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∗Instituto de Investigaciones en Fisicoquı́mica de Córdoba (INFIQC), Departamento de Fisicoquı́mica, Facultad de Ciencias Quı́micas,

Universidad Nacional de Córdoba, Ciudad Universitaria, 5000 Córdoba, Argentina; and †Instituto de Catálisis y Petroleoquı́mica,
CSIC, Cantoblanco, 28049 Madrid, Spain

Received October 16, 2000; revised June 11, 2001; accepted June 11, 2001

Mixed oxides of the type LaFexNi1−xO3 with a perovskite struc-
ture were prepared by thermal decomposition of citrate mix-
tures at temperatures ranging from 773 to 1373 K. Temperature-
programmed reduction profiles showed a low temperature step
(450–500 K) due to the reduction of Ni3+ to Ni2+ and a high temper-
ature step (650–1170 K) associated with the reduction of Ni2+ to Ni0

and Fe3+ to Fe0. From the microgravimetric reduction profiles it
was established that the samples exhibit oxidative nonstoichiometry
LaFexNi1−xO3+δ with δ= 0.00–0.08. All the catalysts were tested in
the heterogeneous decomposition of hydrogen peroxide (H2O2 →
H2O+ 1/2 O2) in alkaline medium. It was found that the active
sites for the reaction are the highly oxidized transition metals (NiIII

and FeIV). The concentration of these sites, as determined by iodo-
metric titration, varied with catalyst composition and also with the
calcination temperature of the precursors. The compensation effect
was observed in all the catalysts investigated for hydrogen perox-
ide decomposition. The appearance of this effect was interpreted
in terms of the catalytic reaction occurring on a heterogeneous cat-
alytic surface, that is, a surface with active sites bearing different
activation energies. c© 2001 Academic Press

Key Words: LaFexNi1−xO3 perovskites; compensation effect;
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INTRODUCTION

Perovskite-type oxides (general formula ABO3) have
been used in catalysis as model catalysts (1) as well as real
catalysts (2). One of the more successful practical applica-
tions is their use as combustion catalysts, applied in exhaust
gas cleaning and in diminishing the temperature in burners.
The reason for the catalytic versatility of perovskite oxides,
together with their stability at high temperature, lies mainly
in the high mobility of oxygen and the stabilization of un-
usual cation oxidation states in this structure. Both proper-
ties lead to oxygen nonstoichiometry in the structure. Regu-
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lation of these characteristics could be done by appropriate
partial substitution of cations in A and B positions. The
substitution in B position has the additional advantage that
the cation in these sites usually has an important role in the
catalytic mechanism. For instance, the intrinsic activity for
CH4 combustion (mole CH4 coverted per square meter and
minute) on La1−xSrxNiO3 oxides was strongly dependent
on the substitution degree (x) (3). Thus, the intrinsic activ-
ity at 773 K was twofold on the La0.9Sr0.1NiO3 with respect
to its unsubstituted (LaNiO3) counterpart. The partial sub-
stitution of Sr by La led to a modification of the oxide
stoichiometry, resulting in a mixture of NiII/NiIII oxidation
states and oxygen vacancies. Marchetti and Forni (4) re-
ported that the catalytic activity of the series La1−xAxMnO3

(A= Sr, Eu, and Ce) is due to two kinds of oxygens: an ad-
sorbed oxygen species, that reacts at low temperature, and
a lattice oxygen species, that becomes available at high tem-
perature booting the catalytic activity.

