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The extent of bulk reduction of the mixed oxides in hydrogen, at temperatures between 250 and
S00°C, was measured using a gas recirculating batch reactor connected to a standard BET high-
vacuum system (10 * Pa). The hydrogen treatment was also performed in a chamber attached to an
ESCA spectrometer to obtain information about the surface modifications produced upon reduc-
tion. In these mixed oxides cobalt is the only cation that can be reduced to its metallic state within
the temperature range explored. Both systems included a trap which was either cooled with liquid
air or left at room temperature to study the effect of the water arising from the hydrogen treatment
upon both the rate and the extent of reduction. The bulk measurements have shown that the
presence of water impairs the reduction process. The XPS studies have also substantiated this
effect at the surface level. In the absence of water the metallic cobalt is segregated to the surface at
reduction temperatures above 300°C. When water is present, lower concentrations of Co® appear
on the surface and the segregation of this element is impaired. When thorium partially replaces
lanthanum that element is not affected by the hydrogen treatment at any temperature up to 500°C.
In the LaySry4Co0O; system, the SrO begins to segregate, whether or not water is present, at
temperatures higher than 250°C. This mixed oxide is in fact the easiest to reduce. After reduction,
even with the trap cooled with liquid air, the XPS spectra show a sharp increase in hydroxyl
concentration. This effect increases in the direction Th < La < Sr, as expected from the similar
trend of their Pauling electronegativity values. At high extents of reduction it was found that these
hydroxy! groups were able to reoxidize the surface Co® upon evacuation in the ESCA spectrome-
ter. This effect is less pronounced in going from the Sr- to the Th-containing oxide. with the
LaCoO; showing an intermediatc behavior. The reduction model proposed for the lanthanum
cobaltate by E. A. Lombardo, K. Tanaka, and 1. Toyoshima (J. Catal. 80, 1983) has been improved

and extended to the other cobalt mixed oxides. © 1987 Academic Press. Inc.

INTRODUCTION

The reduction of LaCoQj; perovskite un-
der controlled conditions produces a solid
containing Co? dispersed in an oxide matrix
which catalyzes the hydrogenation and hy-
drogenolysis of several simple hydrocar-
bons (/-3). Both the activity and the selec-
tivity of the reactions studied are strongly
affected by the temperature of pretreatment
in hydrogen in such a manner that they can-
not be linearly correlated with the extent of
reduction of the bulk.

! To whom all correspondence should be addressed.

Sis er al. (4) have studied the volumetric
reduction of the lanthanum cobaltate.
Through the measurement of the magnetic
moment of the solid along the reduction
process, they have found that a ferromag-
netic phase (CoY% started to form at or be-
low 300°C. They suggested the following re-
action scheme:

LaCoO; + yH; — LaCo,0;_,
+ (1 — x)Co® + yH,O (<400°C) (1)
2LaCo,0;5_, + (3 — 2y)H; — 2xCo®
+ Lay03 + 3 — 2y)H,O (>400°C). (2)
Crespin and Hall (5) have also studied
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the reduction of the same crystalline mixed
oxide. They conducted the reduction in a
recirculation system, measured the hydro-
gen uptake, and followed the structural
changes through X-ray diffraction (XRD).
Although they agree with Sis et al. (4) in
suggesting a two-step mechanism, they
have proposed a different reaction for the
first step:

LaCoO; + 05H2 i LaC002_5 + 0.5 Hzo
(400°C). (3)

In their system, reaction (2) occurred at
500°C. They did not detect the XRD pattern
of metallic cobalt even in the completely
reduced sample (Co%La,05). This indicates
that very small Co® clusters, less than 30 A
in diameter, are formed upon reduction.

