50
Nd — — 200 —
Sr 1000 —_ _
Zn _ 0 _ 2
Heavy as Pb 5 20 2

with D, using a method developed by Hall
and co-workers (2/-23). The BET system
was modified for these measurements. A
measured amount of D, was circulated over
the sample in an all-glass loop by a magneti-
cally activated pump; the hydrogen initially
present in the solid was determined by the
isotope dilution of the gas phase (H,, HD,
D,). This isotopic exchange between the
sample and the gas phase reached equilib-
rium rapidly at 450°C; raising the tempera-
ture further did not further change its com-
position.

A problem occurs with this technique
when the solid is reducible, as with La-
Co0,;. Two reactions occur simultane-
ously: reduction and exchange. In such
cases it is necessary to be sure that the
isotopic distribution in the water formed is
the same as in the other two phases. We
have shown previously (23) that this equi-
librium could be reached by circulation of
the gas phase (including the water) over a
sample of molybdena on alumina heated to
450°C. In the present work, the reduction of

TABLE 1

Analysis for Selected Impurities in Perovskite Preparations (ppm)

Perovskite Na*t Cl- SiO, B
BaTiO, 100 = 10% <10 = 10% 10 = 10% 500 = 10%
LaCo0; 100 = 10% 50 £ 10% 100 = 10% 12 = 10%
SrTiO, 100 = 10% 20 = 10% <10 = 10% 500 > 10%
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LaCoO; rapidly reached a plateau with time
at 450°C; vide infra. Consequently, the
equilibrium of the total gas phase occurred
easily. This was established by the intro-
duction of measured amounts of H,O and
determining the increase in hydrogen con-
tent associated with the exchange.

Cross-checks were made among analyses
made by thermal conductivity, by mass
spectrometry, and by chromatography. The
maximum error for the amount of hydrogen
present on the sample as quoted herein is
estimated to be +5%. The water obtained
after reduction was measured back into the
BET system with an overall accuracy of
better than 5%. The extents of reduction
(e /mole) were calculated from the equiva-
lents of hydrogen consumed per equivalent
weight of catalyst. The accuracy of these
figures was better than 1%. Virtually all of
this hydrogen appeared as water in the
reduction step; vide infra.

CRESPIN AND HALL

Purification of gases. D, was purified
before use by passage through a Pd thimble
heated to around 350°C; H, and He were
first passed over anhydrous Mg(ClO,), and
then through a trap of high area active
carbon cooled to —196°C; O, was purified
by double distillation after passage over
Mg(ClOy)..

RESULTS

X-Ray Diffraction

The curves obtained for the different
preparations, I vs. 26, are shown in Fig. 2.
The patterns differed somewhat from one
another as expected for the varying lattice
parameters, but the peak indices corre-
sponded to those published for the different
perovskites (24, 25). This permitted us to
conclude that our preparations were mainly
single phases as expected (/8) when stoi-
chiometric amounts of A and B are used in
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FiG. 2. X-Ray powder patterns of perovskite preparations studied. (The rhombohedral structure of

LaCoQ; is indexed with an hexagonal cell.)
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the synthesis. With LaCoO;, however, this
result was obtained only at relatively high
calcination temperatures (up to 800°C). At
700°C this preparation still contained more
than 20% of a mixture of the very fine
oxides (broad peaks). The fact that these
perovskites form by diffusion of the oxides
into each other at temperatures far below
the melting point suggest that vacancies
must be present in the lattice which could
be of critical importance to catalytic action.
The weak unindexed peaks at about 30°C
may have stemmed from the glass support.

Determination of the Hydroxyls as a
Function of Temperature

To eliminate all traces of organic residue,
the samples were treated for 12 h at 500°C
in flowing dry oxygen, followed by evacua-
tion at the same temperature for 2 h. They
were then cooled to room temperature and
exposed to an equilibrium vapor pressure
of water for 6 h. Finally, they were evacu-
ated for 4 h at this temperature. The pre-
treated samples were heated in circulating
He in steps from room temperature to
600°C. These temperatures were approxi-
mately 85, 205, 325, 450, and 600°C. Circu-
lation time at each temperature was 2 h. In
this way, H,O produced by thermal dehy-
droxylation was collected in a liquid nitro-
gen trap. Finally, the system was evacuated
through the trap for 90 min. The water of
dehydroxylation was measured for each
temperature. After reaching 600°C, the hy-
drogen remaining associated with the solid
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was determined by exchange with D, at
450°C as described above. Thus, by com-
bining data and knowing the surface area of
the sample, we could calculate the hy-
droxyl concentrations present at different
temperatures. These results are shown in
Table 3. Note that under these conditions
only LaCoQO; was reduced appreciably.