These perovskite-type oxides also show electrocatalytic
activity for oxygen reduction. This reaction is very impor-
tant in fuel cells and air batteries (5–7). On carbon, oxygen
is reduced mainly through the two-electron reaction mech-
anism, to form hydrogen peroxide (8). Consequently, the
catalyst incorporated into the carbon-based electrode must
be effective at decreasing the hydrogen peroxide concen-
tration in order to reach sufficiently high operation poten-
tials. So far, we have investigated the hydrogen peroxide
decomposition on LaFexNi1−xO3 (9). It was found that the
active sites are the highly oxidized transition metals (Ni3+,
Fe4+) present in the solid. The LaFe0.25Ni0.75O3 showed the
optimum catalytic activity and the presence of the highly
oxidized Fe4+ in the structure was shown using Mossbauer
spectroscopy (10). The proposed mechanisms for hydro-
gen peroxide decomposition (11–15) are based on cyclic
electron-transfer processes, in which an electron is trans-
ferred from a reduced site on the surface of the catalyst to
the peroxide ion yielding an OH· radical, and another elec-
tron is transferred from the peroxide ion to an oxidized site
on the surface of the catalyst to produce an HO·2 radical.
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We have previously shown (16) by Rietveld analysis of
the X-ray diffraction patterns of the whole LaFexNi1−xO3

series that the samples are monophasic for all compositions,
except for x= 0.5. Those with x< 0.5 have the rhombo-
hedral LaNiO3 structure, space group R3c. Samples with
0.5< x≤ 1 have the orthorhombic LaFeO3 structure, space
group Pnma. Only for LaFe0.50Ni0.50O3 both phases, or-
thorhombic and rhombohedral, were identified simultane-
ously. Cell parameters increase with Fe content and nor-
malized cell volume increases linearly with x due to the
larger radius of Fe3+ (high spin) compared with Ni3+ (low
spin).

A large variety of Ni perovskite systems (R,A)NiO3−δ ,
prepared at 1273 K under 200 bar of O2 pressure, with
oxidation states for Ni between 2+ and 4+ were stud-
ied to look for correlations between the catalytic activity
and the Ni oxidation state or the electrical behavior (17).
Those studies confirmed that the active sites for hydrogen
peroxide decomposition on Ni-containing perovskite are
the highly oxidized transition-metal cations, as shown from
the evolution in activity for the La1−xAxNiO3 series: de-
composition rate progresssively increases as the content in
highly oxidized Ni (in oxidation states 3+ and 4+) becomes
higher.

On the basis of these previous reports, in the present work
the rate constants for HO−2 decomposition were studied and
related to the compensation effect which is a particular in-
terrelationship between ko (reaction frequency factor) and
Ea (activation energy): ln ko = A+ B× Ea (A and B con-
stants).

EXPERIMENTAL

Catalyst Preparation

The catalysts were prepared by the citrate decomposi-
tion method (9, 18), which consists in adding a concen-
trated solution of nitrates of the required cations to a
concentrated citric acid solution. The solution was evap-
orated in a rotary evaporator at 363 K. The residual water
was removed in a vacuum oven. The precursor thus ob-
tained was a mixture of nitrates of the metallic cations
and citric acid, which afterward was thermally treated at
the synthesis temperature (Tsint) between 773 and 1373 K
for 12 h in air and then slowly cooled to room temp-
erature.

Four groups of catalysts were studied. Group A, LaNiO3

prepared at different temperatures (Tsint= 873, 923, 973,
1073, 1173, 1273, 1373 K); Group B, LaFe0.25Ni0.75O3 also
prepared at different temperatures (Tsint= 873, 923,
973, 1073, 1173, 1273, 1373 K) and samples of different
compositions (LaFexNi1−xO3 with x= 0; 0.1; 0.15; 0.25;

0.40; 0.50; 0.75; 0.90; 1.0) prepared at (Group C) Tsint =
1073 K and (Group D) Tsint = 1173 K.
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Catalytic Activity for H2O2 Decomposition

The measurement of the rate for the hydrogen peroxide
decomposition reaction was carried out by measuring the
volume of evolved O2 as a function of time. The experimen-
tal setup was similar to that described previously (19, 20).
The concentration of HO−2 (CHO−2

) at time t is calculated as

CHO−2
= Co −

[
2pO2 VO2/RT Vsol

]
, [1]

where Co is the initial concentration of HO−2 ,VO2 is the
volume of evolved O2 at time t , Vsol is the volume of so-
lution, and PO2 is the O2 partial pressure (atmospheric
pressure corrected for the water vapor pressure). A small
amount of catalyst (5–20 mg) was dispersed in 45 ml of O−2 -
saturated KOH (Merck p.a.) solution at room temperature.
A 5-ml aliquot of 0.70 M hydrogen peroxide standard so-
lution presaturated with O2 was injected into the reaction
vessel containing the stirred suspension of the catalysts. The
oxygen evolution rate was monitored as a function of time
at a given temperature. The measurements were performed
between 275 and 353 K.

