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The kinetics of reduction and the kinetics of oxygen adsorption on LaNiO; were studied in a wide
range of temperatures. Temperature-programmed reduction showed two reduction steps: (a) of 1
e~ per molecule between 425 and 675 K and (b) of 3 ¢~ per molecule between 675 and 900 K. In
reduction step (a) a distorted LaNiO; (because of the presence of anion vacancies) was identified by
X-ray diffraction; after sintering in He at 1073 K the perovskite structure was destroyed and
La,NiO, and NiO were formed. In reduction step (b) La,0; and Ni were formed, these species
being better crystallized after sintering at 1173 K. Steps (a) and (b), in the nonsintered samples,
were reversible, i.e., after oxidation at 973 K the perovskite structure was newly formed. Reduc-
tion in step (a) takes place according to the contracting sphere model while reduction in step (b) is
controlled by formation and growth of reduction nuclei. Experimental data in step (b) fit Avrami-
Erofeev’s equation. Activation energies for reduction steps (a) and (b) were 108 and 221 kJ mol~’,
respectively. The kinetics of oxygen adsorption obeyed Elovich’s equation, #, being calculated by
extrapolation to Z(t) = 0 of t vs Z(t) plots. The activation energy of adsorption was 38 kJ mol~!.
Within the LaMeQ; series, the more easily reducible oxides (LaNiO;, LaCo0O;, LaMnOs) were
found to be better adsorbents of oxygen and better catalysts for oxidation than the less reducible

one (LaCrO;). © 1985 Academic Press, Inc.

INTRODUCTION

Perovskite-type oxides were shown to be
catalysts for a number of reactions (1), their
most important potential application being
for oxidation processes (2). Bell et al.’s
results (3) provide a basis for assuming that
oxides with the perovskite structure could
be promising catalytic materials for the syn-
thesis of oxygenated organic compounds
(from CO and H,) with distinctive charac-
teristics from those of supported metal cat-
alysts. L.aNiO; was recently used for the
electrocatalytic reduction of O, (4). Also,
La,NiO, derived from the reduction of this
perovskite was found to be catalyst for CO
oxidation (5).

Previous work carried out in this labora-
tory was directed toward the study of re-
duction and oxygen adsorption on some
perovskite oxides of the series LaMeQO;,
Me being a first-row transition metal (6).

! To whom all correspondence should be addressed.

This work together with those of other au-
thors (7, 8) suggested that these parameters
play an important role in the catalytic ac-
tivity of simple and mixed oxides for oxida-
tion reactions.

The catalytic activity profile of LaMeO;
oxides (Me: V, Cr, Mn, Fe, Co, or Ni) for
CO oxidation exhibited two maxima for
LaMnO; and LaCoO; (9). This behavior
should be due to the metal ion in position B
of the perovskite structure as ions in posi-
tion A are generally inactive; in these cata-
lysts the La3* ion is, also, a poor adsorbent
of oxygen. LaNiO; showed a catalytic ac-
tivity very near to that observed for La
Co0;. From this it could be inferred that
the surface properties of these oxides
should be, also, similar. In this work the
kinetics of reduction with H, and also the
kinetics of oxygen adsorption on LaNiO;
were studied.

EXPERIMENTAL
Materials. LaNiO; was prepared by de-
0021-9517/85 $3.00
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composition of citrate amorphous precur-
sors as described in detail previously (10).
Briefly, citrates were precipitated from an
equimolecular solution of metal nitrates
and citric acid (Merck reagent grade). Their
decomposition took place in the conditions
previously determined (10) (at 1023 K for 4
h in air) for obtaining a single perovskite
phase (the BET specific surface area, tak-
ing 0.162 nm? as cross-sectional area of N;
molecule, was 4.69 m? g=!). The X-ray dif-
fraction pattern of the sample so obtained is
given in Fig. 2a.

H, (99.995% pure), He (99.995% pure),
and O, (99.98% pure) were from Sociedad
Espaiola del Oxigeno. For storage, H, and
He were passed through a trap at liquid-N,
temperature. O, was condensed and dis-
tilled taking only the middle fraction.