Reduction-Reoxidation in Relation to
Structure

At 700°C, SrTiO; was reduced only to
e/mole = 0.02. Data for reduction of
SrTiO; and BaTiO, at 1200°C are presented
in Fig. 3. At this temperature the extent of
reduction, ¢/mole, remained less than 0.5
after 6 h. The color of these perovskites,
which had been white in the oxidized state
(vellow at high temperatures), darkened
during reduction from sky blue (at 450°C) to
a very dark blue as the reduction was
increased. As judged by both color and X-
ray patterns, these reduced samples ap-
peared to be stable in air. The X-ray pat-
terns (Fig. 2) remained virtually unchanged
by these treatments, even though about one
in 15 to 20 oxygen atoms was removed
during reduction at 1200°C. Upon reoxida-
tion at 600°C, however, the white color

. returned as the stoichiometry was restored.

The reduction-reoxidation data for all
three perovskites are collected in Table 4.
Within experimental error, the reactions
were reversible, and stoichiometric. More-
over, virtually all of the water was pro-
duced in the reduction step. Note also the

TABLE 3

Surface Hydroxyl Concentrations of Selected Perovskites®

Composition Surface area

Pretreatment Temp.

(m?/g)
25°C 150°C 300°C 450°C 600°C
BaTiO, 18 13.8 5.9 2.8 1.5 0.55
LaCoO, 16 11.9 9.4 5.0 1.2 0.65
SrTiO, 64 8.3 3.9 1.5 0.5 0.30

¢ Calculated as OH x 10~'/cm?. For full surface coverage, we calculated: OH/cm? = 14 x 10* for ([(100) +

(110) + (111D}/3).
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FiG. 3. Reduction of BaTiO; and SrTiO; in H, at
1200°C.

fair agreement between the H, consumed
for reduction and the oxygen atoms (2 x O,
consumed) required for reoxidation.
LaCo0O; was much more easily reducible.
At 500°C, half of the oxygen could be
removed in a few hours (Fig. 4). Reoxida-
tion was stoichiometric and even more
rapid. At 400°C, the reduction did not ex-
ceed 1e/mole. The data of Fig. 4 and Table
4 suggest that the reduction of this material
occurred in two stages, and this was further
explored in the following experiment. D,
was circulated over LaCoO; as the temper-

CRESPIN AND HALL

red. 400°C

——
2 red. 500°C _o—
reox. 400°C -
I - - ®
time{hr)
0 1 t 1 1 S —
o] | 2 3 4 5 6

FiG. 4. Reduction and reoxidation of LaCoQ; in H,
and O, at indicated temperatures.

ature was raised continuously from room
temperature to 700°C at about 3°C/min,
with water being removed as formed by the
liquid N, trap. Changes in pressure, corre-
sponding to consumption of D,, were re-
corded and from these, Fig. 5 was derived.
In separate experiments, these results were
duplicated to the various stages indicated
by small letters on Fig. 5. (Points ¢ and f are
for samples b and e, respectively, after
reoxidation.) These symbols also represent
the X-ray patterns taken at the end of these
experiments which are shown in Figs. 6a—f.

TABLE 4

Reduction and Reoxidation of Perovskites®

Perovskite Reduction temp. Extent of Gas consumed or produced (cm®NTP)/g)
°0) reduction

(e~ /mole) During reduction During reoxidation

H2 H20 2 X Oz Hzo
BaTiO, 1200 0.40 19.34 18.46 19.76 0.04
SrTiO, 1200 0.37 22.54 22.04 22.72 0.27
LaCoO, 400 1.01 46.20 43.92 47.24 —
LaCoO, 500 3.00 136.70 129.56 137.66 0.23

& Reoxidation was carried out in the recirculation system at 600°C with BaTiO, and SrTiO, and at 400°C with

LaCoQ, ation system.
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FiG. 5. Temperature-programmed reduction of LaCoOj;. Samples were prepared for X-ray examina-
tion in separate experiments terminated at the points indicated by the circled labels. Points (c) and (f)
are for Samples (b) and (), respectively, after reoxidation at 400°C.