For the hydrogen peroxide decomposition reaction:

HO−2(aq)→ 1/2O2(g) +OH−(aq). [2]

The rate constant which is calculated directly from exper-
imental data is the pseudo-homogeneous first-order rate
constant khom(s−1), defined as

khom = d
(
ln CHO−2

)
/dt [3]

The heterogeneous rate constant khet is then calculated from
khom as follows

khet = [Vsol · khom]/[wcat · (A/w)cat], [4]

where wcat is the weight of catalyst used and (A/w)cat the
specific area for the catalyst.

Catalysts Characterization

The structural characterization was made by powder
X-ray diffraction with a Seifert 3000 P vertical diffractome-
ter using nickel-filtered CuKα(λ= 0.15406 nm) radiation.
The step scans were taken at 2θ angles from 20 to 75◦ in
2θ . The nitrogen-adsorption isotherms were determined at
77 K in a Micromeritics ASAP 2000. Specific areas were
calculated by applying the BET method to these isotherms,
taking a value 0.164 nm2 for the cross section of the N2-
adsorbed molecule. The BET areas of the catalysts used in
the present study are summarized in Table 1.

The morphology of the particles was studied by scan-
ning electron microscopy (SEM) using a JEOL Model 35C
scanning microscope. The electron gun was operated at en-
ergy of 25 keV. A Micromeritics TPD/TPR 2900 appara-

tus was used for the temperature-programmed reduction
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TABLE 1

BET Surface Area of Catalysts

Catalyst Calcination temperature (K) SBET (m2/g)

Group A
873 7.3
923 5.2

LaNiO3 973 4.9
1173 2.4
1273 1.9
1373 1.0

Group B
873 10.0
923 6.5
973 4.9

LaFe0.25Ni0.75O3 1073 4.8
1173 3.8
1273 2.2
1373 2.0

Group C
LaNiO3 1073 2.4
LaFe0.10Ni0.90O3 1073 3.6
LaFe0.15Ni0.85O3 1073 2.2
LaFe0.25Ni0.75O3 1073 3.8
LaFe0.40Ni0.60O3 1073 1.7
LaFe0.50Ni0.50O3 1073 1.4
LaFe0.60Ni0.40O3 1073 2.0
LaFe0.75Ni0.25O3 1073 4.9
LaFe0.90Ni0.10O3 1073 3.7
LaFeO3 1073 3.3

(TPR) analysis. Reduction profiles were obtained by pass-
ing a 5% H2/Ar flow at a rate of 50 mL (STP) min−1 through
the sample (weight around 30 mg). The temperature was
increased from 300 to 1050 K at a rate of 10 K min−1, and
the amount of hydrogen consumed was determined on a
thermal conductivity detector (TCD) as a function of tem-
perature. The TCD signal was calibrated using CuO (Spex)
as a standard. Some surface carbonate structures were re-
vealed by photoelectron spectroscopy (binding energy of
C 1s at 289.3 eV), but the proportion was too low (e.g., 6.1
CO2−

3 entities per 100 La atoms for the LaNiO3 calcined at
1173 K). These carbonate structures appear to be developed
only at the surface because no X-ray difftaction lines of La-
carbonate could be revealed. The weight loss of the sam-
ples in a reducing atmosphere was evaluated in a Stanton
STA 781 flow microbalance. The weight change of the sam-
ples (ca. 20 mg) was recorded upon heating at a rate of
5 K min−1 up to 900 K in a stream of 50 mL (STP) min−1 of
H2 gas.

