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ABSTRACT: The possibility to introduce cerium in the perovskite-type
titanate with formula Lag 335106, TiO3, ¢ (LST) was investigated. Pure-
phased Lag,3Ce ;Sro,6,TiO3 5 (LCST) was only obtained by synthesis
at high temperature in reducing (diluted hydrogen) atmosphere. The
material exhibits the same orthorhombic symmetry with Immm space
group as LST and nearly the same cell volume. When exposed to
oxidizing atmosphere at 1200 °C, Ti>" and Ce’" oxidation leads to the
decomposition of LCST and the growth of several nanoscaled Ce-rich
phases, as highlighted by backscattered electron microscopy. Shifting the
gas back to a reducing atmosphere, but at lower temperature, only
involves partial reversibility, ensuring the presence of nanoparticles of
(electro)catalytically active phase within an electronically conducting
n-type network. The catalytic tests in methane steam reforming at
900 °C (CH4/H,0 = 10/1) show that the properties of the partially
decomposed phase are greatly improved, what could make it a promising
anode material for SOFC operating on slightly wet methane.
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l INTRODUCTION Use of hydrocarbon-containing fuel in SOFCs, and in parti-

One of the most serious issues the world will have to face in the
next century is without any doubt the emission of greenhouse
effect gases that leads to the so-called Anthropogenic Global
Warming of the Earth lower atmosphere. To limit the human
activity influence, energy production alternatives such as Solid
Oxide Fuel Cells (SOFC) are required. Because of its high
thermodynamic efficiency, that is, comparatively low environ-
mental impact, this kind of electrochemical system seems to be
one of the most promising solutions, by using hydrogen contain-
ing fuels to replace hydrocarbon combustion.

One particular issue that has still to be addressed in SOFCs is
to reduce the degradation of Ni-based materials when realistic
fuels like Natural Gas are directly used at the anode side.
Wiaiting for large scale production of hydrogen from renewable
sources, the use of such already available fuel would give the
opportunity to extend at short and middle term the SOFC
commercialization. Nowadays, the major problems with Ni-
YSZ cermets are indeed the irreversible losses of activity
stemming from (i) carbon deposition, (ii) poisoning by sulfur
containing compounds, (iii) growth of Ni-particles, and (iv)
redox cycling, the latter two points being true even in H,/H,0
atmospheres.' >
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cular natural gas, is called in this case direct utilization or direct
oxidation. In reality, there has been some controversy about
whether direct, electrochemical oxidation proceeds or some
steps of the overall mechanism involve purely catalytic reactions,
such as steam reforming to form H, as an intermediate product,
because of the coexistence of hydrocarbon and steam at the
anode.* Steam can be either added or produced, acting in the
latter case as a reactant for steam reforming; this advantage has
led to the development of Gradual Internal Reforming concept,
which is a natural consequence of cell operation with C (and H)-
containing fuels.’> As pointed out by some groups,*® direct
electro-oxidation of hydrocarbons seems unlikely without a
contribution from catalysis according to which the hydrocarbon
could be activated through the C—H and C—C bond scission.
Being determining in the mechanism or not, the catalytic
contribution cannot be ruled out and a relationship, although
possibly complex, must exist between electrocatalysis and cata-
lysis. In this respect, when considering the further development
of fuel cells operating directly on natural gas, it appears necessary
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to us to evaluate the catalytic properties of new anode compo-
nents in steam reforming with low steam content (CH,/H,0 > 1)
and not in pure methane, which is never the case in stationary
conditions. Indeed, this reaction is particularly relevant to esti-
mate the ability of the material to activate the highly stable
methane molecule. Furthermore, the use of strongly water
deficient conditions for this test reaction would allow discrimi-
nating between materials depending on their activity but also
their tendency to develop extensive carbon formation, which is
known to be detrimental to the proper operation of the fuel cell.
The latter point has been an issue for recent developments in
anode materials of fuel cell operating on direct use of
hydrocarbon.

Among possible alternating materials, titanate perovskites and
especially donor-doped SrTiO; have been considered in re-
placement of Ni-based cermets at the anode side of SOFCs
because of their high resistance toward reducing and sulphured
atmospheres, as well as redox stability. To increase the too low
conductivity displayed by Sr™"Ti "™V O, the 3partial substitution
of St™* by a trivalent ion, such as La** or Y, is judged as the
best way up to now.” " Indeed, under reducing conditions, the
presence of trivalent ions in A-sites of the perovskite makes the
Ti** (3d°) — Ti** (3d") reduction easier, thus enhancing the
electronic charge carrier concentration. Very promising perfor-
mances in terms of n-type conductivity were notably obtained
under reducing atmosphere in the case of Lag 33510 67TiO3-, the
x = 0.33 compound of the La,Sr;—, TiO5 4 family.”’

In terms of catalytic (hydrocarbon reforming or oxidation), as
well as electrocatalytic (hydrogen electrochemical oxidation)
behavior, La- or Y-doped-Sr titanates display a very poor activity
and generally require the addition of a catalyst and/or
electrocatalyst.”'*™"® To enhance these properties, cerium-
based compounds are of interest since these materials are known
to play an important role in fuel cells directly operated on
methane but also in catalysis for water gas shift and steam
reforming reactions.*®*°”%¢ Effectively, attempts to associate
LST to Ce-containing materials have been carried out, leading to
improved performance of the anode without carbon deposition
even in severe coking conditions; but in those cases, composite
materials with doped ceria and doped strontium titanate apart
were only considered.'®*”%°

The aim of the present paper is to investigate the possibility of
improving the catalytic and electrocatalytic properties of LST
materials by introducing the Ce**/Ce** redox couple through
partial substitution of La by Ce in the structure of the x = 33
member of the La,Sr;_, TiO3 s series. The structural stability of
the host and substituted perovskite structures was studied by
high-temperature XRD (HT-XRD) in oxidizing and reducing
atmospheres at various temperatures up to 1000 °C. Catalytic
properties in CH,/H,O reaction for H, production using
extremely severe coking conditions (steam-to-carbon ratio equal
to 10) were measured to address both the influence of Ce
substitution on the catalytic activity and the resistance to carbon
formation in view of the possible use of this material as a SOFC
anode operating directly on methane.