Figure 5 shows that the reduction began at
about 400°C, then stabilized quickly at a
reduction corresponding to 1 ¢/mole (i.e.,
Co®** — Co?"). At approximately 500°C,
however, the reaction rate again increased
and the reaction proceeded to almost ex-
actly 3 e/mole (i.e., Co®* — Co%. Reduc-
tion to 1 e/mole was very rapid, occurring
in 30 min. at 400°C (Fig. 4). LaCoQ;, which
is black in its oxidized state, turned to olive
green (Co?*) in this process. Patterns (a)
and (b) of Fig. 6 show that the perovskite
structure was slightly modified during this
reduction. Even at room temperature in air,
the reoxidation was fast; the olive green
color changed to black instantaneously.
Nevertheless, the total reoxidation was ef-
fected in O, at 400°C matching the data of
Table 4, and then Pattern (c) was obtained.
Note that Patterns (a) and (c) are virtually
identical as expected. Reduction to 3
e /mole was reached in 4 h at 500°C (Fig. 4).
The X-ray pattern (Fig. 6¢) was now com-
pletely changed. It matched that of pure
La,0; all the peak indices correspond ex-
actly to this structure. This was confirmed
by the fact that the pattern changed very

rapidly in air at room temperature to that of
La(OH);. This chemistry is as expected if
Co’is produced. The lines for this metal did
not appear in Pattern (e). When, however,
this material was heated in He for 5 h at
800°C, the expected lines appeared (Fig. 6g,
compared with 6e). Interestingly, when air
was replaced by pure O,, Sample (e) be-
came pyrophoric; it glowed. The X-ray
pattern (not shown) then showed a substan-
tial amount of Co;0, plus LaO; and
perovskite. Nevertheless, it was possible to
carry out the reoxidation slowly by using a
mixture of 20% oxygen in helium; the reox-
idation rate at 400°C is shown in Fig. 4.
Moreover, the reoxidation under these con-
ditions restored the perovskite structure
(Fig. 6f). A comparison of Figs. 6a and f
suggests that the chief difference is that the
latter is more poorly crystallized than the
former. Note that planes (104) and (110)
have not been well resolved in Fig. 6f.
These data, together with those of Table 4,
show that these reactions are reversible
under the conditions given. However,
when the reduced Co was sintered (Sample
g), reoxidation under the same conditions



366 CRESPIN AND HALL

T T T T N T
1o°* 100° 90° aTo‘ 70° a]o' 50° 4'0 3’0'
Oxidized voamo L e o,
o) (024
L 214
128) (134) (206) (220) o (202) (oi2)
. [ (00 .
Reduced to le/mole
b)
A L-M-’*’ "
h b o
Reoxidized H
C) I

) Reduced to 2e/mole

¢

1-303
Reduced to 3e/mole

\

° Koy g2
M'I’ o A I

"ﬁ
Reoxidized
| A A
Reduced to 3e/mole, .
sintered in He at 800°C ﬁ

L]

Mww v'w/\

Reoxidized Co0
L]

" »or L ll.' 70° 0]0‘ 50° 40° 30°

| | | l I |

FiG. 6. X-Ray patterns of LaCoO; preparation taken at the labeled points on Fig. 5. (The
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did not produce a perovskite phase. Instead
Co;0, appeared (Fig. 6h).

Reduction to 2 e/mole led to a poorly
resolved X-ray pattern (Fig. 6d) which may
be interpreted as a mixture of phases. One
of these was undoubtedly the residual La-
Co0, 5 and the other was poorly crystalline
La,0;. This was confirmed by experiments
in which the reduction was terminated at
e/mole = 1.25 and 0.75, respectively. The
new phase of La,O; was already evident in
the pattern from the former while that of
the latter showed the beginning of the re-
conversion from the LaCoO,; to . the
LaCoO; phase. The intensities of the lines
around 20 = 40° correlated inversely with
the extent of reduction. Reoxidation of the
sample (20% O, in He, 400°C) yielded a
pattern virtually identical to the X-ray pat-
tern shown in Fig. 6f. The surface area of
the starting structure, 16 m?/g, decreased
to 13 m?/g for a reduction corresponding to
1 e /mole, and then was stable even up to a
reduction of 3 ¢ /mole. Repeated reductions
and reoxidations did not further change at
this value.