The percentage of NiIII+FeIV referred to the total transi-
tion metals present in each sample (% NiIII+FeIV) was de-
termined by iodometry (Table 2) (21). This method involves
dissolving the samples in HCl in the presence of potassium
iodide in excess. During this process, the Ni3+ cation, which

is the strong oxidizing agent in solution, becomes imme-
diately reduced to Ni2+ oxidizing I− to I2. The amount of
IO, AND FIERRO

TABLE 2

Specific Area, Nonstoichiometry (NiIII + FeIV), and Crystalline
Phases of LaFexNi1−xO3 Catalysts Calcined at 1173 K (Group D)

Catalyst SBET (m2/g) % (NiIII + FeIV) Crystalline phase

LaNiO3 4.3 20 Per(rho)
LaFe0.10Ni0.90O3 1.7 41 Per(rho)
LaFe0.15Ni0.85O3 1.8 30 Per(rho)
LaFe0.25Ni0.75O3 2.3 58 Per(rho)
LaFe0.40Ni0.60O3 2.4 38 Per(rho)
LaFe0.50Ni0.50O3 1.7 33 Per(rho + ort)
LaFe0.75Ni0.25O3 2.8 22 Per(ort)
LaFeO3 3.2 5 Per(ort)

I2 released, which is directly correlated to the amount of
Ni3+, is subsequently quantitatively determined by redox
titration using tiosulfate as titrant agent.

RESULTS AND DISCUSSION

Temperature-Programmed Reduction

TPR profiles of the LaFexNi1−xNiO3 catalyst series
are displayed in Fig. 1. TPR profiles exhibit two H2-
consumption peaks (500–540 and 650–1170 K), whose in-
tensity and temperature depend on x. In agreement with
the microgravimetric experiments of reduction (see the
next section), and also with the isothermal kinetic curves of

FIG. 1. TPR profiles of LaFexNi1−xO3 catalysts calcined in air at

1173 K. (Group D). Experimental conditions were 5% H2/Ar at a rate
of 50 mL (STP) min−1, catalyst weight 30 mg.
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reduction reported previously (22), the peak at lower tem-
peratures (500–540 K) is due to reduction of Ni3+ into Ni2+,
and the peak at higher temperatures is associated with the
reduction of Ni2+ into metallic Ni0, but overlaps with the
reduction of Fe3+. The broad profile observed for x ≥ 0.4
and the progressive shift toward higher temperatures with
increasing x indicate that the overall reduction of Fe3+ ions
(Fe3+ → Fe0) is a complex and activated process which is
catalyzed by the formation of metallic Ni0 particles, proba-
bly via a hydrogen spillover process.

X-Ray Diffraction

X-Ray diffractograms of the series indicate that the sam-
ples contain the single perovskite phase (Fig. 2). Those with
x< 0.5 have the rhombohedral distortion (S.G. R3c) ev-
idenced by the splitting of the main peak at 2θ ca. 33◦

(15) and samples with 0.5< x< 1 have the orthorhombic
LaFeO3, Pnma structure, evidenced by the small peak at
FIG. 2. X-Ray diffraction patterns of LaFexNi1−xO3 perovskite ox-
ides calcined in air at 1073 K (Group C). x values indicated in the figure.
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FIG. 3. Weight losses of LaFexNi1−xO3 catalysts (Group C ) as a func-
tion of temperature when heated in a H2 flow. ., x = s; 4, x = 0.10;
d, x = 0.15; s, x = 0.25; r, x = 0.40; – –, x = 0.50; h, x = 0.75;
j, x = 1.

2θ ca. 24◦ (15). As previously reported (16) only x = 0.5
contains both the rombohedral and orthorhombic phases.

