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Abstract : Strontium-doped lanthanum chromium manganite /gadolinium-doped ceria (LSCM/GDC)

nanocomposite particles were grown by means of a colloidal processing based bottom-up approach as Ni-free

anode material of solid oxide fuel cells. X-ray diffraction analysis indicates that GDC nanocrystals dispersed in the

aqueous medium plays as nucleation site of non-crystalline LSCM precursor, then the precursor transformed into

crystalline perovskite phase at 1000 °C. Scanning transmission electron microscopy with energy dispersed X-ray

spectroscopy reveals that the composite particles are composed of uniformly dispersing nano-sized LSCM and GDC

particles with narrow size distributions. The nanostructured porous anode with the grains of <100 nm diameter

was successfully fabricated using the nanocomposite particles after sintering at 1100 °C. The nanocomposite anode

showed good hydrogen oxidation reaction performance competitive to Ni-based cermet.
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1. Introduction
|

Solid oxide fuel cells (SOFCs) are one of the promis-
ing future power sources because of their high energy
conversion efficiency with clean exhaust.

Further improvement of energy conversion efficiency
has been demanded, recently. Ideally, the efficiency is
maximized when supplied fuel is utilized completely
in the SOFC stack. However, the fuel utilization is re-
stricted in most widely used Ni-based cermet anode in
order to prevent oxidation of metallic Ni by H,O evolved
through hydrogen oxidation reaction (HOR) '’ .

Developments of alternative anode materials have been
investigated extensively in the last two decades in order
to overcome the redox-stability issue. Perovskite and re-
lated oxides, including La, xSryCrosMngs04 (LSCM) ?' ™,
La-doped SrTiO; %, (PrBa), e (FeooMog,) »05. 5, and
SrZMgMoOE,,(;g) have been proposed as post Ni-based

cermet anode materials. Among them LSCM is one of the
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promising candidates from the viewpoints of high redox
stability, good chemical and mechanical compatibility with
electrolyte, good coking resistance and sulfur poisoning
tolerance®’. However, the HOR performance of LSCM is
still far away from the Ni-based cermet due to less HOR
activity at each reaction site and less electrical and oxide
ion conductivity®’.

The addition of mixed ionic-electronic conductor
(MIEC) such as gadolinium-doped ceria (GDC)®’ into
electronic conductive LSCM, so-called LSCM/GDC com-
posite anode seems effective way to recover less HOR
activity?’. However, performance gain would be limited
by just adding GDC, and further microstructural refine-
ment is needed.

Fabrication of the LSCM/GDC nanocomposite anode
seems an effective approach to improve HOR perfor-
mance through significant increase of reaction site den-
sity. Recently, we have been developed a colloidal pro-

cessing based bottom-up approach for the synthesis of
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nanocomposite particles®’. In the present study, we have
attempted to grow LSCM/GDC nanocomposite particles
by this approach for nano-structured LSCM/GDC com-
posite anode with competitive HOR performance to Ni-

based cermet.

2. Experimental procedure
|

2.1 Growth of LSCM/GDC nanocompos-
ite particles

LSCM/GDC nanocomposite particles with the target
GDC content of 50 wt% were grown in the sequence
shown in Figure 1. The specific feature of this approach
is induction of heterogeneous nucleation of LSCM pre-
cursor at the surface of colloidal GDC nanocrystals®’.
The GDC nanocrystals (approximately 4 nm diameter)
dispersed in a basic aqueous solution (pH10 with CO,?
) was used as GDC source”. Aqueous nitrate solutions
of La®*, Sr®*, Cr®*, and Mn*"with a stoichiometric com-
position were added to the GDC nanocrystals aqueous
solution with vigorous stirring, and then a blue-grey
precipitates were formed immediately in the mixed solu-

tion. The precipitates were separated from the solution,
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Figure 1  Growth scheme of LSCM/GDC nanocomposite
particles.
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and then washed with an aqueous solution to remove
unwanted species, followed by freeze-drying. The dried
precursor was heat-treated at 1000 C for 6 h in a muffle
furnace to convert the precursor into LSCM/GDC nano-

composite particles.

2.2 Characterization of the nhanocompos-
ite particles

Thermal decomposition behavior of the precursor was
characterizaed by thermogravimetry coupled with differ-
ential thermal analysis (TG-DTA; TGD-9700, ULVAC).
Phase evolution by heat treatment was characterized
by X-ray diffraction (XRD; SmartLab, Rigaku) using
Cu-K a radiation in the 2 # range 20-60 °. The bulk
composition of the composite particles was analyzed by
inductively coupled plasma optical emission spectroscopy
(ICP-OES, SPECTROBLUE, Hitachi High-Tec). Mor-
phology and phase distributions of the nanocomposite
particles were characterized by a scanning transmission
electron microscopy (STEM; JEM-2100F, JEOL, Japan)
coupled with an energy-dispersive X-ray spectroscopy
(EDS; JED-2300T, JEOL, Japan).