B EXPERIMENTAL SECTION

Compounds of stoichiometry Lag33Sro¢;TiO34s (hereafter LST)
and Lag 23Ceq ;Sro,6,TiO3 1 (hereafter LCST) were synthesized using
the standard Pechini route.*® Ti*" aqueous solution was prepared from
titanium (+IV) isopropoxide (Alfa Aesar, 99.995%) mixed with

ethylene glycol and citric acid in the 1:20:S molar ratio. About 0.5 mL
of deionized water per gram of citric acid was added to help citric acid
dissolution. La,O5 (Rhodia, 99.99%), SrCO5 (Alfa Aesar, 99.9%), and
Ce nitrate solution (made from Ce,(COs3);, Alfa Aesar (99.9%)) were used
in stoichiometric quantities. Nitric acid was regularly poured until the
dissolution of the precursors was achieved, without any pH adjustment.

Evaporation of the solutions was carried out on a magnetic stirring
plate until obtaining perfect gels. These gels were then dried and
pyrolyzed in an oven overnight at 250 °C. After grinding, the resulting
powders were calcined in air at 700 °C for S h in order to remove the
excess of nitrated and carbonated residues. After grinding, the powders
were pressed into pellets before being sintered at 1400 °C for 48 h in air
or Ar/H,(2%). During sintering, the pellets were put on sacrificial beds
of powder made of the same composition and lying on Pt or Al, O3 foils.

Powder X-ray diffraction (XRD) data were collected at room
temperature (RT) using a Bruker AXS D8 Advance diffractometer
working in Bragg—Brentano geometry and equipped with a secondary
graphite monochromator and a scintillation detector. Cu Ka, , radia-
tions were used in the range 260 = 15—120°, with a 0.02° step anda 10's
counting time per step, respectively. The Fullprof Suite program was
used for Rietveld refinement, using the Thompson-Cox-Hastings Pseu-
do-Voigt profile function.>’ The atomic positions as well as the isotropic
atomic displacements of all atoms were refined. The small oxygen excess
corresponding to (La,Ce)33Sr067TiO3, ¢ formula is not taken into
account in the refinement and full occupation of all the cationic and
anionic sites is considered (see above in Discussion part for explanation
about the defect chemistry in those phases).

High-temperature XRD (HT-XRD) was performed on a Bruker AXS
D8 Advance diffractometer equipped with a high temperature Anton
Paar HTK 1200N chamber and a one-dimensional X-ray detector
(VANTEC-1) using Cu Ka,, radiation. Samples were placed on a
platinum sheet to avoid any reaction with the alumina sample holder.
Data were collected in the range 26 = 20—80°, with a 0.015° step and a
0.2 s counting time per step, from RT to 1000 °C in air and from RT to
800 °C in N,/H,(3%). Diffraction patterns were recorded every 25 °C
on heating up and cooling down with the same heating and cooling rate
of 0.1 °C s~ . Selected area electron diffraction (SAED) patterns were
obtained on a Philips CM30 transmission electron microscope. Materi-
als were crushed and dispersed on a holey carbon film deposited ona Cu
grid. X-ray Photoelectron Spectroscopy (XPS) analysis was performed
on a VG ESCALAB 220XL spectrometer. Thermogravimetric analyses
(TGA) were carried out in air using a SETARAM TG 92-16.18 device
equipped with a 1300 #L-Pt crucible (about 1 g of sample). Heating and
cooling rates were 2 and 4 °C min~ ', respectively, with an isotherm
plateau for 2 h at 1450 °C. Scanning electron microscope (SEM) images
were taken with a ZEISS Leo 1530 GEMINI using a Schottky field
emission gun (FEG) and a Centaurus detector. Backscattered electrons
mode (BSE) was used in order to reveal chemical contrasts. Energy
dispersive spectroscopy (EDS) was carried out with a Si—Li detector
fitted with a standard Be window (Princeton Gamma-Tech In-
struments). The acquisition time of each spectrum was kept relatively
low to avoid any signal drift.

For catalytic tests, the powders were ground in a tungsten carbide
vibrating mill and sifted between 40 and 50 #m in order to control gas
diffusion. Their specific surface area was determined by BET nitrogen
adsorption using a Beckman Coulter SA3100 analyzer. Catalytic activity
experiments were carried out in a continuous flow system at atmospheric
pressure using a tubular U-shaped quartz microreactor. Blank experi-
ments (without any sample) were performed to check that the reactor
was nonreactive. Samples (about 20 mg) were deposited onto a quartz
plug introduced into the reactor and renewed for each test. A thermo-
couple was placed in contact with the external wall of the reactor at the
position in front of the catalyst bed, allowing the control of the catalyst
temperature. The oxidized and the Ar/H,(2%) reduced samples were
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Figure 1. XRD diagrams of LST and LCST after synthesis in air, and synthesis in Ar/H,(2%). Squares indicate CeO, peaks. The zoom is focused on the
region where traces of La,SrTisO,; and La,Sr,TigO, (the n = S and n = 6 members of the lamellar family La,Sr,,—4Ti,03,,,, respectively ) are

observed in LST synthesized in air.

pretreated in N, and H, (6.5 Lh™") at 900 °C for 2 h before catalytic
test. The reactant mixture consisted of 50 mol % CH,4 and 5 mol % H,O,
N, as balance (total flow rate = 6.2 Lh™ ). Suitable H,O concentrations
were obtained by flowing the adequate mixture of CH4 and N, dry gases
throughout a saturator containing distilled water maintained at 33 °C
(thermostatted bath). Water content was determined using an Edgetech
Dew Prime I dew point monitor placed nearby the reactor outlet. An
ECP-type (M&C) gas cooler was used to trap most of the water vapor
thus allowing gas analysis by a Varian micro-GC equipped with appro-
priate columns (molecular sieve SA and Porapak) and a thermal
conductivity detector. For all tests, differential conditions were fulfilled
and rates of products formation could be derived. The nature and
concentration of the carbonaceous species which could have formed
during the catalytic measurements were studied by temperature-pro-
grammed oxidation experiments in O, (hereafter O,-TPO) using a
Pfeiffer Omnistar quadrupole spectrometer. The procedure was as
follows. After each test, the reactor was purged in N, at 900 °C,
cooled down to room temperature, isolated using 2 valves before being
removed from the experimental setup. This allowed preventing sample
exposure to air after testing. The reactor was then installed on the
0,-TPO experimental set up and purged in He at room temperature.
The sample was then exposed to a 1% O,/He flow (1.8 Lh™ ") at room
temperature until completion of eventual O, consumption. Afterward,
the sample was heated from room temperature up to 900 °C at the rate
0f 20 °C min~". 1% CO/He and 1% CO,/He mixtures were used for
calibration.