DISCUSSION
Bulk Properties

Ideally, perovskites have a cubic struc-
ture (Fig. 1), where each of the transition
metal (B) ions is octahedrally coordinated
by oxygen ions and the larger A ions are
coordinated by 12 oxygens which in turn
belong to eight BOg octahedra sharing cor-
ners. Actually most perovskites are not
exactly cubic. For example, among the
perovskites of interest here, BaTiO; is cu-
bic above about 120°C, but below this criti-
cal temperature it undergoes a first-order
transition and becomes ferroelectric. This
transition is accompanied by a tetragonal
distortion witha = b = 3.994 and ¢ = 4.038
A. This small change in edge length is
sufficient, however, to effect a large change
in catalytic properties (9). SrTiO;, on the
other hand, remains cubic witha =b = ¢ =
3.903 A (25). These two materials are
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classed as wide gap semiconductors
(~3.2eV). The LaCoO; structure (24) has a
rhombohedral distortion; its constants are a
=bh=c=23.8Awitha=8=y=90,70.
It is classed as a ‘‘hopping’’ semiconductor
with localized d electrons and a small en-
ergy barrier (~0.1 eV) for conduction.
These small differences are reflected in the
X-ray patterns of Fig. 2. Note that these
patterns closely resemble each other, espe-
cially if small translational adjustments are
made along the 26 axis and one ignores
intensity changes which reflect the different
scattering cross section of the different
ions. These patterns are in excellent agree-
ment with literature data (26).

Surface Properties

The excellent crystallinity of these com-
pounds, as seen by the symmetry and
sharpness of the X-ray patterns and by the
fact that the surface area remains constant
even after the disappearance of the X-ray
perovskite structure and its regeneration
(Fig. 6), suggests that the surface areas of
these perovskites consist of the surface
exposed by the nonporous crystals consti-
tuting the sample. Given this condition, the
maximum (theoretical) number of hydroxyl
groups on a surface can be calculated by
averaging values for the (100), (110), and
(111) planes according to the Haiiy law
(27), which assumes that OH groups are
required to terminate the lattice at each
point where the surface atoms would other-
wise be bound to atoms in the next higher
layer, were it present. The results pre-
sented in Table 3 are sufficient to show that
the surface actually covered by OH at 25°C
is in substantial agreement with this expec-
tation. At 600°C, on the other hand, the
surfaces of the three perovskites were
nearly completely dehydroxylated. This be-
havior resembles that of alumina and is
typical for such oxides.

Reduction of perovskites

Given the surface areas of the perov-
skites, it was possible to estimate the ex-
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tent of the reduction of the surface. For
example, SrTiO;, which had the greatest
surface area of the three samples, was
reduced in H, at 700°C to about 0.02
e/mole in 1 h. The color obtained after this
reduction was blue, indicating the presence
of Ti3*. If it is assumed that the reduction
corresponds to

OH

| .
20—Ti*h) + H, 255
O—Ti**—O0—Ti**—O0 + 2H,0

and that at 700°C, only this surface reaction
occurs, the overall extent of reduction (0.02
e /mole) corresponds to just about 1 ¢ per
surface Ti as represented above. Evidently,
a large difference in reduction temperature
is necessary for reduction of the surface
and reduction of the bulk, i.e., 700 and
1200°C, respectively. This can easily be
explained by the action of two totally differ-
ent phenomena: (1) surface reduction at
low temperature in which only the surface
oxygens are removed and (2) bulk reduction
at high temperature, which may require
diffusion of the B cations through the ma-
trix. Thus, with LaCoO;, La,0O; was
formed as all of the Co ions diffused out of
the bulk as they were reduced by removal
of oxygen at the surface. They must be
expelled as the Co® atoms formed are much
too large to remain in the lattice. Conse-
quently, the reoxidation step may be quite
sluggish because, as in the initial prepara-
tion, the two oxide phases must diffuse into
each other.

