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A series of perovskite oxide catalysts with the composition
LaCr;_xNixO3 (0 <x <1) has been synthesized by a modification
of the Pechini method. The oxides have been characterized by pow-
der X-ray diffraction, elemental analysis and surface area measure-
ments. The LaCr;_xNixO3 phases have the orthorhombic GdFeO3
(x < ~0.6) and the rhombohedral LaAlO3 structure (x> 0.6), in
agreement with previous results. The surface and bulk composi-
tions were shown to be equivalent by XPS measurements. System-
atic changes in the binding energies of the Cr 2p and Ni 3p features
are indicative of a progressive evolution of the electronic properties
with nickel atom content (x). The LaCr;_xNixO3 oxides with x < 0.5
were shown by thermogravimetric analysis to be stable at 900°C in
H,/H,0 with respect to reduction to nickel metal.
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INTRODUCTION

Mixed metal oxides with the perovskite structure and
composition ABO3 (A = lanthanide or alkaline earth metal
and B =transition metal) find wide use as catalysts, elec-
trocatalysts and electronic ceramics (1-3). The perovskite
lattice can accommodate multiple cation substitutions with
only small changes in the average structure and it is there-
fore an ideal model system for the study of composition—
activity relations. Cation ordering and surface segregation
effects can also be investigated systematically with changes
in either A or B site cations. Electronic and ionic conduc-
tivity, sintering behavior, and catalytic performance are all
modified by such substitutions. Specific compaositions with
optimized properties have been developed for application
aselementsin solid oxide fuel cells (SOFC) and as potential
catalysts for environmental applications (4-7).

Our interest in perovskite oxides centers around their
possible use as anode materials in solid oxide fuel cells (8-
10). We are particularly interested in new electrode ma-
terials with mixed electron—ion conductivity that will per-
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mit direct utilization of methane at temperatures lower
than currently used in SOFC technology (1000°C). Mixed
electron-ion conductivity is required in order to extend
the reaction zone away from the three phase contact line
(gas/electrode/electrolyte) over the entire electrode sur-
face. In addition to high electronic and ionic conductiv-
ity, a material suitable for use as fuel side electrode must
satisfy several other criteria. The surface must effectively
catalyze the half-cell reaction to reduce polarization ef-
fects arising from surface Kkinetics and the material must
be thermodynamically stable under normal and upset con-
ditions (pO,~ 107 atm). Interphase contact and adhe-
sion, compatibility with the oxide electrolyte with respect
to reaction, and thermal expansion and ease of fabrication,
are also significant concerns. Developing an oxide material
that will satisfy these criteria simultaneously is a significant
challenge. Design of new perovskite oxides, taking advan-
tage of the compositional flexibility, offers the best current
prospect for improved materials and is an active research
area.

Only LaCrOj3; of the perovskite series LaMO3 (M =Cr,
Mn, Fe, Co, Ni) has the stability required for use as a
fuel side electrode (9). LaCrOs-based oxides are conse-
guently the focus of the present work. The pure oxide has
low catalytic activity though some data have been reported
for methane combustion and coupling chemistry (6, 7, 11).
Other members of the series LaMO3; (M = Cr, Mn, Fe, Co,
Ni, Ru) and doped La,Sr;_xMO3 are active catalysts for
methane combustion with TOF > 10/s at 600°C (6, 7). The
relative activities of these catalysts have a positive corre-
lation with their ease of reduction and are more active
than LaCrOs. In principle, the oxidation activity of LaCrOs
can be improved by substitution of either the A or B site
cations. Previous catalytic studies have concentrated on the
effects of A site substitution, for example, in Lag gCap 2CrO;
(12). This compound has also been considered as a po-
tential anode material (13). Substitution of LaCrO3; on
the B sites with more reducible transition metals, for ex-
ample Co*" and Ni®* is also expected to increase cata-
Iytic activity. Some data suggest that these transition metal
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cations are stabilized with respect to reduction and phase
separation in LaCr;_yMxO3 compositions (14-16). Addi-
tional information on the structural chemistry and proper-
tiesof LaCri_xMyO3; M = Co, Ni has been reported recently
(16-21).