B RESULTS

Structural Characterization of LST and LCST at Room
Temperature. After sintering at 1400 °C in air, pure phases
were never obtained for both compositions. The Ce-free com-
pound diffraction pattern of LST displayed a two-phase mixture
that corresponds to a single perovskite phase coexisting with
traces of lamellar compounds (Figure 1). In contrast, the powder
X-ray diffractogram of the Ce-containing compound, LCST,
showed evidence of impuritiy which could be indexed as cubic
CeO,. However, sintering the powder at the same temperature in
areducing atmosphere allowed the achievement of a single phase
material for both compounds (Figure 1).

In agreement with Canales-Vasquez et al. for LST
compounds,'* SAED of the LCST powder, obtained under
reducing conditions, evidenced the presence of additional spots
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Figure 2. [010] or [100] zone axis pattern of LCST synthesized in Ar/
H,(2%), indexed in the orthorhombic (2)" 2an(Z)l ZanZaP unit cell.
The deduced extinction symbol is I---.

when compared to the ideal cubic perovskite, described in the
Pm3m space group (a,~39 A). These reflections are consistent
with a doubling of the ¢ parameter (¢ ~ 2a,) and an I Bravais
lattice (Figure 2).

In a first step, a whole pattern matching of the XRD diagram
was successfully obtained with the Ibmm space group, which is a
subgroup of the ideal Pm3m perovskite via a first-order phase
transition and relates to the loss of two 4-fold axes.*”** These
results are coherent with the literature data, where only X-ray
powder diffraction was used: indeed, the La;_,Sr,TiO3 and
Ce;—,Sr, TiOj; families, extensively studied by J.E. Sunstrom IV
et al, display this orthorhombic symmetry with Ibmm space
group for 0.3 < x < 0.8 and 0.4 < x < 0.8, respectively.”*>®
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Figure 3. Rietveld refinement performed in the orthorhombic Immm symmetry on the XRD powder data of LCST after synthesis at 1400 °C/48 h in

Ar/H, (2%).

However, a careful examination of the SAED pattern clearly
indicates the presence of Okl k = 2n 4 1 spots and consequently
leads us to exclude the possibility of the b glide plane, and to
choose a space group compatible with the I--- extinction symbol.
A Rietveld refinement of the structural data was then undertaken
with the highest symmetry space group compatible with the
extinction rules observed by SAED, that is, Immm, for the two
compounds prepared under reducing atmosphere. The good
agreement between experimental and calculated patterns is
illustrated in Figure 3 for LCST, and full crystallographic results
are reported in Table 1 for LST and LCST. Refinements led to
close unit-cell parameters for both compositions.

These two materials were then characterized by XPS. A focus
on Cesq and Tiy, measured on LCST is given in Figure 4. It ex-
cludes the presence of any amount of Ce*" at the sample surface:
the peaks at 885 and 908 eV are characteristic of Ce®>".>***” The
Ti,, region shows a strong peak at ~458 eV, which is an overlap
of Ti*" and Ti*" contributions. Despite the strong convolution
between the two contributions, the fit of the spectrum led to an
approximated Ti*"/Ti*" ratio of 3/1 for both compounds.*®

Structural Study of LST and LCST versus Temperature in
Reducing Atmosphere. The characterization in temperature of
both LST and LCST compositions by SAED (secondary vacuum)
revealed a change in symmetry from orthorhombic Immm to cubic
Pm3m at 500 °C (Figure S). The transformation was confirmed by
HT-XRD under N,/H,(3%) atmosphere (Figure 6).

Unit-cell parameters were refined by cyclic profile refinements
of the HT-XRD patterns. Their evolution versus temperature is
given in Figure 7, with error bars showing three standard
deviations (mean parameter & 30).

The change in symmetry is not direct but occurs via a
tetragonal form, possibly of I4/mcm space group that seems
compatible with our diffraction data; such space group has
nevertheless to be confirmed by TEM analysis, outside the scope
of this study. A collapse of a/(2)"/? and b/(2)"/? is observed
at Ty = 325 °Cand T; =275 °C for LST and LCST, respectively.
It corresponds to the overlapping of the two peaks diffracting at
20 ~ 40° and referring to (202) and (022) reflections, which is
consistent with a = b and illustrates the transition (t;) from
orthorhombic to tetragonal. Then, a second transition is ob-
served at T, = 425 °C and T, = 375 °C for LST and LCST,

1542

Table 1. Structural Parameters of LST and LCST Synthesized
at 1400°C/48h in Ar/H,(2%) as Determined by the Rietveld
Refinement of Powder XRD Data at Room Temperature

Lag 33510.67T103.04 (LST)a

atom  site o y z Uy (A%)  occ
La 4 05 0 02522(6)  0017(2) 033
St 4 05 0 02522(6)  0017(2) 067
TiL 2 05 0.5 0 0011(3) 1
T2  2a 0 0 0 0011(3) 1
o1 8  0270(6) 0239(7) © 0017(2) 1
02 4 0 0 0238(7)  0017(2) 1
Lag23Ce0.105T0.67TiO3.04 (LCST)b

atom  site x y z U, (A*)  occ.
La 4 05 0 02528(7)  0026(2) 023
St 4 05 0 02528(7)  0.026(2) 067
Ce 4 05 0 02528(7)  0.026(2) 0.1
Til 2 0 0.5 0 00203) 1
T2 22 0 0 0 00203) 1
Ol 8 02753) 0248(7) 0 0030(3) 1
02 4 0 0 0238(6)  0.030(3) 1