Lombardo et al. (6) have studied the sur-
face reduction of LaCoO; by XPS. They
have reported a sharp increase in Co® sur-
face concentration at reduction tempera-
tures around 350°C, followed by a partial
reoxidation of the surface layer when the
pretreatment with hydrogen was carried
out at higher temperatures. The variation of
Co® surface concentration with reduction
temperature closely follows the changes in
both catalytic activity for ethylene hydro-
genation and carbon monoxide chemisorp-
tion at low temperature (—20°C). Although
Lombardo et al. (6) speculated about possi-
ble causes of the reoxidation of cobalt at
high temperatures, they could substantiate
none of them.

It has been shown that the partial substi-
tution of La in this and related mixed ox-
ides modifies the metal-oxygen bond
strength (7). In this way, it could be possi-
ble to modify their reduction behavior as
well as their catalytic properties.

The present study was undertaken to fur-
ther investigate the mechanism of reduction
of LaCoO; and the effect of partial La sub-
stitution by either Th or Sr upon the reduc-
ibility of both the surface and the bulk of
La;_,M,CoO; (M = Sr or Th).

EXPERIMENTAL

Mixed oxide preparation. LaCoO; was
prepared by precipitation of La(NOs); with
K;3[Co(CNJ¢l (6). The lanthanum cobaltates
partially substituted by either Sr or Th were
prepared by freeze-drying. The appropriate
nitrates were dissolved in water in adequate
proportions to obtain a 0.5 M solution (total
cation concentration). The solution was
frozen by injection of droplets in liquid air
and freeze-dried in a commercial unit. The
dry solid was then fired in oxygen at 950°C
for 16 h. More details about the technique
have been given elsewhere (8—10).

The main characteristics of the oxides
obtained are shown in Table 1. The XRD
patterns of the LaggThg,Co0O; preparation
showed distinct peaks of segregated ThO,.
This is not surprising since it is known that
only small amounts of cations with higher
oxidation states than the transition metal
(Co) can be incorporated into the
perovskite lattice (7). By comparison with
a mechanical mixture of the perovskite and
ThO, it was ascertained that between 50
and 75% of the Th was incorporated into
the structure.

Reduction procedures. The bulk reduc-
tion data were obtained using a standard
gas recirculating system (/) which included
a liquid air trap. The extent of reduction
was calculated from the hydrogen uptake.
In a few experiments the trap was left at
room temperature in order to ascertain the
effect of the water formed during the reduc-
tion upon both the rate and extent of reduc-
tion.

To study the surface modifications that

TABLE 1
Physical Properties of the Mixed Oxides

Mixed oxide Calcination Surface area Structure
temperature (m?/g)
°C)
LaCoO3 800 6 Perovskite
Lag 6815.4C00; 950 4 Perovskite
Lag gThg 2Co04 950 2 Perovskite + ThO»
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occur during reduction, a pretreatment
chamber with a lateral cold trap, having a
volume of 1 liter, was connected directly to
an ESCA 750 Shimadzu instrument. This
spectrometer is driven by a computer sys-
tem (ESCAPAC 760) which allows both the
accumulation of data and their processing.

The oxide powder was pelleted to form a
tablet 6 mm in diameter, weighing approxi-
mately 10 mg. Each sample was subjected
to the following treatment: (a) evacuation at
400°C, final pressure <1073 Pa, in the ana-
lyzer chamber, (b) reduction at the desired
temperature, starting at 250-300°C, in the
pretreatment chamber, (¢) evacuation of
the hydrogen after the probe has been
cooled down at room temperature, (d)
evacuation at 300°C in the analyzer cham-
ber. The spectra were always taken at
300°C. This cycle was repeated at increas-
ing reduction temperatures up to 500°C. At
each temperature it was checked that the
equilibrium extent of reduction was at-
tained by repeating the hydrogen treatment
and verifying that no additional cobalt re-
duction had occurred.