In this paper, we report a study of the effects of Ni substi-
tution for Cr on the bulk structure, stability with respect to
reduction under low pO; conditions, and surface composi-
tion of LaCr;_xNixOszwith 0 <x < 1. In part Il, the details of
the methane combustion kinetics are described as a func-
tion of catalyst composition. A neutron diffraction study
of the structures of specific oxidized and reduced phases
and other properties of these materials relevant to SOFC
applications will be described in succeeding papers in this
series.

EXPERIMENTAL METHODS

Sample Preparation

The LaCr;_xNixO3 (x=0, 0.1, 0.2, 0.25, 0.3, 0.4, 0.5, 0.6,
0.7, 0.75, 1.0) samples were synthesized using a modifi-
cation of the Pechini method (series A) (22). Duplicate
syntheses (x=0, 0.25, 0.5, 0.75, 1.0) generated materials
for the detailed kinetics studies (series B). The starting
materials used were ethylene glycol (99+%b), citric acid
(99.5+%), chromium (I11) nitrate nonahydrate (99.99+9%b),
lanthanum oxide (99.999%), and nickel (1) nitrate hex-
ahydrate from Aldrich. Lanthanum oxide was heated at
800°C before use to remove adsorbed water and carbon
dioxide. The chromium and nickel contents of the hydrated
chromium and nickel nitrates were determined by gravi-
metric analysis as barium chromate and by thermal decom-
position to nickel oxide, respectively. Solutions were pre-
pared with the appropriate stoichiometries by dissolving
the nitrates and lanthanum oxide in enough dilute nitric
acid to yield [La] =0.01 M. These nitrate solutions were
combined with an ethylene glycol/citric acid gel which was
prepared separately. Citric acid (4 g) was dissolved in 2 mL
hot water to which was added 0.9 mL ethylene glycol and
a drop of concentrated nitric acid. This mixture was cov-
ered and stirred on a hot plate until it formed a viscous
gel. The nitrate solution was then added to the gel and the
mixture heated at 60°C until homogeneous. The solution
(about 100 mL in total volume) was then transferred to a
1-L beaker and placed in a drying oven at 120°C for 1 h.
The temperature was then slowly raised to 250°C over a pe-
riod of 1-2 h. The removal of water and subsequent heating
causes the solution to foam and eventually fill the beaker
with a dry foamed resin. This resin was ground and calcined
at 760°C for ~4 h (series A) or 2 h (series B) to produce
the final materials.

Deviations from perfect stoichiometry in the binary and
ternary materials necessarily result in small quantities of
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other phases, which if active and highly dispersed, can skew
the catalytic results (6). Reference samples (series C) were
also prepared and characterized by XPS in order to ex-
amine this issue. Samples of the single component oxides
(NiO and La,O3 (both 99.99% pure) and Cr,03 (99.995%))
were obtained from Aldrich. LayNiO,4x was prepared
by a standard ceramic technique. Stoichiometric amounts
of La,O3 (predried at 800°C, Aldrich 99.9%) and NiO
(Aldrich 99.99%) were ground and heated at 1250°C. The
sample was then pelletized and heated to 1380°C for 12 h.
Nickel oxide was purposely added to LaCrg25Nig7503 by
solution addition (incipient wetness) with sufficient nickel
nitrate to produce 5 wt% nickel oxide. Another mixed-
phase material was produced by destructive reduction of
LaCrg25Nip 7503 in wet (saturated by water vapor at 25°C)
hydrogen at 450°C. A modification of the synthetic method
was also used to minimize the production of other phases.
Excess lanthanum (usually 50%6) was included in the orig-
inal solution, which assures complete incorporation of the
“B” cations into mixed metal oxides during gelation and
calcination (23). All compounds formed from the excess
lanthanum oxide can be leached selectively from the re-
sulting material in citric acid. The formation of La;NiO,
prevents the use of this method to synthesize LaNiO3 but
for other ternary oxides satisfactory results can be obtained.
A sample with nominal LaCrysNigsO3 stoichiometry was
produced in this way for the kinetic studies.