“ Space group: Immm (No. 71), Z = 4, a = 5.5433(3) A, b = 5.5319(3)
A, c=7.8165(3) A, V=239.69(2) A*, R, = 10.2%, R, = 14.66%, GOF =
0.64, Ryp;og, = 2.46%. ¥ Space Group: Immm (No.71), Z =4, a = 5.5431(4)
A b=55284(4) A, c=7.8090(5) A, V=239.31(3) A’ R, =7.71%, R,,, =
10.49%, GOF = 1.58, Ry, = 2.39%.

respectively. The three cell parameters become identical. It
corresponds to the transition (%) from a tetragonal to a cubic
perovskite which is consistent with the coalescence of the three
peaks diffracting at ~76° in 26 and referring to (420), (332), and
(116) reflections. In reducing atmosphere, the two compositions
therefore transform from an orthorhombic to a tetragonal and
then to a cubic polymorph when the temperature increases.
Structural Study of LST and LCST versus Temperature in
Oxidizing Atmosphere. The same kind of HT-XRD study was
carried out in air from RT to 1000 °C. A sudden profile change was

dx.doi.org/10.1021/cm103316b |Chem. Mater. 2011, 23, 1539-1550
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Figure 5. [010] or [100] zone axis pattern of LCST synthesized in Ar/
H,(2%), indexed in the orthorhombic (2)/ 2ap x (2)V Zap X 24, unit-
cell: (a) at room temperature and (b) at 500 °C. The extinction of some
spot outlines the structural change from the orthorhombic Immm to the
cubic Pm3m symmetry according to the temperature increase.

observed between 350 and 550 °C for both compositions
suggesting a strong decrease in the size of crystalline coherence
domains (Figure 8).

The evolution of the normalized lattice volume vs temperature
has been obtained from cyclic refinement of HT-XRD data for
LST and LCST; for better clarity it is plotted in the last case only
in Figure 9 but the same tendency is observed in both cases. The
normalized lattice volume used hereafter is defined as the real
volume of the lattice divided by the number of formula units per
unit cell Z. An accuracy of £0.01 A® was obtained. During the
refinements, the Gaussian and Lorentzian parts of the profile
were refined considering the 0-instrumental resolution function
of the diffractometer which was deduced from the pattern of an
LaBg standard (NIST SRM 660a). Apparent crystallite size
(which represents the size of coherent domains) was deduced
from the (3 integral breadth of the different reflections based on
the evaluation of those Gaussian and Lorentzian parts of the
profile.*” The evolution of the apparent crystallite size vs tempera-
ture is plotted for both compounds in the same Figure 9. Between
300 and 500 °C, a strong decrease of the crystallite size is observed
whereas the cell volume increases. Then, the crystallite size remains
approximately constant until 1000 °C. From about the same
temperature range of S00—550 °C, LCST cell volume remains
also constant before suffering a small decrease at about 700 °C.

To complete this study and relate those phenomena to
oxidation changes, TGA experiments were carried out in air on

the reduced samples, allowing us to follow the oxidation process
of both materials (Figure 10). LST and LCST undergo a total
weight increase of 0.98% and 1.36%, respectively. In good
agreement with the HT-XRD study, a deep transformation is
observed around 300 °C. It is worth noting that, in contrast to
LST, LCST oxidation process is occurring in two steps: the first
one corresponds to an approximately 0.9 wt % increase and is
located between 350 and 700 °C, in the same range of tempera-
ture than for pure LST; the second gain (Am/mg ~ 0.5 wt %) is
observed at higher temperature, between 700 and 1100 °C.
Hence, the temperature of each one of the two weight changes
are in good agreement with the previously mentioned evolutions
of unit-cell volume and crystallite size observed between 300 and
500 °C for both compounds and above 700 °C for LCST
(Figure 9).

It is therefore possible to conclude, without any ambiguity,
that the first mass gain is due to Ti* " oxidation and the second to
Ce’" oxidation. The mass gain of 0.98 wt % for LST corresponds
to 24.8% Ti>", in good agreement with the XPS results. The
second step observed in LCST is coherent with the oxidation of
the 10% of Ce>", which would lead to a mass gain of 0.4 wt %.

XRD (Figure 11) and FEG-SEM (Figure 12) were used to
analyze the LCST material powder after exposure at 1200 °C for
3 hin air (LCST-o0x), simulating the heating treatment usually
used to sinter an electrode material. Both techniques reveal the
presence of several phases resulting from the decomposition of the
initial compound. The main phase is cubic (Pm3m space group)
and display a cell parameter of a = 3.8966(5) A (V = 59.147
(5) A*). Furthermore, XRD combined with EDS analysis gives
evidence of the presence of at least two Ce-rich nanoscaled
phases, similarly to the compound prepared in air. Their identi-
fication corresponds to CeO, and Ce;;0,4 (ICSD No.88758)
(Figure 11). Interestingly, re-exposure of the sample to a redu-
cing atmosphere (i.e.,, 850 °C/48 h in Ar/H,(2%)) ensured only
partial reversibility of this reoxidation and the presence of vacant
cavities is observed in place of the previous Ce-rich phases, as
illustrated by FEG-SEM images (Figure 13). The detection of
residual traces of Ce-enriched phases in the background of the XRD
diffractogram (Figure 11) confirms these SEM observations.

Catalytic Activity of LST, LCST, and LCST-ox in CH,/H,0
Reaction. The catalytic activity of LST and LCST compounds in
CH,/H,0 reaction was measured at 900 °C using a CH,/H,0/
N, = 10:1:9 mixture. These conditions have been chosen since
being representative of that observed at the inlet of a fuel cell
operating on slightly wet methane. They are thermodynamically
favorable to the extensive accumulation of carbon. The evolution
of the hydrogen concentration at the reactor outlet versus time is

