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Abstract: Solid oxide fuel cells (SOFCs) can be used for the high-efficiency conversion of chemical
energy into electricity. The exploration of oxide anode will enhance the coking resistance and the
oxidation-reduction (redox) stability comparing to the conventional Ni(O) cermet anode. An n-type
semiconductor with electron charge carriers will be conducive to the electric conductivity, o, in fuel
conditions, but the research on n-type oxide electrodes is limited mostly to perovskite-type titanate
that requires very high temperature and low oxygen partial pressure to provide a decent o. Transparent
conductive oxides (TCOs) with a superior o even at room temperature are widely explored for
electronic devices, but they have never been studied as the alternative oxide anode of an SOFC at a
reduced temperature. An n-type TCO type material ZnGa;O4 (ZGO) that could be reduced at a
temperature below 700 °C was used as the anode for the oxidation of H> and hydrocarbon (ethanol and
propane) at < 650 °C. ZGO provided a high oof 1.5 and 0.33 S cm at 700 °C and 600 °C, respectively,
and the cell with ZGO anode on Sco.18Ce0.01Z1r0.8102-5 electrolyte showed a high redox stability. The

performance of the cell with ZGO/GDC (Gd>O; doped ceria) anode could be enhanced by the



infiltration of 1% Ni, imparting a peak power of 574 mW cm2 at 650 °C and a stable cell performance
of 300 mW cm2 at 600 °C for 300 hours. The cell was also found to be relatively stable under
carbonaceous fuel, suppressing the carbon deposition at 600 °C. This work provided a new avenue of
designing an n-type oxide anode that could be reduced in situ in the fuel condition of a low-temperature
SOFC.
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1. Introduction

Solid oxide fuel cells (SOFCs) are energy conversion devices that convert chemical energy into
electrical energy at a temperature above 500 °C ! and can use hydrocarbons directly as fuel with higher
efficiency than traditional fossil fuel power plants,” but the coking on the state-of-the-art Ni-based fuel
electrode will cause the deactivation of the SOFCs.*> The redox of fuel cells using Ni(O) cermet
electrode tends to cause the disintegration of the electrolyte, loss of electric conductivity (o) ®” and the
deterioration of microstructure because of the large volumetric expansion from metal Ni to NiO.?

An n-type semiconductor is a material in which electrons are the majority carriers, arising via a
temperature-activated small-polaron hopping.® Although n-type SrTiOs-based perovskites have been
studied as an alternative SOFC anode, their reduction for acceptable o can only be achieved at high
temperatures (> 800 °C),!%!! and the owill decrease with the oxygen partial pressure, P(O2). Moreover,
the electrocatalytic performance of a titanate perovskite for fuel oxidation is poor as the oxygen non-
stoichiometry is generally low that limits the oxide-ion conductivity for expanded reaction sites.'?

Transparent conductive oxides (TCOs) are a kind of materials with high light transmittance in the



visible light spectrum (380 nm< A < 780 nm) and high &.!* TCO generates carriers through the doping
using donors or acceptors whose energy levels are close to the conduction band or valence band. At
present, TCO encompasses mainly ITO (Sn-doped In203), FTO (F-doped In203), AZO (Al-doped
Zn0), etc.'*'® ZnGayO4 (ZGO) has a wider band gap than ITO, but the o exceeds 10 S cm™ after the
reduction under Hz at 700 °C,!” indicating it could be reduced in situ under the fuel condition of an
SOFC to trigger high o as an n-type oxide using oxide-ion vacancy (Vo) as donor.