Sample Characterization

The sample compositions were determined by Induc-
tively Coupled Plasma Emission Spectroscopy (ICPES) us-
ing a Perkin-Elmer ICP/5500 instrument. Standard solu-
tions of the individual metals (each at 10, 50, and 100 ppm
concentrations) were prepared by dissolving La,Os (pre-
heated at 800°C), NiO and K,Cr,Oy in dilute nitric acid.
The LaCr;_xNixO3 samples were dissolved in dilute ni-
tric acid and diluted to give concentrations in the 10—
100 ppm range. Single standards were used for calibration
and there were no interferences. The analysis of each sam-
ple was performed in triplicate. The phase purity of the
solids was characterized by X-ray powder diffraction using
a Scintag XDS2000 automated diffractometer. (CuKe radi-
ation, A =1.54178 A flat plate sample, 6—0 geometry). Step
scan data were collected in 0.02° steps with a count time
of 6 s per step over the angular range 15° < 26 < 120°. All
samples were single phase with either an orthorhombic or
rhombohedrally distorted perovskite structure. The diffrac-
tion patterns were fitted by Rietveld refinement using the
program GSAS (24) locally modified to run on a microVAX
3100 computer. Precise values for the lattice constants were
thus obtained, but since the data are relatively insensitive to
the oxygen atom positions, no attempt was made to extract
detailed structural information.
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TABLE 1

Surface and Bulk Compositions of LaCr;_xNixO3 Perovskite Oxides

Bulk Bulk Surface Surface Surface area
Series Composition (Cr+Ni)La  Ni/(Ni+Cr) (Cr+Ni)/La  Ni/(Ni+Cr) (m?g™)
A LaCrOs 0.99 0 0.97 0 3.3
A LaCrygNip103 1.05 0.095 — — 4.4
A LaCro_gNiolzo3 1.03 0.194 —_— —_— 35
A LaCrg 75Nig 2503 1.02 0.245 1.14 0.28 25
A LaCrg7Nip303 1.04 0.29 — — 3.4
A LaCrygNip4O3 1.01 0.40 — — 3.1
A LaCrgsNipsO3 1.01 0.49 1.07 0.44 35
A LaCrg4NipeO3 0.98 0.59 1.13 0.60 5.2
A LaCro_gNio_703 —_— 0.68 —_— _— 4.4
A LaCrg25Nig 7503 1.00 0.74 1.20 0.70 2.9
A LaNiO3 1.00 1 1.05 1.0 3.3
B LaCrOs — — 0.95 0 49
B LaCr0_75Ni0_2503 — — 0.80 0.19 6.6
B LaCrysNips03 — — 0.67 0.47 8.6
B LaCr0_25Ni0_7503 —_— —_— 0.71 0.71 7.9
B LaNiO3 — — 0.83 1.0 8.1
C LaCr0_5Nio_5O3 — — 0.74 0.32 6.1
C NiO + B(Nig 75) — — — 0.76 4.2

The surface areas of the materials were measured on
an Omnisorb 100CX analyzer using nitrogen adsorption
at 77 K and the BET method. Prior to the adsorption mea-
surements, the samples were outgassed at 300°C for 3h. The
surface areas of the Series A samples were systematically
lower than those of series B (see Table 1) most probably be-
cause the series A samples were held at the final calcination
temperature for a longer time (~4 h rather than 2 h).

The relative stabilities of the LaCr;_4NixO3 oxides in
reducing atmospheres were determined by thermogravi-
metric reduction in a 5% H2/95% N, stream that was
presaturated with water vapor at ambient temperature.
The measurements were made using a DuPont-951 ther-
mogravimetric analyzer. The temperature was raised at
10°C/min to 120° and held for 15 min to remove any ad-
sorbed water and then raised at 5°C/min to 900°C and held
for 2 h.