Equipment and methods. The experi-
ments were carried out in a high-vacuum
apparatus to which a Cahn 2100 RG micro-
balance (sensitivity 1075 g) was connected.
Thus in the entire system a dynamic vac-
uum of 10~ mm Hg (1 mm Hg = 133.3 N
m~?) could be maintained. For temperature-
programmed reduction (TPR) the sample
was pumped for 1 h at room temperature
(r.t.) and then put in contact with 300 mm
Hg H,; after this the temperature was lin-
early increased at 4 K min~! with a Stanton
Redcroft Eurotherm programmer. The ob-
served weight loss was taken as a measure
of the reduction degree in terms of elec-
trons (e~) per molecule (for 1 e~ per mole-
cule Ni3* is reduced to Ni%*, the weight loss
of the sample being 3.26%). For kinetic
runs of reduction the sample was pumped
atr.t. for 1 h, heated at 4 K min—1 up to the
desired temperature, and then contacted
with 300 mm Hg H,. The weight loss as a
function of time (¢) was recorded for about
80 min. For each isothermal run, a fresh
sample was used.

For isothermal kinetic runs of O, ad-
sorption the sample was outgassed at 773 K
for 15 h and then put in contact with 25 mm
Hg O,. After this the adsorption of O, (¢) as
a function of time was recorded. Between

two successive experiments the sample was
outgassed at 773 K for 15 h. Thermomo-
lecular effects were corrected by means of
blank experiments using in the sample side
nonporous glass balls and observing read-
ing changes after introducing into the mi-
crobalance enclosure 25 mm Hg O, at dif-
ferent temperatures.

The X-ray diffractograms were obtained
with a Philips PW/1010 diffractometer using
CuKa radiation and a Ni filter. Reductions
were carried out in 300 mm Hg H, for 2 h
and sinterizations in 500 mm Hg He for 2 h
at the indicated temperatures. Care was
taken of cooling down the samples from re-
duction or sinterization temperature to r.t.
in H, or He.

RESULTS AND DISCUSSION
Temperature-Programmed Reduction

TPR results in terms of e~ per molecule
versus temperature are given in Fig. 1. As
can be observed the reduction of LaNiO;
takes place in two well-defined steps. The
first one (a) of 1 e~ per molecule occurs
between 425 and 675 K and the second one
(b) of 3 e~ per molecule occurs between this
last temperature and 900 K. The fact that in
step (b) full reduction (3 e~ per molecule)
was not reached points to the presence of
anion vacancies and therefore to a nonstoi-
chiometric starting sample of formula La

e~ per molecule

Reoxidation

Ly 1

900 1083
T(K)

500 700

FiG. 1. Temperature-programmed reduction of La
NiO; in 300 mm Hg H; (heating rate, 4 K min™!).
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NiOs_,. After pumping out the hydrogen
and reoxidation with 300 mm Hg of purified
air at 1083 K for 1 h the sample regained its
initial weight.

Temperatures for reduction levels of 1
and 3 e~ per molecule found in this work
are between those reported by Wachowski
et al. (11) and Crespin et al. (12). These
differences must be due to the different
rates of heating used. In addition Crespin et
al. (12) found a stable intermediate reduc-
tion level of 2 ¢~ per molecule.