The low reduction temperature of ZGO fits in the need for the low-temperature SOFC (LT-SOFC)
that will reduce the deterioration of the structure and electrode material.'®!° Therefore, an n-type TCO
type material, ZGO, was employed as an alternative oxide anode of a SOFC below 700 °C for the first
time in this study. Its electrochemical performance of ZGO anode alone was found to be low because
of the insufficient oxide ionic conductivity of this spinel type oxide with superficial reduction, but a
high performance could be achieved by compositing with GDC and 1% Ni infiltration since ZGO
provided sufficient o for the electrons to flow.2%?! The Sco1sCeo.01Zr05102:5 (SSZ) electrolyte
supported cell showed a high redox stability between H> and air. In the meantime, a stable and high
performance was demonstrated in H» (a peak power of 300 mW cm~2 at 600 °C), propane and ethanol
fuel using ZGO-based electrode. This work initiated a new way of designing alternative oxide anode
of LT-SOFC by liaising the research on TCO type material and oxide anode, which would be important

for the developing of n-type oxide anode with a high electronic conduction.

2. Experimental

2.1 Powder preparation

ZGO powders were synthesized by solid-state reaction method. Stoichiometric ZnO (99.99%



Macklin, China) and Ga;03 (99.99% Macklin, China) were mixed using an agate and mortar and then
the admixture was pressed into small discs at an isostatic pressure of 10 MPa. The discs were calcined
at 1300 °C for 5 h in air and re-ground thoroughly to obtain a powdered ZGO spinel that would be

refined in ethanol for 1 h using a planetary ball mill at 600 revolutions per minute.

2.2 Characterization

X-ray diffraction (XRD) was performed using a diffractometer (Ko1=1.5406 A, Persee XD-3,
China) in the 26 range from 10° to 80° at a step size of 0.02°. The ZGO powders were reduced at
different temperatures in 5% H> for 5 h to study the phase stability. A four-probe method using a high-
precision multimeter (Keithley 2100, USA) was employed to measure the direct current o of ZGO bars
(2.10 mm x 4.11 mm x 1.31 mm) along with a zirconia-based P(O) sensor in the vicinity of the samples.
The electric conductivity relaxation (ECR) method was used to characterize the oxygen transport rates
of ZGO on the surface. The chemical surface exchange coefficient (kchem) and the chemical bulk
diffusion coefficient (Dchem) Were obtained according to Fick’s second law.”””’ Thermal expansion
coefficients (TECs) were characterized in air and 5% H> atmosphere from 30 to 700 °C using a
dilatometer (PCY-1400I1, Xiangtan, China). All TECs were corrected against a dense Al>O3 standard
bar. The TEC of the pre-reduced sample in 5% H> at 750 °C for 5 h was measured in 5% H> during the
heating. The thermo-catalysis of ZGO for ethanol cracking was measured using a residual gas analyzer
(RGA, QIC-20, Hiden, UK): Ar (30 mL/min) bubbled through an absolute ethanol scrubber and
brought the ethanol vapor into a U-shaped quartz tube containing a ZGO bed (0.2 g) and then the
effluent was monitored during the heating.

Diffuse ultraviolet-visible (UV-Vis) reflectance spectroscopy of the ZGO powders was performed



on an Ultraviolet-1800 spectrophotometer (Macy, China) with a 100-mm integration sphere. X-ray
photoelectron spectroscopy (XPS) was obtained on a Thermo Scientific K-Alpha+ spectrophotometer
with monochromatized Al Ka X-ray (hv= 1486.6 eV) radiation in ultrahigh vacuum (< 5 x 10~" mBar).
The binding energies were calibrated by using Cls peak (284.8 eV) of the adventitious carbon.
Scanning electron microscopy (SEM, ZEISS Gemini 300) was used to observe the cross-sectional
morphology of the ZGO/GDC-1% Ni cell anode after using ethanol as fuel. The microstructure of the
surface of reduced sample was analyzed for lattice constant and elemental content using a transmission

electron microscopy (TEM, JEM-F200(URP), Japan).

2.3 Fabrication and testing of SOFCs

The specific preparation process was shown in Scheme 1. SSZ electrolyte was prepared from a
green tape that was sintered at 1430 °C for 5 h. The refined ZGO powders were mixed with an equal
weight of vehicle containing polyvinyl butyral in terpineol to obtain a slurry. For the cathode,
Ce0.9Gdo.101.95 (GDC) nanoparticles was mixed with 20 wt % graphite as pore forming agent, and then

an equal weight of the vehicle to the solids was added and mixed with the admixture to obtain slurry.
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Scheme 1. Schematics for the processing of an SOFC with a ZGO/GDC-1% Ni composite anode.