1543 dx.doi.org/10.1021/cm103316b |Chem. Mater. 2011, 23, 15391550
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shown in Figure 14 for LST and LCST in reduced state and
LSCT in reoxidized state (LCST-ox). CO (not shown in the
figure) and H, were the main products. It could be derived that
LCST-ox was much more active in H, production than LST and
LCST samples. This cannot be attributed to BET surface area
changes, all samples exhibiting approximately the same surface
area, equal to ~10 m>/g (Table 2). Moreover, the catalytic
behavior of the LCST-ox sample with time on stream was
different from the other two samples. For LST and LCST, the
rate of H, formation decreased respectively from 2.7 to 1.4 mol
h! g_1 and from 1.7 to 0.9 mol h™* g_l, within 4 h reaction.
This revealed a slight deactivation of these two samples in the
reaction mixture. The deactivation of the reduced LSCT sample
seemed to be complete after 4 h reaction, which could not be the
case for the LST catalyst. In the case of the LSCT-ox sample, after
a sharp drop of the H, formation rate in the very first minutes of
reaction, a stable steady-state level of H, production was rapidly
reached. Catalysts deactivation might have various origins such as
the decrease of the number or the efficiency of the active sites due
to structural changes, poisoning effects, ... The continuous and
slight deactivation of reduced LST and LSCT samples, which
closely resembles that observed with CeyoGdy;0,—, (CGO)
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samples,** could be tentatively attributed to the possible further
decrease of the BET surface area under reactants or changes in
redox properties, as previously demonstrated for CGO activated
at 900 °C in N,.** The thermodynamically favored formation of
carbon deposits leading to partial poisoning of catalytic sites, as
often invoked in CH,4/H,O reaction, is not excluded. This point
was not addressed because of the very low catalytic activity of
these samples.

The sharp deactivation of LCST-ox cannot be explained by
changes in BET area and/or redox properties, both of these
processes being expected to be slow.* O,-TPO experiments
performed after catalytic testing over LCST-ox sample revealed
the absence of any detectable carbon deposits. The lower limit of
CO, amount that could be detected by TPO in our e)iperimental
conditions was estimated to be less than 1 #mol g . Thus the
formation of carbon cannot be invoked to explain the sudden
drop of activity at initial time. No explanation can be given so far
for the transient decrease of LCST-ox activity. However it is
worthwhile noticing that (i) even after deactivation, the catalytic
activity of LCST-ox is much improved with respect to the other
two samples and remarkably stable, (ii) this sample is highly
resistant to carbon formation. Both of these properties are of
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Figure 8. HT-XRD diagrams of a-LCST and b-LST synthesized at 1400
°C/48hin Ar/H,(2%) and exposed to air, recorded from 25 to 1000 °C.
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Figure 9. Evolution with temperature in air of the normalized lattice
volume of LCST (4) and the apparent crystallite size of LCST (O) and
LST (O), directly after synthesis in Ar/H,(2%).
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Figure 10. TGA curves in air for LCST (dashed line) and LST (solid
line) after synthesis in Ar/H,(2%).

interest in view of operating the fuel cell directly with dry or
slightly wet methane.

The H, formation rates measured after 200 min reaction for
LST, LCST and LCST-ox samples are reported in Table 2 and
compared with a reference CGO sample treated in N, at 900 °C
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Figure 11. XRD diagrams of LCST after oxidation at 1200 °C in air
(bottom) and further reduction at 850 °C/48 h in Ar/H,(2%) (top).
The inset focused on the Ce-enriched phases. Asterisks and squares
indicate CeO, and Ce;;O,, respectively.

Figure 12. FEG-SEM image in backscattered electron mode of LCST
after oxidation at 1200 °C in air. The arrows point at Ce-enriched phases.

Figure 13. FEG-SEM image in backscattered electron mode of LCST
after oxidation at 1200 °C in air and further reduction at 850 °C/48 hin
Ar/H,(2%). The arrow points at a residual Ce-enriched phase, whereas
the circles outline the porosity appearing after redissolution of Ce-
enriched phases.

prior to catalyst testing as for the other studied samples. CGO
was proposed as a possible anode component due to sufficient
catalytic properties in steam reforming when using temperatures
above 900 °C.**! The striking feature is that the H, formation
rate at 900 °C expressed in mol h™ ' g~ ' over LCST-ox reached
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Table 2. Specific Surface Area of Catalysts Samples and H, Formation Rates

material specific surface area (m” g~ ") pretreatment
LST 105 N,/H,(1%)
LCST 9.7 N,/H,(1%)
LCST-ox 10.6 N,

CGO* 10 N,

flow rate (Lh™") H, rate” comments
6.2 142 deactivation
6.2 091 deactivation
6.2 9.35 stabilization after deactivation
6.5 9.40 deactivation

“ Formation rates are given in mol ht g_l. Measurements were made after 200 min reaction in a CH,/H,O/N, = 10:1:9 gas mixture. b Pure gadolinia-

doped ceria (CGO) treated in N, at 900 °C is used for comparison.
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Figure 14. Hydrogen formation rates vs time upon reaction of a 10:1:9
CH,/H,0/N, mixture over LST, LCST and LCST-ox samples. T = 900
°C, 20 mg sample, total dry flow rate = 6.2 Lh™ ",

that obtained over CGO. Interestingly, only CO formed together
with H, over the LCST-ox sample while, for CGO, significant
CO, formation (0.87 mol h™" g~ ') accompanied CO produc-
tion (2.99 mol h™' g~ !). This indicates that differing catalytic
reactions occur on these two samples, which could be due to
different catalytic sites. This will be addressed in more details in
the Discussion section.

W DISCUSSION

Structural Characterization at Room Temperature. The
synthesis of LCST compound cannot be achieved in air without
the presence of several Ce-rich impurities. Among these, CeO, is
the only one which is clearly detectable by XRD. The presence of
ceria confirms the preference of cerium at the IV oxidation
state under oxidizing atmospheres, but the impossibility to insert,
in part or totally, Ce*" in substitution for La**. This last
observation concurs with the literature, where it is reported that,
when synthesized in air, titanium perovskite with Ce*" at the
A-site has never been observed, in contrast to, for example,
cobaltite or Manganite perovskites.*> ** In perovskite titanates,
only the bigger tetravalent cation Th** (A)™ has been encoun-
tered at the A site when coupled with monovalent Na™ in the
compound Na, /3 Th; /3 TiO5.*® Attempts to synthesize similar
material with Ce*" were not conclusive because of the much
smaller ionic radius of Ce** and lower Goldschmidt tolerance
factor as compared with that for Na,/3Th, /3 TiO5.*® Further-
more, as confirmed by XPS and XANES, the double perovskite
NaCeTi,Og involving both Na™ and exclusively Ce>* also claims
in favor of the inexistence of Ce*" cations at the A site of a
titanium perovskite.*” More recently, Ce-doping at the A site of
strontium titanate has been successfully obtained but using an
A-site deficient stoichiometry in the Sr;_3,,,Ce,TiO; series;
quite surprisingly for syntheses carried out in air, it has been
proved that cerium cations in the series were chiefly 3+.***’ In
the case of pure (i.e., without cerium) and stoichiometric LST,
the presence of La,Ti,O--type impurity in air has already been

observed and described in the past. It seems to be related to the
accommodation mechanism in air of the OXygen excess associated to
donor dopant in strontium titanates.'”'**° Such impurities are
apparently already present even for low La-content, precipitating
in the form of diluted local defects that can grow at a sufficient
size to be observed by XRD if the heat treatment is particularly
long and high in temperature.