Oxygen Nonstoichiometry

LaFexNi1−xO3 catalysts were treated in a 5% H2/N2 flow
at temperatures of 900 K while recording the overall weight
change. This simple procedure allows not only monitoring
of the reduction profiles of the samples but also the quan-
tifying of the extent of the reduction. Figure 3 exhibits the
reduction profiles of all the catalysts. From these profiles it
is evident that the reducibility of LaFexNi1−xO3+δ oxides
depends strongly on x. LaFeO3+δ exhibited oxidative non-
stoichiometry, with the principal reduction step associated
to the reduction of Fe3+ to Fe0 taking place at temperatures
about 1000 K (23). There was also a small reduction in the
500–700 K range due to the nonstoichiometry of the oxide
(oxygen excess and Fe4+). The oxygen excess (δ = 0.08)
was lower than that previously reported for the same per-
ovskite prepared at a lower temperature (23, 24), since δ de-
creased with the calcination temperature. Substitution with
Ni led to a decrease in the reduction temperature, which
changed from 1000 K for x = 1 to 650 K for x = 0 (Ni2+ →
Ni0). For the partially substituted (0.15≤ x≤ 0.75) samples,
this latter peak overlaps with the reduction of Fe3+ into
metallic Fe0. Additionally, a first reduction step appeared
in the range 450–500 K, for which the weight change fits well
with the theoretical value expected for the quantitative re-
duction of Ni3+ into Ni2+. Working under isothermal con-
ditions, sigmoidal kinetic curves were observed, indicating
that the process of reduction can be reasonably described
by the shell-type contracting mode. The activation energy
for the reduction step in the range 450–500 K was 103 kJ/mol
and somewhat higher (111 kJ/mol) for the second peak of
reduction placed at higher temperatures.
From these data, the oxygen nonstoichiometry (δ) of
the LaFexNi1−xO3+δ oxides was determined. Because the
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FIG. 4. Microphotographs obtained by SEM for LaNiO3 at Tsint.:
(a) 873 K (bar= 1 µm); (b) 1073 K (bar= 1 µm); and (c) 1373 K
(bar= 1 µm).

weight loss (1W) is due to removal of oxygen as water,
the oxygen content of the original material can easily

be calculated. Thus, the amount of oxygen for a generic
LaFexNi1−xO3+δ sample is given by the sum 1.5 + 1.5x +
IO, AND FIERRO

1.5(1 − x) + (1W)= 3 + δ, where δ is the oxygen nonstoi-
chiometry number. The δ values indicate an oxidative non-
stoichiometry (0.00–0.08), although the tendency does not
correlate with x.

SEM Characterization

Figures 4 and 5 show SEM micrographs for LaNiO3 and
LaFe0.25Ni0.75O3, respectively, calcined at different temper-
atures. There is a large change in morphology as the tem-
perature increases. At low calcination temperatures (823–
873 K) the catalyst exhibits an “egg shell”-like morphol-
ogy (see, e.g., Fig. 5a). This characteristic morphology is a
consequence of the method of synthesis. There is a step
in which a concentrated solution of the metal cation ni-
trates and citric acid, with a consistency of a viscous syrup,
is dried under vaccum (9, 18). During this step microscopic
bubbles are formed (see, e.g., Fig. 4a). This morphology is
preserved even during grinding of this amorphous precur-
sor. At intermediate calcination temperatures the walls of
these bubbles start to crystallize. The poorly defined crys-
tals can be clearly identified in Fig. 4b. At higher calcina-
tion temperatures well-defined crystals are formed (Figs. 4c,
5b, and 5c), while at large scale the shape of the bub-
bles (Figs. 4c and 5b) can be distinguished at these high
temperatures.

H2O2 Decomposition

In heterogeneous reactions that occur with electron
transfer on perovskite-type oxides, the active sites are
generally the transition metal ions with partially oc-
cupied d orbitals (24). The perovskite-type oxides
LaFexNi1−xO3 can be considered as catalysts with tran-
sition metals in mixed oxidation states with the formula
La[FeIIIFeIV]x[NiIIINiII]1−xO3−δ where y stands for oxygen
vacancies (9). So, from what was stated above, some of these
transition ions are expected to be the active sites for hydro-
gen peroxide decomposition.

Plots of log cHO−2
vs time are shown in Fig. 6 for two

different catalysts. The good linearity indicates first order
in HO−2 concentration. This is in agreement whith results
reported in the literature for spinel-type oxides (13, 14) and
perovskite oxides (9, 20).

