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The electrocatalytic activity of composite anodes,

comprising metallic platinum and nanocrystalline Pt-modified

CegasZroasLag100,-5 and CepoSmy;0,_5 , was evaluated for the oxidation of dry methane in a solid oxide fuel cell (SOFC) —
type reactor with yttria-stabilized zirconia solid electrolyte. At 923—-1073 K, the total combustion is dominant, whilst above 1100 K
the composite anodes exhibit significant catalytic activity towards the partial oxidation of methane (POM). At 1223 K and for a
0,:CH,4 ratio equal to 0.5, stoichiometric for the POM reaction, CO selectivity and CHy4 conversion over Cey9Smg0;,_5 /Pt
achieves 55% and 41%, respectively. Under these conditions, Cep4s5Zrg4s5Lag 1002-s /Pt anodes possess higher catalytic activity for
partial oxidation, associated with the lower lattice oxygen mobility and instability of the Ceg4s5Zrg45Lag1002_s cubic fluorite
structure, and provide 54% conversion efficiency with 73% selectivity to carbon monoxide. Further increase in CH4 conversion and
CO selectivity can be achieved by packing the reactor with an additional catalyst, such as Pt-promoted Ce45Zro45Lag1002-s or

LaNi03_0~/A1203 .
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1. Introduction

Solid oxide fuel cells (SOFCs) are considered as
alternative electric power generation systems due to high
fuel conversion efficiency, low pollutant emissions, low
noise and fuel flexibility [1-4]. The direct oxidation of
methane in SOFCs makes it possible to increase the
open-circuit voltage, to eliminate reformer, and to
co-generate electrical power and useful products such as
synthesis gas, a mixture of CO and H, used as a feed-
stock for the commercial methanol and Fischer—Trop-
sch synthesis. Recently, significant attention was drawn
to Ce-containing oxide phases as components of anodes
for hydrocarbon-fueled SOFCs [5-12]. Ceria and its
derivatives, exhibiting mixed oxygen-ionic and elec-
tronic conductivity under reducing conditions, provide
an enlargement of the electrochemical reaction zone,
reduction of anode polarization [6,10-13], and contin-
uous removal of carbon deposits due to oxygen storage/
release capacity [5,6,14]. In addition, ceria-based mate-
rials show substantial catalytic activity for partial oxi-
dation of methane (POM), 10, + CH4 = CO + 2H,
[14-19]. These components may, hence, promote selec-
tive electrochemical oxidation of methane directly on
the SOFC anode (O°~ + CH4 = CO + 2H, + 2¢7) .
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The present work is focused on the study of dry
methane oxidation over SOFC anodes comprising Pt-
modified nanocrystalline Ceg45Zrg45Lag100,_s and
Cep9Smg 0,_s . These ceria-based solid solutions were
reported to exhibit significant catalytic activity for the
oxidation of methane to synthesis gas by lattice oxygen
[18,19]. Their catalytic activity can be further improved
by modification of the surface with dispersed platinum,
promoting methane dissociation and activation of lattice
oxygen ions near the surface [18,19]. The n-type elec-
tronic conductivity of reduced ceria is however insuffi-
cient, which requires to incorporate another
electronically-conducting component, preferably with a
high catalytic activity. This combination of properties is
characteristic of several transition metals (e.g. Ni) or
noble metals (e.g. Pt). In the present work, platinum was
selected as the second component of the model com-
posite anodes, in order to avoid possible solid-state
reactions with oxide components and prolonged relax-
ation processes typical for Ni-containing anodes on
redox cycling.

2. Experimental

The nanocrystalline powders of Ceg4s5Zrga4s
Lag 00,5 and Cep9Smy0,_s were prepared by co-
precipitation of metal hydroxides from the solution of
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Ce*", ZrO*" and La’*", or Ce®" and Sm®" nitrates,
containing metal cations in the stoichiometric propor-
tions. The co-precipitation was performed adding
aqueous ammonia under continuous stirring. After
washing, the precipitates were peptized to a sol by a
short (<1 min) ultrasonic treatment, dried in air, and
then annealed at 873-1473 K. The characterization of
powders included X-ray diffraction (XRD) analysis
using HZC 4A and Rigaku D/MAX-B instruments,
transmission electron microscopy (TEM, LEO 906E
microscope), and scanning electron microscopy (SEM,
Hitachi S-4100 microscope).