The effect of water was studied by re-
peating the same procedure with the trap
either immersed in liquid air or left un-
cooled (room temperature). In the former
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FiG. 1. Example of Co2p;; and Ols curve resolu-
tion. LaCoQ; reduced at 300°C in dry H, ( Pu, = 1
atm). (a) Lattice oxygen (BE 529.7 eV: FWHM 2.0
eV). (b) Surface OH (BE 532.2eV; FWHM 2.8 ¢V). (c)
Co? (BE 778.8 eV; FWHM 1.8 eV). (d) Co** + Co?*
(BE 780.4 eV; FWHM 4.1 eV). (e) Satellite peak (BE
786.7 eV; FWHM 6.6 V).
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FIG. 2. Kinetic reduction curves of La;_,M,CoO; (M
= Sr or Th) in H, at 350°C.

case, the water pressure was essentially
zero while in the latter it was calculated
that a maximum water vapor pressure of
about 100 Pa could be reached after com-
plete reduction.

The hydrogen used in all the experiments
was purified by passage through a Pd-Ag
thimble.

Treatment of data. The atomic fraction
of elements at the surface was calculated
using the area under the peaks, the Scofield
photoionization cross sections, the mean
free paths of the electrons calculated as A «
KE%%, and the instrumental function given
by the ESCA manufacturer (/7), where KE
means Kinetic energy.

To estimate the contribution of Co°,
Co?*, and Co** to the Co2p peaks the curve
resolver Model CR-6B, included in the
ESCAPAC unit, was used. This instrument
permits one to work with Gaussian, Lorent-
zian, or mixed peaks up to a maximum of
six. To resolve the Ols peak into its compo-
nents a similar procedure was used. An ex-
ample of both the Ols and the Co2p signal
resolution is shown in Fig. 1.

RESULTS
Bulk Reduction

LaCoO3, La()_gThQ,zCOO:q, and La(),(,Sl‘()A
Co0O; were reduced in the gas recirculat-
ing system at temperatures between 250
and 500°C using a liquid air trap. The reduc-
tion curves obtained at each temperature
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TABLE 2
Equilibrium Bulk Reduction of the Mixed Oxides®

Reduction LaCoO; LagsThy,Co0;  LagSro.4Co0;
temperature  (e/molec) (e/molec) (e/molec)

O

250 0.4 — 0.7

300 1.2 1.1 1.3

350 1.3 1.4 2.2

400 1.4 1.6 2.4

450 2.4 2.9 —

500 3.0 2.9 3.3%

4 Reduction extent calculated from hydrogen uptake, mea-
sured in a gas recirculating system py, = 200 Torr. Complete
reduction of Co’* to Co® corresponds to three electrons per
formula weight of mixed oxide.

® The maximum reduction is lower or higher than 3 due to
the presence of either Co? (Th**) or Co** (Sr?*).

were of the same shape as those shown in
Fig. 2. The plateau values obtained at each
temperature are collected in Table 2. Note
that the cobalt is the only cation that can be
reduced under these experimental condi-
tions.

If the trap was not cooled, the reduction
rate was significantly siower and no matter
how high was the temperature (< 500°C)
the reduction process stopped at intermedi-
ate values, i.e., ~1.5 electrons/molecule.

Surface Reduction

Experiments using the liquid air trap. In
the ESCA pretreatment chamber the reduc-
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F16. 3. Co2p spectra of LaCoOQ, before and after
reduction at different temperatures. Liquid air cooled
trap, py, = 1 atm.

tion equilibrium was reached in 2 h. Tables
3 to 5 show the binding energy (BE) and the
full width at half maximum (FWHM) of
each element that make part of the three
kind of oxides analyzed. In Fig. 3 the evolu-
tion of the Co2p spectra of LaCoQ; as the
reduction temperature increases up to
500°C is shown. Note that the peak width
goes through a maximum at 300°C while the
BE shifts to lower values at all reduction
temperatures studied. This is also seen in
Table 3. The changes that occur in the Ols
signal as the reduction temperature in-
creases up to 500°C are shown in Fig. 4.
The Ols spectra is mainly a composite of
two peaks. As shown in Fig 1, these peaks