Surface compositions were measured on an LH-11 XPS
analyzer (A series, 100 eV pass energy, MgKea, y =90°) and
a Leybold MAX 200 XPS analyzer (B series, 48 eV pass en-
ergy, AlKa, y =54.4°) both equipped with unmonochro-
matised X-ray sources. The samples were imbedded in
graphite disks 11 mm in diameter and introduced into the
system through an atmospheric pressure load-lock. The
background pressure was less than 10~8 Torr. Only cation
distributions were calculated since adventitious carbon and
oxygen on the surface precluded quantitative oxygen anal-
ysis. The accumulated spectra were adjusted to place the
prominent C 1s peak at 285.0 eV. Peak intensities were ob-
tained by curve fitting using instrument supplied software
that included X-ray satellite line subtraction based upon a

program by van Attekum and Trooster (25) and published
background subtraction procedures (26). All peak areas
were corrected for published ionization cross-sections (27),
attenuation path lengths (28), angular asymmetry factors
(29), and spectrometer terms.

RESULTS AND DISCUSSION

Table 1 lists the pervoskite compounds synthesized, their
measured bulk and surface compositions, and their surface
areas.

X-Ray Diffraction Results

LaCrOs has the orthorhombic GdFeO; structure at room
temperature, space group Pnma (#62), Z=4 (30). The
lattice parameters and esds as determined using GSAS
were a=>5.4771(4)A, b=7.7620(5)A, c=5.5197(4)A; the
numbers in parentheses refer to the uncertainty in the
last digit. LaNiOsz is rhombohedral at room tempera-
ture, space group R3c (#167), Z=2 (31). The lattice pa-
rameters were a=5.4033(8)A and « =60.620(5)°. The in-
termediate LaCr;_4NiyO3 compositions have either the
orthorhombic LaCrOs; structure for x < ~0.6 or the rhom-
bohedral LaNiOj3 structure (x> 0.7). The variation of the
lattice parameters with composition is shown in Fig. 1
and the values are listed in Table 2. To facilitate compar-
isons, the orthorhombic cell parameters were transformed
into pseudocubic cell parameters (a;) using the relations
a=b=ax/2,c=2a;, and a mean “cubic” cell parameter
calculated as (a) = V*®. For the samples with rhombohe-
dral structures, the cell volume was obtained from the
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FIG.1. (a) Lattice parameters of LaCr;_xNixOj3 oxides as a function

of x; (b) unit cell volumes.

parameters (a,, «) and used to calculate the pseudocubic
cell constant, ac = /3. The variation of cell volumes with
composition, normalized to account for the difference in Z,
is shown in Fig. 1b. The average pseudocubic cell constant
and the cell volume show a smooth variation with composi-
tion as expected for a continuous solid solution. The results
are in good agreement with the data reported by Hofer et al.
(20). It should be noted that the average pseudocubic cell
constants reported in Ref. (20) are estimated differently.
The present samples show significant line broadening con-
sistent with the method of preparation and the measured
surface areas. Consequently, it is difficult to distinguish be-
tween the orthorhombic and rhombohedral phases as the
transition is approached in composition. The present data
indicate that the structure change occurs at x ~ 0.6 which
is in the range reported previously (x=0.5-0.65) (15, 20,
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21). We note that the transition between the orthorhom-
bic Pnma and rhombohedral R3c structures is expected to
be first order and that therefore a two-phase region should
exist between the two structure types. The line widths and
the composition resolution in the present series of sam-
ples preclude the observation of this two phase region but
it has been observed in the corresponding LaCr;_xCo04O3
system (17). No impurity phases were detected in the X-ray
diffraction patterns. By comparison with simulated diffrac-
tion patterns of mixtures, an upper limit of 2 wt% NiO
impurity in LaNiOs is indicated. The reference materi-
als LayNiQy4, LayOs, Cry0O3, NiO were all single phase by
X-ray diffraction.

Reduction Stability

The thermogravimetric reduction data, following the ini-
tial dehydration, are shown in Fig. 2 and the results tabu-
lated in Table 3. As expected from thermodynamics under
the conditions used (the equivalent pO; at 1000°C of 5%H,
saturated with water at ambient temperature is 10~ atm),
LaCrOj3; does not reduce. The nickel-containing samples,
however, all show one or more distinct reduction stages.
LaNiOj3 reduces in two steps; the first between 180 and
400°C corresponds to the reduction of Ni** to Ni?* and the
formation of LaNiO, 5 (32, 33). The second reduction step
between 450 and 550°C corresponds to complete reduction
to Ni metal and La,O3, confirmed by X-ray diffraction of
the residue.