X-Ray Diffraction

To identify the reduced species formed in
steps (a) and (b) (Fig. 1) X-ray diffraction
patterns (Figs. 2a—e) of the following sam-
ples were obtained: After reduction of La
NiO; at 531 K (2b); after reduction at 513 K,
pumping the H, (for 1 h at the reduction
temperature), and sintering in He at 1073 K
(2¢); after reduction at 705 K (2d); after re-
duction at 690 K, pumping the H,, and sin-
tering at 1173 K (2e) (in cases a-d a fresh
sample was used to minimize possible prob-
lems of reoxidation derived from handling
in air). In Fig. 2a, the pattern of an as-pre-
pared LaNiO; sample is also given. As can
be seen, pattern 2b is similar to that of the
initial perovskite (Fig. 2a, cf. the more in-
tense peaks (012) and (110)) although peaks
in Fig. 2b are less intense and broader than
those of the starting sample. This indicates
that a reduction at 531 K does not destroy
the perovskite structure; this is preserved
although somewhat distorted by the ap-
pearance of anion vacancies. Sintering in
He (Fig. 2c) causes a profound reorganiza-
tion of the lattice with destruction of the
structure and formation of La,NiO, (13),
NiQ, and also metallic Ni in low concentra-
tions. Similarly, Sis and Wirtz (/4) and
Lombardo et al. (15) found metallic Co for
a bulk reduction of 1 e~ per molecule in
LaCo0O;. Reduction in step (a) where a
mean oxidation state of Ni?* is present can
be formulated according to the reaction

2 LaNiO; + H; —
La,NiO4 + NiO + H,0. (1)

(012)(110)

;,NiO(M!)

(200)
105,006)

1116) (204 107)
m
114

(213)
Nio(101)

o)

£

Fi1G. 2. X-Ray diffraction patterns (CuKe radiation)
of (a) as-prepared LaNiQ; ; (b) after reduction (300 mm
Hg H,) at 531 K; (c) after reduction at 513 K and
sintering (He) at 1073 K; (d) after reduction at 705 K;
(e) after reduction at 690 K and sintering at 1173 K.

Crespin et al. (12) proposed formation of
a monoclinic phase of La,Ni,Os for the re-
duction level of 1 e~ per molecule.

Reduction in step (b) yields La,O; and
metallic Ni (Fig. 2d). Peaks are better re-
solved in Fig. 2e indicating a higher crystal-
linity of these species after sinterization.
Thus, reduction occurs as

LazNiO4 + NiO + 2 H2 -
LaO; + 2Ni + 2 H,0. ()
The overall reduction process can be for-
mulated by the reaction
2 LaNiO; + 3 H, —
La,0O; + 2Ni + 3 H,0. (3)
To check for reversibility of reduction

steps (a) and (b) in Fig. 1, the samples
which yielded patterns, b, ¢, d, and e (Fig.
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2) were oxidized at 973 K in air for 1 h. The
diffraction patterns obtained after those
treatments are given in Fig. 3 (lettering cor-
responds to this in Fig. 2). Nonsintered
samples (Figs. 2b and d) after oxidation
yielded a similar pattern to that of the start-
ing LaNiO; (Figs. 3b and d). Crespin et al.
(12) observed, also, reversibility in the re-
duction of LaNiO; to 1 e~ per molecule.
Figure 3c contained lines of La,NiO, and
NiO, metallic Ni in Fig. 2¢ being oxidized
to Ni2*. After reduction at 690 K, sintering
in He and oxidation (Fig. 3e), LaNiO; as

LoNiO,
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well as simple oxides NiO and La,0; are
present. These results indicate that reduc-
tion in steps (a) and (b) (Fig. 1) are revers-
ible for the nonsintered samples. In the sin-
tered sample with a larger degree of
reduction (step (b), Fig. 1), the reduction is
partially reversible. In this process Ni (Fig.
2e) is oxidized to NiO and then the simple
oxides react at 973 K to produce LaNiO;
(Fig. 3e). The reversibility would be com-
plete by increasing the oxidation tempera-
ture. The sample reduced at 513 K and then
sintered, however (Fig. 2¢), does not yield
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Fic. 3. X-Ray diffraction patterns (CuKa radiation) of LaNiO, samples after reduction and oxida-
tion. Patterns (b, ¢, d, e) correspond to samples (b, ¢, d, e) in Fig. 2 after oxidation (700 mm Hg in air)

at 973 K.
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LaNiO; because of the high stability of the
structure of La,NiO,. These results are
similar to those found by Crespin and Hall
(8) for LaCoO; (reversible reduction of 1
and 3 e~ per molecule in the nonsintered
samples, and irreversible reduction of 3 e~
per molecule in the sintered sample).