TABLE 3
Binding Energies and FWHMs of LaCoO; Reduced in Dry H,®

Reduction C02p3/2 La3ds, Ols
temperature
(4 BE FWHM BE FWHM BE FWHM
(eV) eV) (eV) (eV) (eV) (eV)
Oxide? 780.6 4.3 834.7 6.9 529.7 1.8
300 779.2 5.4 835.1 6.8 530.1 1.8
350 779.1 2.7 835.2 6.8 530.1 2.0
400 779.1 2.3 835.2 6.7 530.1 4.1
450 779.1 2.2 835.2 6.7 530.1 4.2
480 779.1 2.2 835.3 6.7 532.3 3.9
500 779.1 2.2 835.5 6.6 532.2 3.8

“ The reduction was carried out in the pretreatment chamber which has a liquid

air cooled trap, py, = 1 atm.
4 Evacuated at 400°C.
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TABLE 4

Binding Energies and FWHMs of LaggThy,CoO; Reduced in Dry Hy2?

Reduction Co2pan La3ds, Ols
temperature

°C) BE FWHM BE FWHM BE FWHM

eVv) €V) (eV) (eV) (eV) (eV)
Oxide 780.7 4.6 834.9 7.2 529.8 2.1

300 779.2 5.2 835.2 6.9 529.9 2.2

350 779.0 2.2 835.4 6.8 530.2 2.2

400 778.9 2.2 835.5 6.8 530.3 2.0

450 778.8 2.0 835.5 6.7 530.2 2.0

500 778.8 2.0 835.6 6.8 530.2 2.0

¢ See footnotes in Table 3.

b The Th4f;; BE and FWHM remained constant throughout the reduction pro-
cess at 333.9 = 0.1 and 2.0 = 0.2 eV, respectively.

result from the addition of one located at
lower BE (529.7 = 0.2 eV), due to the lat-
tice oxygen, and another at higher BE
(532.2 £ 0.2 eV) assigned to hydroxyls, in
agreement with Fleisch er al. (12). As the
reduction temperature increases the OH
peak becomes larger. This is also reflected
in the steady increase of the FWHM ob-
served in Table 3.

Tables 4 and 5 show a similar behavior of
the Co and La peaks in both the Th- and Sr-
containing oxides. However, the Ols be-
haves quite differently in both cases. In

Lao.gTh0_2COO3 (Table 4) the Ols BE in-
creases a little but its FWHM remains small
and constant. No distinguishable OH signal
was detected at any reduction temperature.
Table 5, on the other hand, shows that the
O1s BE shifts 3 eV even after reduction at
250°C. In this case, the lattice oxygen signal
is lost under the tail of the OH signal. The
peaks are as narrow as in the former case
(Table 4) but displaced to a higher BE
(532.7 £ 0.1 eV), otherwise meaning that
the surface is completely covered by hy-
droxyls which even penetrate a few layers

TABLE 5§

Binding Energies and FWHMSs of La,Sry,Co0; Reduced in Dry H,2*

Reduction Co2ps, La3ds, Ols
temperature
°C) BE FWHM BE FWHM BE FWHM
eV) (eV) (eV) eV) (eV) (eV)
Oxide 781.0 4.7 834.9 7.1 529.7 2.2
250 781.1 5.7 835.2 7.1 532.8 2.2
300 779.0 3.3 835.3 6.7 532.8 2.2
350 779.1 2.2 835.4 6.7 532.7 2.2
400 779.2 2.2 835.3 6.5 532.8 2.3
450 779.2 2.5 835.4 6.6 532.6 2.3
500 779.3 2.1 835.4 6.5 532.6 2.6

a See footnotes in Table 3.

¢ The Sr3d BE and FWHM remained constant throughout the reduction process
at 134.7 = 0.3 and 3.6 = 0.2 eV, respectively.
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Fi1G. 4. Ols spectra of LaCoQ; before and after re-
duction at different temperatures (see Fig. 3 legend).

into the oxide. Neither the Sr nor the Th
signals were affected by the hydrogen treat-
ment as reported in Tables 4 and 5.