The GDC slurry was first painted onto one side of the electrode and sintered at 1300°C for 2 h to
prepare a porous skeleton. Afterwards, the ZGO or ZGO/GDC slurry was painted and calcined in air
at 1000 °C. The GDC skeleton would be infiltrated using a 1.5 mol/L solution containing nitrate salt
solution for the LaosSro2FeosC0020; (LSFC) cathode.?* For some cells, 1% Ni acetate was
impregnated into the anode after the preparation of cathode.

The slurry (about 46 wt %) which was prepared by mixing Ag slurry (Batch No.: 3706, SINWE,
China) and 20 wt % starch was applied on both sides of the cell in a grid shape for current collection,
and the Ag wire was attached to the silver paste as lead wire. The prepared cell was mounted on top of
the Al,O3 tube using a ceramic bond and was heated to 650 °C, and then fuel was fed into the anode
chamber after flushing the air with Ar flow. The Hz, propane, and methane were all fed to the anode
through gas pipeline directly, while ethanol was carried into the anode chamber by using Ar to flow
into the absolute ethanol scrubber so that the ethanol vapor adhered to the Ar. A Zennium Pro
electrochemical workstation (Zahner, Germany) was used to perform electrochemical measurements,
including current-voltage-power (I-V—P), and electrochemical impedance spectroscopy (EIS). The
sine wave for EIS measurement was in an amplitude of 10 mV from 1 MHz to 50 mHz. The analysis
of distribution of relaxation times (DRT) for the impedance spectra was presented with a regularization

parameter of 107> using DRT tool.”*’

3. Results

3.1 Material characterizations

ZGO was a double oxide with the cubic spinel structure, which was consistent with the room

temperature XRD (Figure 1a).!” ZGO maintained the spinel structure after the reduction in 5% H; at



700 °C for 5 h, but the peak for S-Ga,O3 was shown if it was reduced obviously at 800 °C,?® as a result
of the change in the ratio of Zn/Ga due to the much higher vapor pressure of Zn causing the loss of
zinc.?>*% While the reduction process generally caused the shift of main peak towards the lower angle
direction as a result of the generation of Zn" that was larger than Zn>".>! A minor peak at 38.3° was
observed as a result of the peak high-angle shifting of the one at 37.3° was detected for the reduced
surface layer, (Zn, Ga)0,,3? causing a phase change if the Zn?" in tetrahedron were moved to the
octahedron site in a reduced state.

The o of the ZGO spinel (Figure 1b) reached 1.5 S cm™ at 700 °C, and a decent o of 0.3 and 0.7
S ecm! could be obtained even the sample was slightly reduced at 600 and 650 °C, respectively. On the
other hand, the reduction of the sample at 800 °C increased the o very little comparing to the one at
700 °C because of the decomposition of ZGO, causing the emergence of insulating S-Ga>Os; which
could be seen that ZGO was more suitable at a low temperature SOFC. Compared with previous works
(Figure 1c), such as Lag2Sro25Cag4sTiO3 (LSCT)* and Lag 75S1025Ct0.sMno 5035 (LSCM)**, the ZGO
reduced at low temperature imparted a higher conductivity. For example, at 650 °C, the o of the
reduced LSCM and LSCT was about 0.43 S cm™ and 0.18 S cm™ respectively, while the o of ZGO
could reach 1.0 S cm™. Arrhenius plots of the & in 5% H, indicated an activation energy (E,) of 0.55
eV and 0.69 eV for the sample reduced at 700 °C and 800 °C, respectively. The error bars of the data
fitting (Figure S1) were extraordinarily small to show the thermal activation of the conductivity. The
higher E, for the sample reduced at 800 °C than the one at 700 °C could be resulted from the decreased
doping level as a result of Zn evaporation, causing the limitation in the charge-carrier generation. The
P(O2) dependence of conductivity at 600 °C (Figure 1d) was consistent with a typical n-type