By means of X-ray line broadening mea-
surements and using the Debye-Scherrer
equation (16), d = K M/B cos 0 (K, constant
which was taken as 0.9; A, wavelength of
the X-rays used; B3, broadening of the spec-
tral line chosen, calculated by the equation
B = VB? — b2, B being the measured line-
width and b the width measured under the
same conditions with a substance com-
posed of particles larger than 1000 A (1 A =
107! nm); 4, diffraction angle of the line
considered), particle sizes (d) of the non-
sintered and sintered samples of Ni and
La,O; were determined. For these calcula-
tions the most intense peaks ((111) for Ni
and (101) for La,0;) in Figs. 2d and e were
taken. The results obtained are given in Ta-
ble 1. By reduction of LaNiQ; at 705 K me-
tallic Ni of a particle size of 60 A supported
on a La,0; matrix is obtained; by sintering
in He at 1173 K, d increased by more than
an order of magnitude. La,0; with an initial
particle size larger than that of Ni (151 A)
underwent, also, an important sinteriza-
tion. These drastic increases of particle size
in the sintered samples hinder the oxidation

TABLE 1
Particle Sizes Determined by X-Ray Line
Broadening
Treatment Peak B B d
(degrees)  (radians) (A)
Reduced at
705 K La04(101) 0.57 0.0095 151
Reduced at
705 K and
sintered La,0,(101) 0.21 0.0021 684
Reduced at
705 K Ni(111) 1.45 0.0251 60
Reduced at
705 K and
sintered Ni(111) 0.21 0.0021 713

Note. (CuKa) = 1.540 A.

563 K

o
T

e- per molecule _,

0 20 40 60 80
t {min}

FiG. 4. Kinetics of reduction in 300 mm Hg H, at
lower temperatures.

of Ni and also the reaction between La,0;
and NiO. This accounts for the fully revers-
ible reduction of sample d in Fig. 2 (a single
perovskite phase is obtained by oxidation,
Fig. 3d) while the reduction in sample e
(Fig. 2) is only partially reversible as shown
in Fig. 3e.

Kinetics of Reduction

The kinetics of LaNiO; reduction in H,
was studied at temperatures (510-570 and
670-730 K) within the zones where the re-
duction processes (a) and (b) occur (Fig. 1).
The kinetic curves plotted in Figs. 4 and 5
point to reduction levels of 1 and 2.68 ¢~
per molecule, respectively. Kinetic runs in
step (b) (Fig. 5) started with a very fast (un-
measurable) reduction (step (a)) after which
a slow reduction took place. The fast pro-
cess was estimated to amount to 1 e~ per
molecule and this was considered as the
starting point of reduction. The increase in

3+
% 723K 715K 679 K
L 596K LLEL
o
E
s 2
o
]
L

1 | ! L L

20 40 60 80
t(min)

Fic. 5. Kinetics of reduction in 300 mm Hg H, at
higher temperatures.
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the initial reduction rate with temperature
shows that the reduction processes (a) and
(b) are activated.

While in the first step (a) the reduction
rate continuously decreased with ¢ (Fig. 4)
in the second step (b) sigmoidal curves
were found (Fig. 5). This suggests that the
reduction takes place through two different
mechanisms. Reduction in step (a) can be
interpreted by means of the contracting
sphere model assuming that this process
starts with a very fast nucleation which
results in a total coverage of the LaNiO;
grains by a thin layer of the reduced phase
(17). This causes a continuous decrease in
the rate of the interfacial reaction as the
grains of the starting oxide are consumed in
the reaction. Reduction in step (b) is con-
trolled by formation and slow growth of re-
duction nuclei (metallic Ni) on the surface
of the reduced phases in step (a) (La,NiO,
and NiO). Initially, the reduction rate in-
creases because of the gi‘()‘v'v'ul of nuclei al-
ready formed and the appearance of new
ones. The inflection point (Fig. 5) indicates
when the reduction nuclei start overlap-
ping. From this point on, the interface of
the oxidized and reduced phases and the
reduction rate both start decreasing. Sig-

moidal reduction curves were ghserved in
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unsupported NiO, V,0s, and Co;0, while
MnO, and supported NiO exhibited curves
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FIG. 6. Linear plots of Avrami—Erofeev’s equation
for kinetic data in the second reduction step (b).