Studies of the electrocatalytic activity of
Ceo.45Zrg.45Lag.1002-5 /Pt and Cep9Smg 1055 /Pt com-
posite anodes were carried out using a SOFC-type
reactor with 8 mol.% yttria-stabilized zirconia (YSZ)
solid electrolyte (figure 1(a)). The model SOFC-type
reactor comprised one hermetically-sealed YSZ tube
(inner diameter 8.9 mm, wall thickness 2.0 mm) with the
composite anode applied onto the inner surface, and a
Pt cathode on the outer surface. Pt wires were used as
current collectors. As the current collectors were
completely covered with anode material and their
geometrical surface area was considerably smaller
compared to anode layers (<0.1%), the influence of Pt
wires on the catalytic performance of the reactor was
considered negligible. For the fabrication of anodes,
Ceo.4s5Zrg45Lag1002—s and CepoSmy 0,5 powders
annealed at 873 K for 1 h were impregnated with
H,PtClg solution (Pt loading of 1.5 wt.%) and dried at
373 K. Pt-modified Ceg45Zr¢45La9.1002_s powder was
grinded, mixed with coarse metallic Pt (50:50 wt.%),
and applied onto YSZ surface with annealing at 1373 K
for 1 h. The sheet density of Cey45Zrg45Lag1002_s5 /Pt
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composite anodes was 6.7 + 0.2 mg/cm®. In the case of
Sm-doped ceria, anodes were prepared in two steps
applying metallic Pt porous layer on the YSZ surface
(annealing at 1223 K for 0.5 h; sheet density 4.9 =+
0.1 mg/cmz), and then Pt-modified Cep9Smy;O0,_s
powder over platinum layer (annealing at 1373 K for
1 h, sheet density 29 + 1 mg/cm?). Porous platinum
anodes studied for comparison were prepared via similar
procedure with annealing at 1223 K for 0.5 h. In all
cases, geometric surface area of the composite anodes
was 12.6 + 0.3 cm>.

In the course of experiments, a mixture of dry
methane (299.995 % purity) and He (50:50 vol.%) was
supplied onto the composite anodes with a total flow
rate of 2-3 cm?/min; the gas flow composition and rate
were fixed by Bronkhorst mass-flow controllers. The
influent flow rate was limited by the maximum current
density through the solid-electrolyte membrane, deter-
mined by the ohmic and polarization resistances of the
model SOFC-type reactor; in this work focused on the
catalytic studies, the reactor was not optimized to
decrease voltage losses. Oxygen was supplied into the
reaction zone by passing direct current through the cell
in the galvanostatic mode; the current density varied in
the range 2.7-16.5 mA/ecm? which corresponds to
effective O,:CH4 ratios ranging from approximately
0.125 to 0.625. The experiments were performed in the
temperature range from 973 to 1173 K. The composi-
tion of gas mixtures at the inlet and outlet of the reactor
were analyzed using a Varian CP-3800 gas chromato-
graph, equipped with thermal-conductivity and
flame-ionization detectors coupled in series and a 250 ul
six-port VICI gas-sampling valve; the separation and
quantification of gas components was accomplished
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Figure 1. Schematic drawing of the model SOFC-type reactor for CH4 oxidation (a) and upper part of the reactor packed with an
additional catalyst (b).
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with a semi-capillary CarboPLOT P7 column using the
absolute calibration method. Analysis was performed as
a function of time for at least 20 h for every set of
conditions (at fixed temperature and O,:CH, ratio). The
product selectivity was calculated as the concentration
ratio between a given product and the sum of all
detected carbon-containing products, namely CO,
CO,,CyHg , CoHy and C,H; . The selectivity to C,
hydrocarbons was below 1.5%. The yield of carbon
monoxide was calculated as the ratio between outlet CO
and inlet CH, flow rates.

In selected cases, the SOFC-type reactor was packed
with an additional catalyst, namely, Pt-modified
Ceggs5Zrp45Lag 1900, or Pt/LaN103/A1203 , as illus-
trated in figure 1(b). For the preparation of
Pt/LaNiO;/Al,O3 catalyst, porous Al,Os; spheres
(diameter 1.5-2.0 mm, surface area 200 m?/g) were
impregnated with aqueous solution of lanthanum and
nickel nitrates, containing metal cations in equimolar
proportion, and then annealed at 773 K for 2 h in air to
form LaNiOj. The resultant LaNiO; loading was 14.5
% with respect to Al,O3 weight. Further, the spheres
were impregnated with H,PtClg solution in ethanol (Pt
loading 2.0 wt.% with respect to LaNiOs) and annealed
again at 773 K for 2 h.