With BaTiO;, the consumption of H, at
700°C was too small to measure but the
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sample nevertheless turned blue, reflecting
the behavior of SrTiO;. The important
point is, that for catalytic activity for redox
reactions, only oxidation-reduction of the
surface layer is required. This can occur
without cation migration. The latter phe-
nomena need only occur when bulk reduc-
tion of the lattice occurs.

The sites produced as the surface hy-
droxyls are removed by thermal dehy-
droxylation (Table 3) should be highly
strained. As with other oxides sytems such
coordinatively unsaturated sites (CUS)
should be important for catalysis, e.g., in
reactions involving H, (28, 29).

The results given in Table 4 suggest a
general behavior for perovskites during re-
duction-reoxidation. These data show that
the hydrogen consumed is about equal to
the water produced (mainly in the reduction
step) and twice the oxygen consumed in the
reoxidation step. The overall reaction is

H2 + % 02 = Hzo.

If this can occur in two steps, it can occur
in one, so that the perovskite is a redox
catalyst. Evidently these materials do not
retain much hydrogen during reduction.

In Table 4, the amount of water was
always slightly less than expected, possibly
because of adsorption on the glass walls of
the apparatus; also, the amount of oxygen
was slightly larger because of a small
amount of vacuum reduction of the sample
prior to adding the H,. For example, evacu-
ation of SrTiO; at 700°C changed its color
to blue.

Table 4 and Fig. 6 are sufficient to write
the following chemistry for LaCoO;:

1 e/mole: 2LaCoO; + H; 25S 2L.aC00, 5 + H,0 (Co’* — Co?*),

500°C

2 e/mole: 2LaCo0; + 2H, — LaCoO,; +

500°C

1/2La,05 + Co® + 2H,0,

3 e/mole: 2LaCoO; + 3H, — + La,0; + 2Co° + 3H,0.

In these reactions, only cobalt, or element
B of the perovskite, was reduced. Knowing
that Ti®* is blue, the same would seem to be

true for BaTiO; and SrTiQ; also, but only
on the surface or at much higher tempera-
tures. The surfaces of these materials did
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not turn uniformly blue at 400°C, although
some crystals showed this color. Bulk re-
duction (to 0.4 ¢/mole) was even more
difficult. These data would suggest that
LaCoO, should be a much better catalyst
for the oxidation of CO than BaTiO;. This
is the result reported by Voorhoeve, et al.
(15).

The reduction of Co?* to Co?**, as written
above, was accompanied by a modification
of the lattice; reoxidation reversed the
process (Figs. 6a and b). It is interesting to
note that the entire oxide lattice may play a
role in catalysis here, as with bismuth mo-
lybdate systems.

The cobalt metal produced on the disap-
pearance of the perovskite structure (re-
duction to 3 e/mole) exhibited extraordi-
nary behavior. It was so finely dispersed in
the resulting matrix of La,O; that it did not
produce coherent X-ray diffraction (Fig.
6¢e). Moreover, this Co® reacted very vio-
lently with oxygen at room temperature.
This demonstrated that the surface area of
the metal component was very high, i.e.,
the metal was highly dispersed.

At 800°C, the Co clustered in a He atmo-
sphere (Figs. 6g and h) and restoration of
the perovskite structure became very slug-
gish. These observations suggest that some
perovskites may be used to prepare sup-
ported metal catalysts having highly dis-
persed B metal. It may be even more inter-
esting as a dispersive agent since changes in
the matrix may be effected by simple varia-
tion of the A component.

It is tempting to generalize the results
reported herein to other perovskite sys-
tems. If this is done, some insight into the
effectiveness of various perovskites as cat-
alysts may be obtained, based on well-
known chemical properties rather than
solid-state physics. The two approaches
should be complementary, however, and it
is hoped that future work with these model
systems will lead to a deeper understanding
of the complex problems of catalysis.

A referee called our attention to a paper
by Sis et al. (30) in which the structure and
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properties of LaCoO; were studied as the
catalyst was reduced to LaCoQ, ; by ther-
mogravimetric and calorimetric techniques,
by X-ray diffraction, and by magnetic prop-
erty measurements. Where the data overlap
ours the agreement is satisfactory and the
conclusions drawn by these authors were in
general concurrence with ours. However,
they indexed their patterns on a mono-
clinic, rather than rhombohedral, lattice.
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