All of the ternary perovskites also show a weight loss
below 400°C corresponding to reduction of Ni** to Ni?*. For
x > 0.5, this reduction to Ni?* iscomplete. Further reduction
of these materials to Ni metal occurs as the temperature is
increased. The reduction occurs continuously over a range
of temperature (Fig. 2, x=0.7) suggesting a mechanism in
which Ni metal is formed together with a more chromium-

101 x
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93
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FIG. 2. Thermogravimetric reduction of LaCr;_xNixO3 at 5°C/min in
5%H, saturated with water vapor at ambient temperature.
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TABLE 2

Lattice Parameters for LaCr;_xNixO3 Perovskite Oxides
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Composition a(A) b(A) c(A) a(®) VAY  V(AYZz
LaCrO; 5.4771(4)  7.7620(5)  5.5197(4) — 234.66 58.66
LaCrgoNip103 5.4795(2)  7.7628(4)  5.5160(2) — 234.63 58.66
LaCrogNig203 5.4775(3)  7.7625(4)  5.5166(3) — 234.56 58.64
LaCro7sNip2s0;  5.4770(6)  7.7663(9)  5.5165(6) — 234.65 58.66
LaCry7Nig303 5.4767(2) 7.7610(3)  5.5158(2) — 234.45 58.61
LaCrq¢Nip4O3 5.4734(4)  7.7578(4)  5.5127(2) — 234.08 58.52
LaCrysNigs03 5.4608(6)  7.7554(9)  5.5062(6) — 233.19 58.30
LaCrq4NipeOs 5.4650(4) — — 60.363(4)  116.36 58.18
LaCrq3Nip7O3 5.4457(3) — — 60.504(3) 11550 57.75
LaCrozsNig7s03  5.4328(4) — — 60.666(2)  115.09 57.54
LaNiO; 5.4033(8) — — 60.620(5)  113.11 56.55

rich perovskite phase according to the reaction

1- y)LaCrl_XNiXOg, - (1-— x)LaCrl_yNiyOg,_y/z
+ (X — Y)Ni + ((X — y)/2)La;Os.

The extent of this process depends strongly on composi-
tion and is governed by the stability of the residual ternary
perovskite phases as well as by cation mobilities. For mate-
rials with 0 < x < 0.5 the reduction to Ni?* is not complete
in the first wave at 400°C. We assign this feature to the re-
duction of Ni**-O-Ni** ensembles and the amounts are
consistent with a statistical distribution of Ni on the B sites
in the lattice. The remaining Ni** does reduce to Ni** by
800°C in two subsequent poorly resolved processes. The
LaCr;_xNixO3 compounds with x < 0.5 do not reduce to
nickel metal under these conditions at <900°C. A more

TABLE 3

Thermogravimetric Weight Loss (100-420°C)
in LaCry_xNixO3?

§ in LaCr;_4NiyO3_s

xin Formula
LaCr;_xNixO3 weight, g Theoretical® Measured®

0.0 238.90 0.00 0.0
0.1 239.57 0.05 0.02
0.2 240.24 0.10 0.05
0.25 240.58 0.125 0.09
0.3 240.91 0.15 0.10
0.4 241.58 0.20 0.16
0.5 242.25 0.25 0.22
0.6 242.92 0.30 0.27
0.7 243.59 0.35 0.33
0.75 243.92 0.375 0.34
1.0 245.60 0.5 0.48

2 Data from Fig. 5, weight loss during the first reduction wave
(T <420°C) in 5%H,/95%N, saturated with water at ambient tem-
perature (pH,O =5 kPa), total pressure =100 kPa.

b Amount associated with complete reduction of Ni** to Ni?*.

¢ The estimated errors in the measured composition are +0.005.

detailed analysis of the reduction of these materials will be
published elsewhere (34).