Using the XPS data the atomic fractions
of La, Th, Sr, and Co were plotted vs re-
duction temperature for the three kinds of
oxides (Fig. 5). In all cases it is seen that
the surface cobalt concentration sharply in-
creases at reduction temperatures above
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F1G. 5. Surface concentration of cations as a func-
tion of reduction temperature. py, = 1 atm, trap
cooled at liquid air temperature.
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F1G. 6. Surface concentration of metallic cobalt on
the reduced oxides. Values obtained from deconvolu-
tion of the Co2p,, peaks. For experimental conditions
see Fig. 5.

300°C. Besides, in the Sr-containing oxides
this element also migrated toward the sur-
face at higher reduction temperatures.

Through deconvolution of the Co2p sig-
nal it was possible to calculate the percent-
age of Co® in the surface volume analyzed
by XPS. The results obtained are shown in
Fig. 6.

Experiments run with the trap at room
temperature. The main differences noted in
these experiments when compared to the
former ones are (i) longer reduction times
o reach equilibrium (6 vs 2 h), (ii) no sur-
face enrichment of cobalt, and (iii) lower
extents of surface reduction at each tem-
perature. The main element on the surface
after reduction is now the oxygen (or hy-
droxyl groups).

The XPS data for these experiments are
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F1G. 7. Effect of the water produced during reduc-
tion upon the Co2p spectra of LaCoO;.
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TABLE 6

Binding Energies and FWHMs of LaCoO; Reduced in Wet H,?

Reduction C02p3/2 La3d5/2 Ols
temperature
(°C) BE FWHM BE FWHM BE FWHM
(eV) (eV) (eV) (eV) eV) (eV)
Oxide? 780.6 43 834.7 6.9 529.7 1.8
300 780.7 4.9 834.9 6.7 529.9 34
350 780.6 5.8 834.9 6.7 530.0 3.6
400 781.0 5.9 835.0 6.8 530.0 4.1
450 779.3 39 834.8 6.8 529.9 4.2
500 778.9 5.8 835.5 6.3 530.9 3.1

2 The reduction was carried out in the same pretreatment chamber but the trap
was left at room temperature, py, = 1 atm.

& Evacuation at 400°C.

shown in Tables 6 to 8. In Table 6 and Fig. 7
it is clearly seen that the Co2p peak width
goes through a minimum at 450°C in coinci-
dence with a maximum in Co° concentra-
tion for the LaCoO;. The La3d doublets are
very much unaffected by the treatment, ex-
cept for a small displacement toward higher
BE. The Ols signal which is again made up
by the overlapping of two peaks shows an
increasing contribution of the higher BE
peak as the reduction temperature goes up
(Fig. 8). The shoulder at around 534 eV
could indicate the presence of adsorbed wa-
ter.

For the Th-substituted oxide, Table 7

shows a steady increase in cobalt reduc-
tion, narrower Ols peaks compared to
those observed in L.aCoO; (Table 6), and no
change in the Th peak after hydrogen treat-
ment.

In the case of LayeSry4CoO; Table 8
shows wide Co2p peaks at all reduction
temperatures, a sharp increase in both BE
and FWHM of the Ols peak, and again no
change of the Sr peak after hydrogen treat-
ment.

Figure 9 shows the surface concentration
of the elements calculated from the XPS
data. At variance with the results obtained
in the absence of water (Fig. 5) the cobalt

TABLE 7

Binding Energies and FWHMs of LaygThy,Co0; Reduced in Wet H,*?

Reduction Co2psn La3ds, Ols
temperature
“C) BE FWHM BE FWHM BE FWHM
(eV) eV) (eV) (eV) eV) (eV)
Oxide 781.0 4.3 834.9 7.0 530.0 2.0
300 781.2 4.9 835.2 7.0 530.1 2.4
350 781.3 5.8 835.3 6.9 530.3 2.5
400 779.4 5.9 835.3 7.0 530.3 2.7
450 779.4 6.4 835.1 7.1 530.2 3.0
500 779.0 4.3 835.2 7.1 530.0 3.5

2 See footnotes in Table 6.

4 The Th4f;, BE and FWHM remained constant at 334.1 + 0.1 and 2.0 = 0.2

eV, respectively.
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TABLE 8

Binding Energies and FWHMs of Lag ¢Sty 4Co0; Reduced in Wet H,2?