10°/T(K™)

t of In reduction rate

Fic.7 ot of In £g req (70.rea » reduction rat

A AT, [ .
at time zero) versus 1/T. ry .4 was derived from reduc-
tion kinetic data at 513-563 K.

Avrrhanine nl
AITHCHIUS Pl

characteristic of the contracting sphere
model (17, 18).

The distinction between the two mecha-
nisms of reduction described is somewhat
arbitrary because the contracting sphere
model starts with a very fast nucleation and
the nucleation mechanism ends according
to a contracting sphere model (note that re-
duction in the last branch—after the infiec-
tion point—of curves in step (b) is similar

to reduction in sten (a))

Wit lhuvuvil s Sy (g

The kinetic data given in Fig. 5 (step (b))
were analyzed according to Avrami-Ero-
feev’s equation for isothermal transforma-
tions (19),

1 — a = exp(—kt"), “)
(a, reduction degree; n, k, temperature-de-
pendent constants). Linear plots, In

[—In(1 — )] vs In ¢ are given in Fig. 6; as
can be observed, the experimental results
fit Eq. (4). The constancy of n (reduction

order, calculated from the slope of the
straight lines) with T suggests that the
mechanism of nuclei growth in this reduc-
tion step is not affected by temperature.

The activation energy of reduction (£,.q)

in sten (2) wac calculated from In ». . ve 1/
1N SICPp (&) wWas CaiClialed irom i Foreq VS &/

T plots (rorea, initial reduction rate deter-
mined analytically by fitting the kinetic data
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Fi1G. 8. Arrhenius plots of In k (k, reduction rate
constant) or In 1/fys (155, time needed for a reduction
of 1.84 e~ per molecule, see text) versus V/T. k and 75
were derived from reduction Kinetic data at 673-723
K.

to a polynomic function and differentiation
to time zero) (Fig. 7). E.q, in step (b) was
calculated from In & vs 1/T plots (k, con-
stant of Avrami-Erofeev’s equation) (Fig.
8); because of the sigmoidal form of the
curves, it was also calculated from a plot of
Intysvs VT (19) (ty5, time needed to attain a
reduction of 1.84 ¢~ per molecule which is
the mean value between the initial, 1 e~ per
molecule, and the final, 2.68 e~ per mole-
cule, reduction degrees in Fig. 5). The
mean values of E.q (Table 2) were 108 and
221 kJ mol~! for 1 and 3 e~ per molecule,
respectively, the agreement between meth-
ods being 5% or better. These values are
lower than the activation energy for reduc-

TABLE 2

Activation Energies of Reduction

Temperature zone Ereq
(K) (kJ mol-")
513-563 1087
673-723 227° 216¢

% From initial reduction rates.
® From Avrami-Erofeev’s equation.
¢ From In to5 vs 1/T (see text).

q{10™ 0, molec/m?)

1 1 1

Il
0 100 200  timin)

F1G. 9. Integral kinetic data for oxygen adsorption.

tion of 1 ¢~ per molecule in LaMnO; (247 kJ
mol~') showing that this latter oxide is more
difficult to reduce than LaNiOs.

Kinetics of Oxygen Adsorption

Integral kinetic data obtained in the zone
of activated adsorption are given in Fig. 9.
They fit Elovich’s equation using z, values
as calculated by extrapolation of ¢ vs Z(t)
plots to Z(t) = 0 (Z(t) is the reciprocal of
the adsorption rate) (20). Coverages of oxy-
gen at ¢t = 100 min are given in Table 3 (a
cross-sectional area for O, molecule of
0.141 nm? was taken). They range from 0.3
to about 1 monolayer.