2.3 Fabrication of the nanocomposite an-
ode

A symmetric button cell with the electrode area of 0.28
cm® were employed to evaluate HOR performance of the
LSCM/GDC nanocomposite anode. A dense yttria-stabi-
lized zirconia (YSZ) pellet was used as the electrolyte.
The LSCM/GDC paste was prepared from the nanocom-
posite particles calcined at 1000 C followed by ball mill-
ing for 12 h, and vehicle containing a binder, dispersant,
and solvent. The cathode and anode were fabricated by
screen-printing LSCM/GDC paste onto both sides of the
YSZ pellet, followed by sintering at 1100 C for 2 h. As
the current collection layer, Pt paste was applied onto
both electrodes, followed by heat treatment at 900 C for
adhesion. Pt wire was applied onto circumference of the
electrolyte pellet as reference electrode. Pt paste was ap-

plied onto reference electrode to improve the contact.
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2.4 HOR performance evaluation and
microstructural characterization of
LSCM/GDC nanocomposite anode

The HOR performance of the LSCM/GDC nanocom-
posite anode was examined by electrochemical imped-

ance spectroscopy (EIS) at 800 C. Pseudo air (21

%0,-79 %N,) was supplied to cathode and reference

electrode, while 3%-humidified H, gas to anode with the

flowing rate of 100 sccm. The EIS spectra were recorded
between the anode and reference electrode using a fre-
quency response analyzer with a potentiostat (Versa

STAT 3, Princeton Applied Research) in the frequency

range from 107" to 10° Hz under the open-circuit condi-

tion with applied amplitude of 10mV. The microstruc-
ture of the anode was observed by a scanning electron
microscopy (SEM; JSM-6700F, JEOL).

3. Results and discussion

|

The LSCM phase of Lag ;4Srg4CrgisMng ;054 and
GDC content of 47 wt% were estimated from the bulk
composition analyzed by ICP-OES. Nearly stoichiometric
composition of LSCM and small deviation of GDC content
from the target evidenced successful co-precipitation of
LSCM precursor with GDC nanocrystals in the present
approach.

Figure 2 shows TG-DTA profiles of LSCM/GDC pre-
cursor. Some specific weight losses coupled with exo-

thermic and endothermic events appear at several points
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Figure 2 TG-DTA profiles of LSCM/GDC precursor.
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over the temperature range. Significant weight loss with
broad endothermic peak at below 200 C is mainly at-
tributed to removal of physisorbed water. Steep weight
loss coupled with sharp exothermic peak at around
240 C suggests the burnout of organic species adsorbed
on GDC nanocrystals, which is typically observed in ox-
ides grown by a surface-capping assisted hydrothermal
method'. Subsequent gradual weight loss with broad
endothermic peak up to around 700 C can be attributed
to decomposition of hydroxides and carbonates. Finally,
weight change almost completed at 1000 C , and approxi-
mately 32 % of weigh was lost.

Figure 3 shows XRD patterns of the sample before
and after calcination. Only the broad peaks associated
with GDC nanocrystals were observed in the precursor,
indicating non-crystalline phase of LSCM precursor. The
sample composed of LSCM and GDC phases without any
other phase was obtained at 1000 C. It is reported that
heat treatment at and above 1100 C is required to form
pure LSCM phase without any impurity phases such as
La,0, and SrCrO, in the combustion synthesis® '?.
The fact suggests that the constituent elements of LSCM
were uniformly distributing entire the precursor as sug-
gested by non-crystalline structure, and those were in-
corporated into final product after thermal decomposition
without forming intermediate phases.

Figure 4 shows STEM and corresponding elemental
distribution mappings by EDS of the nanocomposite
particles after heat treatment at 1000 C. STEM image
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Figure 3 XRD patterns of the precursor and the LSCM/GDC
nanocomposite particles after heat treatment at 1000°C .
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Figure 5 Cross-sectional SEM image of LSCM/GDC nano-
composite anode/YSZ electrolyte interface.
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showed that the particles has the size of <100 nm diam-
eters, and has narrow size distribution. EDS mappings
indicate no significant segregation of constituent ele-
ments. Overlay image reveals that LSCM and GDC phas-
es are uniformly distributing in the nanocomposite and
are placed alternately. These results prove successful
growth of LSCM/GDC nanocomposite particles accord-
ing to the strategy of heterogeneous nucleation of LSCM
precursors induced by GDC nanocrystals coexisting in
the solution.

Figure 5 shows the cross-sectional SEM image of
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Figure 6 EIS spectra of LSCM/GDC anodes from the nano-

composite particles and mechanically mixed par-
ticles at 800 C.

LSCM/GDC anode fabricated using the nanocomposite
particles sintered at 1100 C. The nanostructured anode
with the grains of <100 nm diameter and uniform porous
structure was successfully fabricated. This can be attrib-
uted to prevented grain growth and densification during
sintering by uniformly distributing hetero-phases in the
nanocomposite particles as shown in Fig.4.

Figure 6 shows EIS spectra of LSCM/GDC anode at
800 °C. The data of LSCM/GDC anode made from com-

mercial powder mixture prepared through ball-milling
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was also shown for comparison. Ohmic contribution was
omitted in this figure for the sake of comparison of the
area-specific polarization resistance (ASR) for HOR.
ASR of the nanocomposite anode was 0.23 Q - cm?, and
was approximately 60% lower than that of conventional
anode. The HOR performance of the nanocomposite an-
ode is competitive to Ni-YSZ cermet anode of 0.36 Q -
em’ ™. The high performance of the Ni-free LSCM/GDC
nanocomposite anode is attributed to the significantly

higher HOR site density as evaluated elsewhere'.

4. Summary
]

Nano-structured LSCM/GDC nanocomposite anode
was successfully fabricated from the nanocomposite
particles grown with the present colloidal processing
based bottom-up approach. The Ni-free composite anode
showed good HOR performance competitive to Ni-based
cermet anode, which is attributed to the significantly

higher reaction site density.
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