Reduction Co2ps; La3ds, Ols
temperature
Q) BE FWHM BE FWHM BE FWHM
(eV) (eV) (eV) (eV) eV) (V)
Oxide? 780.9 4.8 834.8 6.9 529.8 2.0
300 781.1 5.1 834.9 6.8 532.5 4.5
350 778.9 4.5 834.8 6.9 532.3 5.2
400 781.0 5.4 834.6 6.7 532.5 3.6
450 779.4 5.5 835.3 7.1 532.5 4.2
500 779.2 5.5 835.1 7.1 532.5 3.9

¢ See footnotes in Table 6.

b The Sr3d BE and FWHM remained constant at 134.7 = 0.3 and 3.8 + 0.2 eV,

respectively.

concentration on the surface slightly de-
creases with increasing reduction tempera-
ture. On the other hand, the Th, Sr, and La
atomic fractions are not affected much by
this change in atmosphere.

Figure 10 shows the surface concentra-
tion of Co® and should be compared to Fig.
6. In the presence of water in no case the
Co® concentration reaches 100%. Besides,
in both LaCoO; and LageSry4CoO; this
concentration reaches a maximum at inter-
mediate reduction temperatures. This is
consistent with the data reported in Tables
6 and 8 for both the BE and FWHM of
Co2p at different reduction temperatures.
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FiG. 8. Effect of the water produced during reduc-
tion upon the Ols spectra of LaCoO;.

DISCUSSION

The water produced during the reduction
of these mixed oxides strongly affects the
extent of oxygen extraction from the lat-
tice. It has been shown that under other-
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F1G. 9. Effect of the water produced along the re-
duction process upon the surface concentration of cat-
ions. pg, = 1 atm.
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Fic. 10. Effect of the water produced during reduc-
tion upon the Co® surface concentration. py, ~ 1 atm.

wise identical conditions the elimination of
the water assured a faster and deeper re-
duction of the solid, which was always ac-
companied by an important segregation of
cobalt to the surface.

Another general trend was observed at
reduction temperatures =300°C, namely,
the surface enrichment in hydroxyl groups.
This effect increased in the direction Th <
La < Sr, as expected from the similar trend
of the Pauling electronegativity values. The
hydroxyl concentration was higher in the
presence of wet hydrogen. It may be that
this increased hydroxy! population of the
solid surface impairs the diffusion of the lat-
tice oxygen during the reduction process.

Let us now discuss in more detail the re-
duction behavior of each mixed oxide.

LCICOO3

The bulk reduction of this perovskite oc-
curs in two steps according to Eqgs. (1) and
(2). The XPS data obtained in the absence
of water are consistent with a similar
stepwise mechanism occurring at the sur-
face level. Upon reduction at 300°C the
Co2p spectrum widens up and the BE shifts
down 1.4 eV (Table 3) due to the coexist-
ence of the three possible oxidation states
with a rather small contribution of Co® (Fig.
6). The Co/La ratio is not altered by this
mild reduction (Fig. 5). Between 300 and
350°C the Co2p peaks are drastically re-
duced in width and the Co/La ratio in-
creases. These results seem to indicate that
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the onset of the second reaction (Eq. (2)) at
the surface level occurs in this temperature
range.