XPS Characterization and Surface Compositions

Various spectral regions of LaCr;_xNixO3 (x=0.0, 0.25,
0.5, 0.75, 1.00) are shown in Figs. 3-5. The features used in
the analysis were La 3dsy;, split into two final-state compo-
nents at nominal binding energies 835 eV (La;) and 838 eV
(Lay), La4d (103-106eV), Cr2ps;, (574 eV) and 3p (43 eV),
Ni 3p (67 eV) and 2py, (870 eV), and O 1s, comprised of
an oxide component (530 eV) and higher binding energy
components centered around 533 eV. The surface cation

(a)

JL\\,\/\\/N
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La 3d ‘ |
3/2

900 880 860 840 820 800
Binding Energy (eV)

FIG. 3.
(@) x=0,
shakeup).

XPS spectra (Ni 2p, La 3d region) of LaCr;_4NixO3 oxides,
(b) x=0.25, (c) x=0.5, (d) x=0.75, () x=1.00 (*denotes
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FIG. 4. XPS spectra (Cr 2p region) of LaCr;_4xNixO3 oxides, (a) x=0,
(b) x=0.25, (c) x=0.5, (d) x=0.75. The intensity data in the b, ¢, and d
spectra are normalized to the x =0 spectrum by the factors shown.

compositions of all the materials were derived from La
3ds/2, Cr 2p and Ni 3p features (calibrated by Ni 2p — see
below). These Ni/La and Cr/La ratios are plotted in Fig. 6
and listed in Table 1. Some details of the analysis are worth
mentioning. The prominent nickel 2p feature overlaps with
the complex La 3d region (see Fig. 3), and shows the ex-
tensive shakeup features characteristic of oxidized forms.
Attempts to extract reliable Ni 2ps,; intensity from this re-
gion were not successful, leaving the much less intense and

Intensity

540 535 530 525 520

Binding Energy (eV)

FIG.5. XPS spectra (O1s region) of LaCr;_4NixO3 oxides, (a) x=0,
(b) x=0.25, (c) x=0.5, (d) x=0.75, (e) x=1.00.
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somewhat asymmetric 3p peak as the only nickel feature
available for all the samples. Even so, the close proximity
of Cr3s (75 eV B.E.) interferes with accurate determination
of the background in the data for the ternary perovskites.
Accordingly, a limited portion (from 7 eV below the high
kinetic energy edge) of the Ni 3p peak was analyzed for
all materials, thus excluding a portion (35% on LaNiO3)
of the area. Reliable Ni 2py, areas were obtainable from
the nickel rich materials (x=0.5, 0.75, and 1.0) and these
were used to calibrate the Ni 3p intensities. Figure 6 shows
that the derived surface Cr/La ratios and Ni/La ratios are
similar to the bulk values, for all the perovskites, including
LazNiO4.

The forgoing analysis assumes homogeneous materials,
but distinct surface compositions are possible and of ob-
vious interest. The XPS intensities from there granular
samples contain contributions from several atomic layers
and from a distribution of takeoff angles. Layer by layer
simulations of the XPS spectrawere used to examine the un-
certainties in surface composition associated with the finite

Surface Ni/La atomic ratio

Surface Cr/La atomic ratio

0 0.2 0.4 0.6 0.8 1
x in LaCr. Ni O
1-x x 3

FIG. 6. Variations of surface Ni/La (panel a) and Cr/La (panel b)
ratios with x in LaCr;_xNixO3. Open symbols refer to series A and closed
symbols to series B.
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sampling depth of XPS. Two types of distributions with dis-
tinct Cr/Ni compositions in the top layer were investigated:
one with homogeneous A/B ratios and the other with al-
ternative A or B cation containing layers. For a flat sam-
ple, a wide latitude of top layer compositions is consistent
with the data. For example, a sample with bulk composi-
tion LaCrgsNips03 with the top atomic layer composition
LaCrO3; would yield a Cr/La XPS ratio (30° takeoff angle)
of 0.59, in the range of measured values. The importance of
high takeoff angles on powder samples, however, decreases
the average sampling depth and makes the measurements
more surface sensitive (35, 36). Although difficult to quan-
tify for our samples, simulations of photoemission from
hemispheres of the same material considered in the flat
sample calculation above would yield a Cr/La ration of 0.65.
The calculated Cr/La ratios for hemispherical LaCrOg are
0.65 and 1.5 for samples terminated by A-only and B-only
layers, respectively. While these calculations show the pos-
sible variation for an individual sample, a distinct B compo-
sition in the top layer would yield a nonlinear relationship
between the surface and bulk compositions over the entire
series—a trend not seen in the data. Cr/La ratios derived
from the Cr 3p and La 4d features (higher Kinetic energy)
were similar to those from Cr 2p and La 3d. The different at-
tenuation lengths provide modest depth profiling informa-
tion and the similar Cr/La ratios and the proportionality to
bulk values in both cases argues against any strong concen-
tration gradients. In summary, the surface compositions of
these materials are indistinguishable from the bulk values.