3. Results and discussion

XRD showed partial crystallization of
Ceg4s5ZroasLag100,-s and CepoSmg 0,5 powders
annealed at 873-1373 K (figure 2). All reflections can be
assigned to a cubic fluorite-type phase, space group
Fm3m. The XRD patterns are broadened due to nano-
scale particle size; the average crystalline size calculated
by the Scherer equation was in the range of 4-5 nm and
8-10 nm for powders annealed at 873 K and 1373 K,
respectively. Note that the formation of several meta-
stable phases was observed in the intermediate region
(ceria content 20-80 mol.%) of the CeO, — ZrO, phase
diagram [20]; Ces5Zrp50,_5 solid solution undergoes
phase separation to thermodynamically stable cubic Ce-
rich and tetragonal Zr-rich solid solutions on thermal
treatment [21]. Also, segregation of two fluorite-type
solid solutions was reported for (CeysZrs),_.La,Or_s
with x > 0.2 [18]. In combination with these data, the
XRD results suggest formation of a metastable solid
solution for the Ce45Zrg45La9 1002_5 composition.

The average particle size, estimated from the TEM
results (figure 3(a)), is 3-5 nm and 812 nm for the
powders annealed at 873 K and 1373 K, respectively, in
excellent agreement with the XRD data. Increasing the
temperature of treatment to 1473 K promotes further
crystallization (figure 2) and grain growth (figure 3(b)),
although after 10 h a fraction of nano-sized particles is
still kept (inset in figure 3(b)). The sintering of
CegasZroasLag1002-s /Pt and Ce9Smg10;-5 /Pt
anodes as well as the final pre-treatment of the Pt-
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Figure 2. XRD patterns of Ceq45Zr(.45L2a0.1002-s (2), CepgSmg 109
and Pt-modified CejgSmg;0,-s5 (b) powders annealed at 873-1373 K
for 1 h or at 1473 K for 10 h. The /k/ indexes are given for the cubic
fluorite-type structure (space group Fm3m).

modified Ceg4s5Zr945La¢,100;,_5 catalyst packed into the
model reactor were thus performed at 1373 K for 1 h.
Both catalyst and anodes consisted of aggregates formed
by Pt-modified C60‘45ZI‘0'45L30'1002_5 or Ceo'gsmo_loz_(j
nanocrystallites, figure 3(C—E) and figure 4; large Pt
particles formed a continuous network providing cur-
rent collection.

The  conversion of dry methane  over
Ceg45Zrg45La0100,_5 /Pt anodes at 973-1073 K results
in dominant CO, formation even at low O,:CH, ratio
(figure 5). Increasing temperature to 1173 K leads to a
sharp increase of the catalytic activity towards partial
oxidation reaction (figures 5 and 6). For the effective
0,:CHy ratio of 0.5, stoichiometric for the POM, CH,4
conversion and selectivity to carbon monoxide achieves
54% and 73%, respectively. Note that this ratio, cal-
culated from the oxygen flux through solid-electrolyte
membrane, reflects only the total concentration of oxy-
gen atoms in the gaseous phase; the methane oxidation
is expected to occur both electrochemically and via the
chemical reactions with oxygen atoms or molecules
formed due to discharge of O  anions. At the same
time, no gaseous O, was detected in the effluent gas
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Figure 3. Bright-field TEM (a,b) and SEM (c-¢) images of Cegy5Zro45Lag1002-5 powders annealed at 873 K and 1373 K for 1 h (a),
060_45ZI‘0>45L3,[)_1002,§ pOWdCI' annealed at 1473 K for 10 h (b), Pt-modified C€0_45ZI‘0_45L8¢{]_1002,5 catalyst (C), and 060_45ZI'(]_45L3,0_1002,§ /Pt

anode on YSZ solid electrolyte (d and e).

mixtures, suggesting that the oxidation processes are
localized mainly at the electrode surface.

Under similar conditions (O,:CHy = 0.5, 1223 K),
methane oxidation over porous Pt anode results in lower
conversion but higher selectivity to CO (figure 6), which
may indicate a contribution of the reverse water-gas
shift reaction. The practical use of platinum anodes is,
however, impossible due to extensive carbon deposition;
coking limited the operation of these anodes to 3540 h
even at a O,:CHy ratio close to 0.5. On the contrary, no
carbon imbalance between the influent and effluent gas
mixtures was observed for Cegq5Zrg45Lag 00,5 /Pt
composite anodes within the limits of experimental
uncertainty (£+5%) when the oxygen-to-methane ratio
was above 0.37.