In the presence of water vapor it seems
that the second reaction is impaired. The
XPS spectra shows that metallic cobalt ap-
pears at higher temperatures and much
lower concentrations (Table 6 and Fig. 10).
Furthermore, this surface concentration
shows a maximum at 450°C. This effect has
been observed before by Lombardo er al.
(6) who used a VG ESCA 3 instrument
which has a larger pretreatment chamber
(~10 liters) attached. In their experiments
the reduction was carried out without a
cold trap. Their results were between those
reported here with and without the cold
trap. This is consistent with the fact that the
partial pressure in the VG pretreatment
chamber was about one order of magnitude
lower than in the experiments reported here
when the trap was left at room temperature.

Lombardo et al. (6) did not find a cobalt
enrichment of the surface but this element
was completely reduced to its metallic state
and then reoxidized at higher reduction
temperatures. Besides, by rotating the sam-
ple holder and in so doing modifying the
ejection angle of the electrons, they were
able to ascertain that this reoxidation pro-
cess scarcely affected more than one sur-
face layer.

The observation made here about the
marked increase of the higher BE peak con-
tributing to the Ols spectrum as the reduc-
tion temperature is raised (Tables 3 and 6)
may lend an explanation to this reoxidation
process which apparently occurs in the
presence of hydrogen at high temperatures
(=400°C), but in reality proceeds during
evacuation. When the hydrogen is removed
and the surface hydroxyl concentration is
high enough, the cobalt may be reoxidized
and probably covered with a monolayer of
oxide.

This redox process is known to occur in
other catalyst systems such as Mo(CO)4/y-
AlLO; (13). Upon evacuation at tempera-
tures as low as 200°C the MoV EPR signal
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develops and H; is detected in the gas
phase. In our case, the temperature re-
quired for the reoxidation of cobalt is
strongly dependent on the OH surface con-
centration.

The XPS spectra recorded after reduc-
tion in the absence of water vapor do not
show the reoxidation of the cobalt. This
may be due to the massive segregation of
cobalt that occurs in this case which could
make difficult to detect a single layer of oxi-
dized cobalt in the Co2p spectrum. An indi-
rect proof of the formation of this oxide
layer may be obtained from Fig. 11a which
shows a steady increase of the Co/La ratio
while the Co/O ratio goes through a maxi-
mum at 400-450°C reduction temperature.
Since at this point only Co is seen by XPS
the Co/O curve should foliow the Co/La
one. The maximum may then be an indica-
tion that the Ols spectrum shows a com-
posite of oxygen peaks coming not only
from La,0; or La(OH); but also from the
top of the cobalt clusters as well. In fact,
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assuming that only La(OH); and Co° are
present after reduction at 500°C, the Co/O
ratio should be three times smaller than the
Co/Laratio. Figure 11a shows this factor to
be about 5, meaning that there is a large
excess of oxygen in the surface, which is
very likely bound to the top of the cobalt
clusters.

Lao_gTh()lCOO;

The presence of Th reduces to a mini-
mum the formation of hydroxyls, even in
the presence of water vapor (Tables 4 and
7). As a consequence of this the Co® is not
reoxidized at high reduction temperatures
(Figs. 6 and 10). It may be that the higher
acidity of thorium reduces the ability of lan-
thanum to form the hydroxide on the sur-
face.

Comparing Figs. 11a and 11b the differ-
ent behavior of the Co/O ratio in the two
oxides is noted. In the Th-substituted solid
the absence of a maximum in this ratio
would also indicate that no reoxidation of
the cobalt occurs.

The above results are then consistent
with a model in which clusters of Co® are
formed on the surface of the oxide which
apparently increase in size at temperatures
above 350°C. These clusters are not reox-
idized upon evacuation, as was the case in
LaCoOs, due to the scarcity of hydroxyls
on the surface of the reduced oxide.

Lag6Sr0.4Co0;3

The main differences in the behavior of this
oxide when compared to the previous ones
may be caused by the migration of SrO to-
ward the surface which begins at or around
250°C (Figs. 5 and 8). This is likely to be
connected with the high concentration of
hydroxyls seen on this sample, which al-
most completely blocks the lattice oxygen
peak at reduction temperatures higher than
350°C (Table 5).