In order to study the probable correlation between the
reaction rate and the distribution of active sites, the de-
pendence of the specific rate constant (khet) with the sum
percentage [FeIV + NiIII] was studied for catalysts of dif-
ferent compositions (Group C). The results shown in Fig. 7
exhibit an almost linear increase of the rate constant with
the [FeIV +NiIII]. This relationship would indicate that the
active sites for hydrogen peroxide decomposition are these
highly oxidized transition metal sites. If it is assumed that
the highly oxidized sites behave as acceptor centers for elec-

trons, and that their concentration is the main factor that
determines the reaction rate, then the rate determining step
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FIG. 5. Microphotographs obtained by SEM for LaFe0.25Ni0.75O3 at
Tsint.: (a) 823 K (bar= 10 µm); (b) 1173 K (bar= 1 µm); and (c) 1373 K
(bar= 1 µm).

for the hydrogen peroxide decomposition would involve
these acceptor centers.

Compensation Effect in Heterogeneous
H2O2 Decomposition
The compensation effect has frequently been observed in
heterogeneous catalysis (25, 26). This effect shows a linear
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FIG. 6. Log cHO−
2

vs time, mcat = 0.005 g, c0 = 0.074 M: d, LaFe0.5

Ni0.5O3; and j, LaFe0.25Ni0.75O3 (Group D).

relationship between log A (where A is the preexponential
factor and the activation energy (Ea),

log A = mEa + c, [5]

when a reaction is studied with different catalysts or when a
number of reactions are studied on a catalyst (27, 28). If the
compensation relationship is present, then, there must be a
characteristic temperature, named isokinetic temperature
(Ti), which is expressed as

Ti = 1
2.303Rm

. [6]

At this temperature the reaction proceeds at a rate (kiso)
which is the same on all the catalysts (if a reaction on dif-
ferent catalysts is being studied) or for all the reactions
(if different reactions are being studied on a catalyst). The
value of kiso is obtained from Eq. [5] (c = log kiso). The
fastest reaction has the highest activation energy above
the isokinetic temperature and the lowest activation en-
ergy below the isokinetic temperature (29). If the isokinetic
FIG. 7. khet for H2O2 decomposition vs % [Ni + Fe ] for
LaFexNi1−xO3 (Group C). x values indicated in the figure.



270 FALCÓN, CARBON

temperature occurs in the middle of the measured temper-
ature range, the compensation effect can be just a wrong
correlation caused by data scattering (30). In order to dis-
card this wrong compensation, linear relationships given by
Eq. [5] must be found along with only one intersection in the
Arrhenius plots. The lack of a single intersection is indica-
tive of the probable absence of this effect (30, 31). A gener-
ally accepted explanation of frequently observed compen-
sation effects in heterogeneous catalysis, first reported by
Constable (32), is still missing. Compensation behavior is
found not only in heterogeneous catalysis but also in ho-
mogeneous reactions (33). This general occurrence should
favor the assumption that the compensation effect is best
understood as only one single effect with a general mecha-
nistic background, which applies to the whole of chemistry
and not only to heterogeneous catalysis (34–39). Among the
specific explanations for this effect, the more frequently dis-
cussed are: (i) an energetically active surface (40), (ii) linear
relations between adsorption enthalpy and adsorption en-
tropy, and (iii) variable surface concentrations of active sites
(41). Therefore, it is evident that this is a group of catalysts
for which it is possible to obtain a varying amount of ac-
tive sites by varying the synthesis conditions. On this basis,
the compensation effect will be analyzed over the different
groups of catalysts.