Figure 7 illustrates the systematic variations in the spec-
tra with composition. The XPS binding energies, particu-
larly of Ni and Cr, shift with increasing Ni substitution. The
binding energies of Ni 3p, Cr 2p and O 1s (oxide) are plot-
ted relative to La 3d, which is, in turn, relatively constant
with respect to the adventitious carbon peak. The nickel
binding energies in LaNiO3 are approximately 1 eV higher
than in LazNiOy4, consistent with the higher nominal charge
state. In the presence of Cr in the lattice, however, the Ni
3p binding energies are lowered until, for dilute Ni systems,
they approach those of La;NiO,4. The concomitant increase
in Cr 2p binding energies as Ni is introduced into the lattice
indicates a sharing of electron density between Ni and the
less electronegative Cr. The shift in Cr 2p binding energy
with x involves the wholesale movement of the peak with
little change in shape except for a small amount of broad-
ening (Fig. 4). In addition to the small shift in the oxide
component of the O 1s with increasing nickel content, the
relative intensity of the higher binding energy component
increases systematically with increasing nickel content (see
Fig.5). Similar effects have been seen in other investigations
and attributed variously to O, surface oxygen/adsorbed
O,, hydroxyl groups, and adventitious material (2). These
assignments remain unclear since most samples, like ours,
have been exposed to atmosphere prior to analysis.
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The relative intensity of the higher binding energy com-
ponent of La 3ds;, (Laj) increases systematically with
composition. This trend, apparent in Fig. 3, is plotted in
Fig. 8. Thiswell-known and extensively investigated (37-44)
phenomenon is generally agreed to result from mixed final
states derived from hybridization of valence levels with La
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4f levels (40, 42, 44) in the presence of the 3d core hole. The
details of the intensity variations are therefore complex but
the relative intensity of La;, correlates with the covalent ten-
dencies of the counter ions (ligands) (37). The Ni 3d-O 2p
levels are strongly mixed in LaNiOj3 to form itinerant states
of the conduction band (39, 45) and it is therefore consis-
tent that increased mixing with nearby La 4f levels should
also result. Along with the change in peak intensity ratios
the separation between the main peak and the satellite de-
creases slightly from LaCrO; (3.8 eV) to LaNiO3 (3.5 eV)
again consistent with previous trends (37).

Similarities and differences are noted between these
results and previous studies of related systems. Previous
measurements (46) of the surface composition of LaNiO3
(Ni/La=0.41) and La;NiO4 (Ni/La = 0.23) differ from ours,
although no details of these analyses were provided. Sim-
ilar to our findings, the surface Cr/La and Co/La ratios of
the substitutional series LaCr;_xCoxO3 were reported to be
proportional to bulk values (18) although the B/La ratios
were lower than in the bulk and there was some evidence of
surface chromium enrichment. The shift of the Cr 2p levels
here contrasts with the case of substitution of Ba(Sr) on
A sites in LaCrOj3 (38). In this study, discrete Cr* sites,
necessary to achieve local charge balance around the sub-
stitutions, were clearly seen in XPS. The appearance of a
similar high valent Cr feature also accompanies Co substi-
tutionin LaCr;_4Co0xO3 (18). The changesin LaCr;_yNixOs,
on the other hand, result from nonlocal responses in the va-
lence levels, consistent with the substantial conductivity of
these materials (20). The effect of nickel substitution de-
creases the O 1s oxide binding energy only slightly, if at
all, and has no consistent effect on La 3d peak positions—
most of the movement involves the B site ions. By contrast,
in the LaCr;_4Co,O3 series, slight (magnitudes not stated)
shifts to higher binding energies were reported for La, Co,
and O, but not for the Cr peaks (18). The increased elec-
tronegativity difference between Ni and Cr and the forma-
tion of metallic conduction is responsible for the more pro-
nounced effects here. The La 3d splitting is consistent with
other results in perovskites. The intensity of the La; com-
ponent increases in the series LaMO3 (M =Ti—Co) (39),
with A site substitutions (38, 47) and with Co substitution
in LaCr;_xCo,O3 (18). The high binding energy oxygen ob-
served here is consistent with the systematics of previous in-
vestigations. Its intensity in as-prepared samples increases
in the series LaMO3 (M =Ti—Co) (39, 48) and with Co
substitution in LaCr;_xCoxOs3 (18). This feature has been
related, not without controversy, to the ease of reduction
and increased catalytic activity (46, 48, 49). This oxygen
feature also correlates with increased catalytic activity of
LaCr;_xNixO3 (50), in agreement with previous trends, but
the details are far from clear.