The activation energy of adsorption (F,4)
was calculated from In rga45 vs 1T (rga4s»
initial adsorption rate, calculated from inte-
gral kinetic data in a similar way as that
described for rg.eq) and from In 1/6 vs 1/T

TABLE 3
Coverages (6)* of Oxygen after 100 min Adsorption

T (K)
273 353 388 408 423 433 453
0 031 039 052 0.68 081 099 1.09

@ A cross-sectional area for the O, molecule of 0.141
nm? was taken.



TABLE 4

Trends for Oxygen adsorption, Reducibility, and Activity for Total Oxidation
on LaMeO; Oxides

0, adsorption® LaCoO,
Reducibility
CO oxidation

HC oxidation®

= LaMnQO; > LaNiO,
LaNiO; > LaCoO; > LaMnOs
LaCoO; > LaNiO;
LaCoO; > LaNiO;

> LaCrO; > LaFeO;
» LaCrO;
> LaMnQO; » LaFeO; > LaCrO,
= LaMnO; > LaCrO; > LaFeO;

4 At room temperature.
¢ HC: isobutene and propene.

plots (b, constant of Elovich’s equation).
The values of E,4 obtained were 38 and 24
kJ mol~!, respectively. As previously ob-
served in the system O,/LaCrO; (6), the ef-
fect of coverage on the activation energy in

the latter case is clear as b values were cal-
culated from g vs In (¢ + 1,) plots where 0 <

Suaailis 2aai S 2288 J oA fo i) g

t < 300 min.
Final Remarks

Within the series of oxides LaMeO3,

LlelllU3, Ld\./UU:;, dllU LlelU:; wllice lllC
best adsorbents (at room temperature) of
oxygen (21) and exhibited the highest cata-
lytic activities for CO, isobutene, and pro-
pene oxidation (9, 21). These reactions
were suggested to occur through a mecha-
nism of suprafacial catalysis (7, 22) where

the catalvet nrovidec orhitals of enitable en-
inC calaiyst provices oroa:s of sulianie en

ergy and symmetry for bond formation with
reactants and intermediate products. In this
mechanism, which occurs without the lat-
tice oxygen participating in the reaction,
the adsorbed oxygen must play an impor-
tant role.

LaNiQ,, as reported also for LaCo00s (8),
was reduced first to 1 ¢~ and then to 3 e~
per molecule, these reduction steps being
reached at somewhat higher temperatures
for the latter oxide. LaMnQO; was reduced
to 1 ¢~ per molecule at 1073 K (6). These
oxides were found to be better adsorbents
of oxygen (21) than the oxides more diffi-
cult to reduce (LaCrO; was reduced to only
1.3 x 1072 ¢~ per molecule at 1270 K (6);

T aBal). vadinecad divactly ta 2 -
Larvuy iCuautou Qifcluy w 5 €

cule at 1250 K (23), no intermediate reduc-
tion step to 1 ¢~ per molecule being ob-

o
[+

nar mala.
pPEer moic

served; therefore, it would be difficult to
compare the reduction behavior of this ox-
ide with those of other members of the La
MeO;s series). This is due probably to the
fact that the former oxides undergo a cer-
tain degree of reduction in the initial out-
gassing treatment at 773 K with formation

of anion vacancies. These vacancies de-
tected in some LaMeO; perovskites (by for-
mation of bidentate carbonates after ad-

' sorption of COz on pair sites, 0%~ ion—anion

nnnnnnnnn ohines PR
vacancy) (24 }, should be in lower corncen-

tration on the less reducible oxides.

The trends observed for oxygen adsorp-
tion, reducibility, and total oxidation of
CO, isobutene, and propene on the series of
LaMeO; oxides, referred to above, are
summarized in Table 4. Although there is

not an entirelv parnllpl

2100 Cialdiiay Q1 Qravi

among these magnitudes, it is clear that the
best catalysts for oxidation reactions (La
Co0,, LaNiQ;, LaMnO;) are the best ad-
sorbents (at room temperature) of oxygen
and also the oxides which are easier to re-
duce. On the contrary, LaCrO; was found
to be a poor oxidation catalyst, a poor oxy-
gen adsorbent, and also the member of the

LaMeQO; series most difficult to reduce.
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