Further improvement in the reactor performance
was achieved by packing with Pt-modified
Ceg45Zr945La0100,_5 catalyst (2.3 g) as illustrated by
figure 1(b). Incorporation of additional catalyst has a
rather small effect at 923-1073 K, but increases con-
version efficiency approximately twice and also
improves selectivity to carbon monoxide at 1123—

1173 K (figures 5 and 6). Both CH,4 conversion and CO
selectivity approach the theoretical equilibrium values,
calculated assuming negligible carbon formation, and
achieve 87% and 84%, respectively, at 1173 K and
0,:CHy ratio of 0.5 (figure 6). Such an improvement is
due to reforming of residual methane on the catalyst
surface with H,O and CO, formed at the anode:

CH4 + H,O = CO + 3H,

CH4 + CO, = 2CO + 2H,

Consequently, the outlet mixture composition becomes
closer to the thermodynamically predicted values. The
performance of the reactor with Ceg45Zrg45La9.1002_5 /
Pt anode and Pt-modified Ceg 4571 45La¢.100,_s catalyst
was found stable with no evidence of degradation with
time at 1173 K (figure 7).

The results show that Pt-modified
Ceg45Zrg45La9.100;,_5 exhibits a high catalytic activity
towards POM and is effective enough in preventing
carbon deposition at the SOFC-type reactor anode. At
the same type, deep microstructural optimization of
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Figure 4. SEM images of Cey9Smg ;05 s /Pt anode on YSZ solid
electrolyte: cross-section (a) and surface (b and c).

Cegqs5Zrg45La9100,_5 - containing anodes is necessary
in order to achieve CO yields close to theoretical values
without the use of an additional reforming catalyst. The
conversion of methane to synthesis gas occurs typically
via a two-stage mechanism, which involves the total
combustion of CH4 and subsequent reforming of
remaining methane with CO, and H,O [22]. When the
reactor is not packed with extra catalyst, the presence of
significant fractions of CO, in the outlet mixture is
associated with incomplete reforming at the anode.

As for Ceyy5Zr945Lag 100, -containing electrodes,
methane oxidation over Ceyp9Smg 0, 5 /Pt anodes
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Figure 5. Temperature dependence of the methane conversion (a) and
selectivity to CO formation (b) in SOFC-type reactor with
060.4521‘0,45]:43,0'1002,5 /Pt anode.

results in total combustion at 973-1073 K (figure 8). At
a O, : CHy ratio of 0.5, the selectivity to CO did not
exceeded 1.3% with a 27% conversion efficiency.
Increasing temperature to 1173 K improved the elect-
rocatalytic performance; CH4 conversion and CO
selectivity achieve 41% and 55%, respectively. The
conversion and selectivity to carbon monoxide are,
however, lower compared to Ceg45Zrg45Lag1002-5 /Pt
cermets and porous Pt anodes under similar conditions
(figure 6).

The difference in the catalytic behavior of
C€0,45ZI'0,45L8.0,1002,5 and Ceg,9Sm0,102,5 can be related
to two major factors, namely lattice oxygen mobility
and metastability of the Ceg45Zr¢45La¢100,_s fluorite-
type structure. The mobility of oxygen ions in the ceria
lattice may play an important role in the catalytic per-
formance influencing oxygen supply from the bulk to
active surface centers and the kinetics of redox process.
For instance, an inverse correlation between lattice
oxygen mobility and selectivity towards POM was
observed for Ce;_,Gd,O,_; fluorite-type solid solutions
[23]. Higher oxygen mobility in Cey9Smy;0;,_5 com-
pared to that in Ceggs5ZrgqsLag1002-s [19] should
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Figure 6. Dependence of CH,4 conversion (a) and CO selectivity (b) on
the effective Oy :CHy ratio in SOFC-type reactors with
C60A45ZI‘0_4,5L3,0_]002,§ /Pt and Ceo_gsmo_logﬂs /Pt anodes.

promote the activation of oxygen ions at the platinum/
oxide interface and result in faster oxidation of methane
and/or partial oxidation products. On the other hand,
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Figure 7. Example of time dependence of methane conversion, CO
selectivity and CO yield over Ceg45Zrp.45La09.1002—s /Pt anode in the
reactor packed with additional Pt/Ceq.45Zr¢45La01003-5 catalyst.
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Figure 8. Temperature dependence of the methane conversion (a) and
selectivity to CO formation (b) in SOFC-type reactor with
Ceg,gSmmOg,g /PI anode.

the instability of the Ceg 4571 45La0.100,_s cubic lattice,
especially in the surface layers, is expected to increase
the concentration of surface defects / active centers, thus
improving the catalytic activity.