Since the cobalt starts to migrate at
higher temperatures than the Sr, the Co/Sr
ratio reaches a minimum around 300°C
(Fig. 11c). However, due to the facile re-
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duction of this mixed oxide (Table 2), the
Co® concentration at 300°C is significantly
higher in this case than in the other two
oxides (Figs. 6 and 10). It is then expected
that this solid will show a peculiar catalytic
behavior greatly influenced by the severity
of the hydrogen pretreatment; e.g., the
presence of the segregated SrO or Sr(OH),
could modify the selectivity in a given reac-
tion system as shown elsewhere (14).

Reduction Model

The model proposed earlier for the re-
duction of LaCoO; (6) can be improved and
extended to other related oxides.

The bulk and surface reduction data ob-
tained at each temperature have been plot-
ted in Fig. 12. The surface values were cal-
culated assuming that in those cases in
which the Co® peak contribution was higher
than 25% the remaining cobalt was present
as Co?*. This assumption was made be-
cause it is very difficult to ascertain by de-
convolution the proportion of Co?* and
Co** due to the close vicinity of these wide
peaks. The assumption is based upon the
detection through XRD of the intermediate
compound La,Co;0,, along the reduction
process (15, 16). This compound which is
equivalent to LaCo, 750,5 in Eq. (1), is fur-
ther reduced to La,ColO, and/or Co%
La203.
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Fi1G. 12. Correlation between surface reduction, de-
termined by XPS, And bulk reduction, calculated from
the hydrogen uptake in a gas recirculating system. (@)
from Ref. (6).
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Figure 12 shows that at low extents of
reduction the solid is homogeneously re-
duced. At around 1.5 electrons/molecule
{bulk) the maximum difference between
bulk and surface oxidation states occurs.
This means that a change in reduction re-
gime has occurred; the process has become
diffusion limited. Beyond this point the sur-
face layer seen by XPS (20-30 A deep) is
almost fully reduced, but the temperature
must be increased up to 500°C to com-
pletely reduce the bulk.

The change in regime occurs between 300
and 350°C for both LaCoO; and the Th-con-
taining cobaltate. In the Sr-substituted ox-
ide this transition interval moves down
50°C. In fact, within this temperature
ranges is when the cations start to migrate
as shown in Fig. 5.

It is interesting to note that in these
mixed oxides, despite the early appearance
of metallic centers that could activate the
hydrogen, the reduction rate is not acceler-
ated as in the case of Group VIII oxides,
e.g., NiO (17, 18) and cobalt oxides (18).
This may be due to the formation of estable
oxides containing the transition metal in a
lower oxidation state. As mentioned above,
the existence of other very estable oxides
has been documented in the case of the lan-
thanum—cobalt-oxygen system (15).

An interesting question arises from the
catalytic standpoint: What happens with
the cobalt exposed on the surface as the
reduction temperature increases?

A schematic model is shown in Fig. 13.
The most stable system is no doubt the Th-
substituted oxide. This oxide does not
show a tendency to adsorb water, the hy-
droxyl surface concentration is low, and
therefore the cobalt clusters are not easily
reoxidized.

LaCoO; and Lag¢Srg4sCo0O; show en-
hanced affinity to react with the reduction
water when treated in hydrogen at increas-
ing temperatures. The high concentration
of surface hydroxyls increases the driving
force to reoxidize the cobalt clusters. In
fact, it has been shown that due to this ox-
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F1G. 13. Reduction model of the three mixed oxides.

ide layer both the catalytic activity and the
CO chemisorption ability (/) are strongly
affected at low temperatures (—20°C).
However, this is not the case when a
strongly reducing reacting mixture is con-
tacted with the prereduced oxide at ele-
vated reaction temperatures. The catalytic
results and the titration data reported in the
following paper (I4) are consistent with
this model. Particularly, they suggest that
SrO and Co? are in contact after reduction
at high temperature. This could not be veri-
fied, however, through the spectroscopic
studies reported here.
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