No changes were detected in the surface compositions
after exposure to high temperatures (500°C) in vacuum or
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after extensive use as a methane oxidation catalyst at tem-
peratures up to 600°C providing the reaction did not pro-
ceed to oxygen starvation. Destructively reduced samples
which were subsequently oxidized in oxygen containing at-
mospheres showed Ni XPS consistent with the formation
of Ni?t materials such a La;NiO4 and NiO.

SUMMARY AND CONCLUSIONS

A series of catalysts with compositions LaCr;_xNixOs,
0 <x=<1.0 has been synthesized by a modification of the
Pechini method. The samples are single phase with mod-
erate surface areas in the range 2-9 m?/g. Powder X-ray
diffraction measurements show that chromium-rich compo-
sitions have the orthorhombic GdFeOs structure up to X =
~0.6. LaNiO3 and composition with x > 0.6 have the rhom-
bohedral LaAlOjstructure (51). The lattice parameters and
unit cell volumes of the LaCr;_4xNixO3 series show a strong
positive deviation from Vegard’s law. At low nickel con-
centrations, the lattice constant is apparently determined
by the Cr—O—Cr distance and remains almost constant until
the nickel concentration reaches a value corresponding to
x=0.4. For x > 0.4, the pseudocubic cell constant decreases
smoothly to the value of LaNiOg3. The behavior isin marked
contrast to that of the LaCr;_xCoxO3 system which shows a
negative deviation from Vegard’s law and a transition from
the orthorhombic LaCrO3; structure to the rhombohedral
phase at a lower level of substitution (x =~0.2) (17).

Analysis of the XPS spectra indicates that the surface
compositions of the LaCr;_xNixO3 phases are indistinguish-
able from the bulk values. Similar results were reported for
LaCr;_xCoxO3 (18). The XPS data for the nickel substi-
tuted phases show very little evidence for the presence of
chromium species other than Cr®* but do show systematic
shifts with x in the Ni 3p and Cr 2p features to higher and
lower binding energies, respectively. The XPS data for the
cobalt compounds show several differences from the corre-
sponding nickel series. In particular, a pronounced feature
at higher binding energy in the Cr 2ps, region was inter-
preted as indicating the presence of a significant amount of
Cr**. Also in contrast to the nickel system, the chromium
peaks remain at the same position for all compositions but
the Co features shift to lower binding energies with in-
creasing x. The XPS, structural data and the much higher
conductivities (x 10%) observed for LaCr;_xNi,O3 (18) com-
pared to LaCr;_xCoyO3 (16) all indicate that the two sys-
tems have a markedly different charge distribution on the
B sites.

LaCr;_xNixO3 compositions with x < 0.5 were shown by
thermogravimetric analysis in Ho/H,O to be stable with re-
spect to reduction to nickel metal at temperatures below
900°C. These compositions are therefore sufficiently sta-
ble to be used as anode materials in solid oxide fuel cells.
Catalytic properties of the LaCr;_4NixO3 materials for
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methane oxidation, relevant to this application are de-
scribed in an accompanying paper (50).
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