On the other hand, when the synthesis is undertaken in
reducing atmosphere such as Ar/H,(2%), single phase materials
displaying a slightly distorted perovskite structure are obtained
for both compositions. Stabilization of the LCST perovskite is
easily explained by Ce and Ti at valence +III in such an
atmosphere, as attested by XPS measurements. Indeed, Ce®"
ionic radius remains close to La*" one (1.34 A and 1.36 A with
Z = 12, respectively),* allowing the achievement of such a
substitution, as in the case of Sr;_3,/,Ce, TiO3 series.” In our
case, the presence of Ti’* being necessary for charge compensa-
tion, reducing atmosphere was required and high temperature
increasing entropic term was not sufficient in the Gibbs free
energy of formation to allow the synthesis in air of the Ce-doped
titanate, contrary to the case of Sr;_3,/,Ce,TiO3 where ce*t
was demonstrated for a 1400 °C sintering temperature. As shown
by XPS and confirmed by TGA, considering the presence of only
25% of Ti*" instead of 33% expected in the case of pure
electronic compensation, the developed formula appears to be
LaHHo.mCe+II 015t +II0.67Ti+wo.75Ti+mo.2503.04 and
La ™ 338 ™) 6 Tit Vo7 Ti ™™ 550304 for LCST and LST,
respectively. It can be noticed that a small excess of overstoichio-
metric oxygen remains in order to satisfy the electroneutrality of
the structure. In contrast to what is generally occurring in most of
the perovskites where the B site cation is easily able to change its
oxidation state, this interesting observation highlights that charge
imbalance led by La’" and Ce®"-substitution is not totally
compensated neither by the reduction of Ti from Ti*" to
Ti>*%" nor by the creation of cation vacancies.”>*> Although
from a crystallographic point of view, this oxygen excess localiza-
tion in the compact perovskite structure is not conceivable, no
oxygen-overstoichiometric impurity phase has been observed for
similar compositions, like CeTiO3+5S4 and LaxSrI,xTiOH(;.H’SO
Once again, the explanation is inherent to the presence of local
defects of La,Ti,0-type randomly distributed in the structure
and not observable by XRD, but which could be outlined for
example by TEM.'*

The full structural characterization required both XRD and
SAED technical supports. It is once again worth noticing the
importance, in the field of structural studies, to combine different
means of analysis such as XRD and SAED, especially when heavy
atoms (e.g,, Ce and La) coexist with light atoms such as oxygen.
Slight TiOg distortions coming from weak oxygen atom displa-
cements are less sensitive to X-rays whereas they become obvious
using electron diffraction, illustrating the fact that the interaction
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between electrons and matter is approximately 10° higher than
with X-rays. Indeed, in the present study, the use of only X-ray
powder diffraction would let us use the approximate Ibmm space
group, while the combination of TEM and XRD revealed the true
space group was Immm (#71). As attested by the symmetry
similarity between both LST and LCST compounds, the Ti>"
concentration seems to be the unique responsible for the
presence of a superstructure. A higher ionic radius, as well as a
lower oxidation state for the B-site element both generates the
same space group and consequently, very similar features (see
Table 1).

Thermal Evolution of the Reduced Structure in Reducing
or Oxidizing Atmosphere. After synthesis in diluted hydrogen,
both LST and LCST remain monophasic during thermal treat-
ment from RT to 1000 °C in the same reducing atmosphere,
but undergo two subsequent phase transitions from an orthor-
hombic to a tetragonal (at T; &~ 300 °C) and then a cubic
symmetry (at T, ~ 400 °C) when the temperature increases.
Such thermally activated phenomenon is quite classical for
perovskite structures. It is encountered in many [2 + 4] systems
and particularly in Sr or Ca titanates but it generally proceeds in 3
steps following the sequence Pnma <> Cmcm <> 14/mcm <>
Pm3m,” what is not the case here with an unusual Immm space
group at low temperature in both cases but possibly an I4/mcm
space group at intermediate temperatures, what once again
should be confirmed by TEM (see before).

From X-ray thermodiffraction analysis in air of LST and LCST
synthesized in reducing atmosphere, we observed a first phe-
nomenon between 400 and 500 °C that seems common to both
materials and corresponds, according to TG measurements, to
the oxygen uptake via Ti’ " reoxidation. As already mentioned,
according to the model first described by Bowden et al.>* and
then maintained by other authors,""'* the most probable me-
chanism of accommodation of overstoichiometric oxygen atoms
in the structure is related to the formation of more or less
extended defects of the La,Ti,O- structure type. If the reoxida-
tion is carried out at much lower temperature (T, = 1000 °C in
HT XRD measurements and TGA) than the synthesis or
sintering temperature in reducing atmosphere, the precipitation
of this lamellar-type impurity that could be described also as
planar defects precursor of the La, Ti,O,-type phase is occurring
in a very diluted form in all the bulk volume of the material; it
thus produces strains and a strong decrease of the coherent
domains size (at the same time a change in cell volume) for the
perovskite, as observed effectively in Figure 9. Bowden et al. have
already described such kind of feature but only considering the
evolution of the structure in the Sr;—,La, TiOj; series synthesized
at 1350 °C in air, showing exactly the same effect of XRD peaks
broadening but as x increase.”® It can be seen that following
another way of preparation (synthesis at high temperature in
reducing atmosphere then reoxydation at low temperature in air,
for a fixed x composition), we observe the same kind of behavior,
that intrinsically reflects the phase diagram of the system.