The log A vs Ea plots obtained for the groups A and B are
shown in Figs. 8a and 8b. Linearity of the plots shows that
the compensation effect is present in these groups of cata-
lysts. In Fig. 8a (Group A) two well-defined linear regions
are observed. This behavior can be explained if it is assumed
that two subgroups of catalysts are formed. One would form
between 873 and 1073 K and the other between 1173 and
1373 K. This explanation is consistent with the well-known
decomposition of LaNiO3 in La2NiO4 and NiO, above
1133 K (16, 42), which would yield a mixture of La2NiO4 and
NiO phases, or a mixture of the three phases La2NiO4, NiO,
and LaNiO3 if the decomposition reaction is incomplete. In
the case of LaFe0.25Ni0.75O3 (Fig. 8b), only one linear region
is obtained, indicating that the stability limit would expand
up to 1373 K. This fact was also observed by X-ray diffrac-
tion (16). This last result could be explained in terms of the
fact that the introduction of a small amount of FeIII replac-
ing NiIII in the structure of LaNiO3 allows the compound to
be synthesized at higher temperatures without decomposi-
tion. This is reasonable bearing in mind that NiIII, which
has a high tendency to reduce to NiII (42), is replaced by
FeIII which is highly stable in the perovskite structure. It is
reasonable to assume that the change in the temperature of
synthesis in these two groups of catalysts may modify the
number of sites (to which the preexponential factor is pro-
portional) as well as their activation energies, thus leading
to the appearance of a compensation effect.

From the above analysis, and if there is a compensa-

tion relationship, there must be an intersecting point com-
IO, AND FIERRO

FIG. 8. Compensation relation for H2O2 decomposition for the dif-
ferent groups of catalysts. Temperature of synthesis is indicated in the
figure. (a) Group A: d, subgroup 873–1073 K; j, subgroup 1173–1373 K;
(b) Group B.

mon to all the straight lines in a log k vs 1/T plot. Oth-
erwise, as noted before, the linear relationship between
log A and Ea should be a wrong correlation due to data
scattering. Such intersections are shown in Figs. 9a and 9b
for two groups of catalysts. From the slope and the ordi-
nate of the log A vs Ea plots the isokinetic parameters Tiso

and log kiso can be obtained. They are shown in Table 3
along with the correlation coefficients of the linear rela-
tionships.

TABLE 3

Isokinetic Parameters (Ti and log kiso) for the Dif-
ferent Catalyst Groups Derived from the Straight
Lines in Figs. 8a and 8b

Catalyst group Ti (K) log kiso rcorr

A between 873 and 1073 K 321.5 −1.4440 0.996
A between 1173 and 1373 K 190.0 −4.0783 0.991

B between 873 and 1173 K 253.2 −2.958 0.991
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FIG. 9. Arrhenius plots for H2O2 decomposition for the different
groups of catalysts. (a) Group A: Tsint. between 1173 and 1373 K; d,
Tsint. = 1173 K; j, Tsint. = 1273 K; m, Tsint. = 1373 K. (b) Group B:
LaFe0.25Ni0.75O3 at d, Tsint. = 873 K; m, Tsint. = 973 K; r, Tsint. = 1173 K.

In this particular case we assciate the compensation ef-
fect to a variable concentration of active sites, namely FeIII
and FeIV, with different activation energies. This concentra-
tion can be changed through composition and calcination
temperature.

CONCLUSIONS

(i) Catalytic activity for H2O2 decomposition on LaFex

Ni1−xO3 perovskites was found to be dependent on the
number of highly oxidized transition metal sites. The lin-
ear dependence of the rate constant with % [NiIII + FeIV]
suggests that the active sites for H2O2 decomposition are
these highly oxidized transition metal sites.

(ii) A compensation effect was found for H2O2 decom-
position on these catalysts. The absence of a false compen-
sation effect was verified through a common intercept in
all the log k vs 1/T plots. The appearance of this effect
was interpreted as due to the existence of a heterogeneous

reaction surface with a distribution of active sites with dif-
ferent activation energies (NiIII and FeIV). The amount of
IN LaFexNi1−xO3+δ 271

these active sites can be varied by changing catalyst com-
position and its calcination temperature. For LaNiO3 cata-
lyst prepared at different temperatures, two linear regions
were found in the compensation relation. These two regions
were assigned to two different sets of catalysts, one between
1173 and 1373 K and the other between 873 K and 1073 K.
This explanation is consistent with the decomposition of
LaNiO3 in La2NiO4 and NiO above 1133 K. On the other
hand, LaFe0.25Ni0.75O3 showed only one linear region. This
is in agreement with the fact that this compound is stable
up to 1273 K, showing only a slight decomposition at 1373
K. The introduction of 25% of iron into the NiIII sites thus
increases the thermal stability of this perovskite oxide.
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