Since the catalytic performance of Pt-modified
Cep9Smg0,_s for POM reaction was rather insuffi-
cient, the model SOFC-type reactor with Cey9Smg ;0,5
/Pt anodes was packed with Pt/LaNiO;/Al,O; catalyst
(1.5 g). LaNiOs; is a well-established catalyst precursor
for methane conversion processes, which transforms
into Ni’ /La;O3 in reducing environments [24,25].
Reduction of LaNiOj results in a fine dispersion of
nickel metal particles over porous lanthanum oxide,
thus limiting the coke formation characteristic for nickel
catalysts [25,26].

Packing the reactor with Pt/LaNiO;/Al,O5 appar-
ently did not result in any improvement in catalytic
performance at 973-1123 K with effective O, : CHy
ratio of 0.5 (figure 8). This indicates that the oxygen
chemical potential in the reactor under these conditions
was higher than required to activate LaNiO;_s precur-
sor. The O, : CHy ratio was hence decreased down to
~0.16 and the catalyst precursor was reduced in meth-
ane-rich conditions at 1123 K for several hours, as
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illustrated by figure 9; then the oxygen-to-methane ratio
of 0.5 was restored. The reduction results in a drastic
increase of methane conversion from 32 to 94% and CO
selectivity from 14 to 94% at 1173 K (figures 8 and 9).
At a lower O,:CHy4 ratio of 0.32, the reduction of cat-
alyst occurs on heating from 973 to 1023 K without
additional treatment, providing 98.2-99.9% CO selec-
tivity at 1023-1173 K (figure 8). The operation under
oxygen-lean conditions results, however, in incomplete
methane conversion and increases the risks of rapid
deactivation of the catalyst due to coking. When the
oxygen-to-methane ratio is stoichiometric for POM, the
conversion efficiency and CO selectivity at 1173 K
achieves 94.2% and 95.2%, respectively, being slightly
below thermodynamic equilibrium values (figure 6). The
reactor performance was found stable, with no evidence
of time degradation (figure 10) or carbon imbalance
between influent and effluent gas compositions within
the limits of experimental error, although minor traces
of carbon deposits on the catalyst surface were detected
by temperature-programmed oxidation after operation
at 1123-1173 K for 60 h.

4. Conclusions

Dry methane oxidation over composite anodes,
consisting of metallic platinum and platinum-pro-
moted nanocrystalline Ceg4s5Zrg45La0100,-5 and
Cep9Smg 0, 5 prepared by an organic-free sol-gel
method, was studied using a model SOFC-type reactor
with YSZ solid electrolyte. Methane conversion over
composite anodes results in dominant total oxidation at
973-1073 K. Increasing temperature above 1100 K leads
to a significant increase of catalytic activity towards
POM. For the O, to CH4 ratio of 0.5, stoichiometric for
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Figure 9. Time dependence of methane conversion and CO selectivity
in the reactor with CeygSmg;0-_s /Pt anode, illustrating the effect of
reduction of Pt/LaNiO3/Al,O3 catalyst at 1123 K.
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Figure 10. Time dependence of methane conversion, CO selectivity
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the partial oxidation reaction, CO selectivity and methane
conversion over Cegg5Zrg45La9100,-5 /Pt anodes
achieves 73% and 54%, respectively, at 1223 K. Packing
with additional Pt-modified nanocrystalline
Cegqs5Zroqs5Lag 00,5 catalyst results in further
improvement of the model reactor performance and
provides 84% CO selectivity with 87% conversion effi-
ciency. This confirms the high activity of Pt-modified
Ceg.4s5Zrg45La9100,_5 for the partial oxidation of meth-
ane and suggests a possibility for further microstructural
optimization of Ceg45Zrg4sLag1002_s - containing
anodes in order to achieve 95-97% CO yield, even with-
out the use of an additional reforming catalyst.

Cep9Smy,0,_s /Pt anodes show a lower activity for
the partial oxidation reaction. At 1223 K and O,:CHy4
ratio equal to 0.5, the selectivity to carbon monoxide is
55% with 41% methane conversion. The difference in
catalytic behavior of Ce9Smg 0, 5 and Cey457Zr .45
Lag100,_5 can be related to the lower lattice oxygen
mobility and instability of the cubic fluorite lattice for
the latter composition. On the other hand, high oxygen
mobility in the Cey9Smg ;0,5 lattice is expected to
provide better resistance to carbon deposition. Signifi-
cant improvement in methane conversion and CO
selectivity, up to 94.2% and 95.2% respectively, can be
achieved incorporating a Pt/LaNiO;/Al,O5 catalyst
into the reactor with Cey9Smy ;0,5 /Pt composite
anodes. Taking into account the tendency of nickel-
based catalyst to deactivation by coking, the long-term
tests are required to evaluate the stability of reactor
performance.
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