This crystallite size reduction is a kinetic advantage for an
ulterior reduction step (for example during SOFC cell operation)
in which the defect can redissolve into the perovskite crystallites
with more facility without requiring too high reduction tempera-
ture. Such kind of mechanism can also explain why some authors
argue on the necessity to prereduced at high temperature La- or
Y-doped strontium titanates before processing or using it at
lower temperature.”'""*'%!? Even if an intermediate heat treat-
ment in air at T &~ 1100—1200 °C for a few hours is required

before cell testing (e.g., for cathode elaboration) or if several
redox cycles in air at 800—900 °C are applied to the prereduced
material to simulate real operation of the cell, the effect on the
material structure (and then, in particular, on its electrical
properties) will not be dramatic. On the contrary, an air-
processed material (synthesis or sintering temperature typically
T > 1300 °C for titanates) will give rise to so large crystallites size
for lamellar impurities that it will never completely disappear in
reducing conditions at low temperature due to the low cation
diffusion coeflicients in oxides; strongly disrupting the structural
homogeneity of the sample, the electrical conductivity, measured in
reduced atmosphere and at lower operating temperature
(T < 900 °C) characteristic from the anode ambiance, will remain
weak. This phenomenon should be general to donor-doped
SrTiO; materials and not a specificity of LCST for which a
second feature seems to appear at higher reoxidation tempera-
ture (T > 700 °C).

Indeed, to both simulate the sintering treatment of the cathode
material and emphasize the phenomenon that seems to occur
during the oxidation above 700 °C, LCST powder was exposed
to a calcination in air at 1200 °C for 3 h. The powder XRD
pattern reveals the presence of at least two phases: the main cubic
phase, a substoichiometric perovskite similar to Lag ;3000 1Sro.67.
TiOj3, which results from the exsolution of Ce as CeO,. However,
some nonindexed peaks remain at around 26 = 28°. According to
the initial stoichiomet?r of the compound, a possible indexation
is Ce™,Ce™™,0,0.°° But, as demonstrated by TGA, no Ce*t
remains after air exposure at 1200 °C/3 h. One explanation of the
presence of this phase leads to consider the formation of the
similar phase La" 4Ce™"",0,0. This hypothesis involves also
the exsolution of a small amount of La®", which calculated
proportion corresponds to 0.01 La*" to form Lag 2,516, TiO3,
the x = 0.22-compound of the neighbored family La,Sr;_
1.5xT103. To sum up, the oxidation of LCST could correspond
to the following reaction:

Lag23Ceq.1Sr0.67TiO3,04 + 0.08750, — Lag.2,Sr0.67TiO3
+ 00825C802 + 0.0025L34CE7020 (l)

XRD pattern refinement of the main phase supports this
hypothesis. Indeed, the main cubic phase displays a cell para-
meter of a = 3.8966(5) A in the Pm3m space group, identical to
the theoretical value of 3.8966 A calculated from the Vegard’s law
between SrTiO; and La,,3TiO; (y = 3.905 — 0.03825x),
according to R. Moos et al.”

FEG-BSE images recorded on the sample exposed to air at
1200 °C for 3 h are in good agreement with the XRD data. The
BSE images outline the chemical contrast existing between the
main phase and the segregated electron-enriched phases located
at the grain boundaries. Furthermore, EDS analyses confirm the
enrichment in Ce of the segregated phases, since the peaks
relative to cerium are more important when the analysis is
focused on the exsoluted phases than on the bulk material. Such
a phenomenon can be named “exsolution” or precipitation of
cerium oxides nanoparticles at the surface of the titanate micro-
meter scale grains, that could be particularly interesting for
catalytic prolperties (oxidation or reforming of hydrocarbon
molecules),>*” % but also for the electrocatalytic oxidation of
hydrogen® due to the high chemical reactivity conferred to the
material (Figure 12). Such a phenomenon, once again well-
known because already used to synthesize metallic (e.g, Ni)
nanoparticles-based catalysts,*’ ~® has been recently applied to
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the development of new anode materials.”* " On the contrary

of the latest examples, the catalytically interesting nanoceria
phase is obtained in our case by reoxidation in air (simulating
the necessary sintering of the air electrode) of the previously pure
titanate obtained by synthesis at high temperature in reducing
conditions, and not by reduction of a pure air-synthesized oxide.

To complete the study and simulate a real SOFC anode cycle,
the latter material was exposed to Ar/H,(2%) at 850 °C for 48 h.
FEG-BSE images show the partial reversibility of the exsolution
process, allowing to affirm that some ceria nanoparticles will
remain in real anodic conditions (less reducing than dry
Ar/H,(2%) at OCV, and more oxidant under anodic polarization).
The detection of residual traces of Ce-enriched phases in the
background of the XRD pattern confirms the microscopy
observations, so that we have to consider a phase of intermediate
Ce content, comprised between the reduced form of Immm-
LCST and the fully oxidized form of Pm3m-LCST. The refine-
ment in the Pm3m space group led to a volume Vp,,;3,,, which was
superior to the value of the fully oxidized LCST (Vp,3,, =
59.428(4) A® instead of 59.147(5) A?), attesting to the solely
partial reinsertion of the Ce cation into the structure, and so the
presence along the grain boundaries of residual Ce-enriched
phases (especially CeO,) that can improve both the catalytic and
electrocatalytic properties of the material.

Finally, one could argue that the synthesis in reducing condi-
tions of LCST is an additional difficulty in comparison to other
materials, but it is worth noting that due to the necessity to
reduce any donor-doped titanate at high temperature (during
synthesis or sintering of the anodic layer) to obtain a sufficiently
high electronic conductivity and use it as an anode, this is not in
reality the case.

Relationship between LCST Structure and Catalytic Beha-
vior in CH4/H,0 Reaction. The catalytic conversion of CH,/
H,O mixtures at 900 °C can proceed through many equilibrated
reactions as listed below by considering the forward reactions
thermodynamically favored from the left to the right:

CH; = C + 2H, (methane cracking) (2)

CH; + H,0 = CO + 3H, (steam reforming) (3)

CH, + 2H,0 = CO,; + 4H, (reverse methanation)  (4)
CO, + H, = CO + H,0 (reverse water gas shift)  (5)
CH, + CO; = 2CO + 2H,; (dry methane reforming) (6)
C+H,0=CO+H, (7)

C +2H,0 = CO, + 2H, 8)

C + CO, = 2CO (reverse Boudouard reaction)  (9)

On the basis of thermodynamics calculations, it can be stated
that, at the equilibrium at 900 °C, starting from a gas composition
of 50% CH,, 5% H,O, N, balance, CH4 and H,O are both almost
totally converted, producing H,, CO, and C. This suggests that,
in these conditions, thermodynamics would be essentially gov-
erned by steam reforming (consuming both methane and steam)
and methane cracking (consuming methane but producing large
amounts of solid carbon). The absence of such carbon deposits
upon CH,/H,0O reaction over LSCT-ox at 900 °C clearly

indicates that reactions proceed under kinetic control over this
catalyst.

It is also clear from our experimental data that, whereas the
incorporation of Ce into the LST structure (LCST) has a
negative impact on the catalytic production of H,, the exsolution
of nanosized Ce-rich particles upon oxidative treatment of LCST
(LCST-o0x) enhances the catalytic activity by 1 order of magni-
tude. It is worthwhile noticing that the catalytic formation of H,
over LCST-ox is similar to that of pure CGO, although catalytic
sites are likely different because of different structures and
composition. In CH,;/H,O reaction, the rate limiting step
involves the activation of the highly stable methane molecule
irrespective of the metallic or oxidic nature of the catalyst. This is
consistent with the first order rate of the H, production with
respect to methane partial pressure.”””" There has been a general
agreement in the literature to conclude that the mechanism of
CH,4/H,O0 reaction over ceria based materials proceeds accord-
ing to the following two steps:

(i) A step of ceria reduction by reaction with methane, thus

producing oxygen vacancies and Ce’" ions.

(ii) A step involving H,O and leading to the reoxidation of
Ce’" into Ce*" ions with refilling of oxygen vacancies by
oxygen ions.

In this view, the production of carbon species acting as an
intermediate in the global reaction such as on Ni catalysts is not
considered, thus explaining the high resistance of these oxide
materials to carbon formation even in severe coking conditions.
The mechanism by which methane activation proceeds over
oxide materials remains unclear however. Accordingly, reaction 3
(steam reforming) is basically assumed to proceed over ceria
based materials. However, some CO, formation can be also
observed.*® This suggests that catalytic sites over ceria based
materials may also catalyze other reactions than only steam reform-
ing. Since reactions involving C can be all excluded (see previous
arguments) and reverse water gas shift reaction is favored at
900 °C, CO, is mainly expected to form through reaction 4
(reverse methanation), which would involve the production of
CO, instead of CO in the first step of the above mechanism
involving methane as a reactant. This is not unlikely owing to the
known property of ceria to easily fully oxidize hydrocarbons.>%®
In this respect the catalytic behavior of LSCT-ox and therefore of
the catalytic sites present at the surface of this composite material
are likely different from that present at the CGO surface, being
less oxidizing than on ceria based systems. Considering the
composite nature of this material with at least two different
phases, the main cubic phase, a substoichiometric perovskite
similar to Lag 300 1St 67TiO3, and a Ce-enriched phase, it could
be proposed that

(i) The Ce-enriched phase is mainly responsible for the
observed catalytic activity improvement with respect to
LST phase.

(i) The Ce-enriched phase is different in nature from pure
ceria since no CO, could form.

Considering electron micrographs, it can be stated that most
of the surface area of the composite LSCT-ox sample is because
of the main fraction of the material (90%) having the perovskite
structure. Consequently most exposed surface sites would neg-
ligibly contribute to the catalytic activity in agreement with
literature data reporting the poor catalytic properties of the
La,Sr;—3,/,TiO4 family.6 On the contrary, the minor Ce-enriched
phase, contributing to much less than 10 m?/ g, would be as active
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as 10 m”/g of pure CGO. This could be tentatively attributed to a
size effect on catalytic properties, this active phase being dis-
persed as nanoscaled particles segregated at the grain
boundaries.®”~*° LCST-ox catalytic behavior in CH,/H,O reac-
tion could be compared to that of SYT-Ce0,.>"**

This study finally highlights the major effect of the cerium
environment on the catalytic properties in CH4/H,O reaction
for producing H,. An excessive stabilization of Ce*" ions in the
perovskite structure such as in LCST structure after reducing
treatment where Ce is stabilized in 12-fold coordination sites,
does not provide any significant catalytic activity in H, produc-
tion from CH,/H,O mixtures. On the contrary, the Ce-enriched
phase would exhibit improved redox properties, likely through
Ce*t/ce’t couple, in a way similar or even easier than in ceria-
based materials.

Therefore, developing a phase catalytically active in CH,
activation or H, production from CH,4 on the top of a good
electronic conductor, such as in the LSCT-ox sample, could be a
promising route in view of developing anode materials for fuel
directly operating on methane.

Bl CONCLUSIONS

Under reducing condition, the insertion of Ce®" at the La site
of the La,Sr;—, TiO5. 5 (x = 0.33) (LST) titanate was proved to
be possible. A Lag,3CeqSro6,TiO3 5 (LCST) pure phase was
prepared. As LST, its symmetry at room temperature is orthor-
hombic of space group Immm. In N,/H,(3%), it subsequently
transforms to a tetragonal then a cubic polymorph, at 275 and
375 °C, respectively.

The oxidation in air of LCST leads to two features:

(i) Asin LST, Ti’" cations reoxidize to Ti*" producing a
strong decrease in the crystallite size of the perovskite
probably because of the precipitation of a lamellar-type
impurity (extended defects precursor of the La,Ti,O-
type impurity) that accommodates the oxygen excess.

(ii) A decomposition into a multiphased system containing
Ce-enriched phases segregated at the grain boundaries of
the conducting titanate. This ceria exsolution is not
completely reversible in SOFC anodic conditions.

This exsolution phenomenon allows the enhancement of the
catalytic activity in methane steam reforming by 1 order of
magnitude with respect to the starting material. Interestingly
this material reveals a high resistance to carbon formation, which
makes this material a good candidate for a SOFC anode working
directly in methane. The measurement of the electrical proper-
ties of this anode material is currently in progress, as well as the
study of the electrochemical properties in H,/H,O.
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