semiconductor. The slope for the plot of Lg(o/ S cm™!) and P(O2) at low oxygen partial pressure was



close to —1/6 following the defect equilibrium of [Vo®®] =~ 1/2n owing to the intrinsic electronic

compensation.*>
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Figure 1. (a) XRDs of ZGO in Air and 5% Ho at different temperatures and (b) o of ZGO in 5% H> at
different temperature. (c) Arrhenius plots of o of ZGO after 5 h reduction under 5% H, flow during
the cooling time in comparison with those of Lag2Sro25CaossTiOs (LSCT)*® and

Lao.75S10.25Cro.sMng s03-5 (LSCM)*. (d) Isothermal P(O2) dependence of o for ZGO at 600 <T during



the gas switching. (e) TEC of ZGO from room temperature to 700 °C in Air and 5% Ho. (f) UV-Vis
spectra of ZGO synthesized in air and reduced in 5% H» at 700 °C. “Sample 1” and “sample 2” in (b,
¢) indicated ZGO with a final reduction temperature at 700 and 800 °C, respectively.

The dilatometry (Figure 1e) of ZGO showed a linear expansion with temperature and the TEC
was slightly higher in air (8.16 ppm/K) than that of 5% H> (7.83 ppm/K), which was close to that of
YSZ electrolyte (10.3 ppm/K). UV-Vis absorption spectroscopy (Figure 1f) indicated that the reduction
in 5% Hb> did not change the light absorption at large in the UV light range, but the increase in the light
absorption in the visible light region could be a result of the generation of mid-gap density of state,
providing o after moderate thermal activation.

The bulk diffusion and surface exchange properties of the ZGO were further characterized by
ECR method. The conductivity stabilization rate of ZGO under the reducing conditions slowed down
as the temperature decreased (Figure 2a). The Dchem values (Figure 2b) of ZGO at 650 °C were similar
to those of ceria at 800 °C>7 and Gdo.1Ceo.902.5 at 900 °C,*® while kenem values were lower than them
by 4-5 orders of magnitude. The surface exchange of oxygen would be the rate limiting process in the

electrochemical process.
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Figure 2. (a) ECR curves of ZGO at various temperature after a P(O>) step change. (b) Arrhenius plots



of the temperature dependence of the fitted Dchem and Achem.

The microstructure of the ZGO powders reduced under the 5% H> atmosphere of 650 °C for 15h
was used to study the superficial reduced layer (Figure 3a — 3h). The volatilization of Zn was
insignificant, showing a Ga: Zn of 2.18 (atomic ratio) and no segregation of Zn or Ga was found in the
EDS mapping. Small #GaxOs crystallite was found on the surface of ZGO spinel, and more
importantly, a continuous layer of (Zn, Ga)O- oxide with an ordered rock-salt (ORS) structure®® was
found due to the Zn?** in the tetrahedral site moved towards the octahedral site to form the anti-site
defects in the reduction process. In contrast, in the TEM images of ZGO reduced at 800 °C for 5 h
(Figure 3i — 31), f-Gap0s3 4**! dominated the surface due to the Zn evaporation. Zn deficiency was
clearly observed in the selected regions (Figure 3j — 31), showing an overall atomic ratio between Ga

and Zn was 20 to 3 on the surface.



Figure 3. TEM images of the ZGO after reduction with 5% H> at 650 °C for 15 h (a — h) and 800 °C
for 5 h (i 1). The 1st, 2nd, and 3rd rectangles correspond to the figure (f), (g), (h) in turn. The circles

in (k) and (1) represented the areas on the sample surface where the Zn content varied significantly



compared to Ga.

XPS (Figure 4) was used to analyze the superficial properties of ZGO before and after the
treatment in 5% H> at 800 °C. The core-level scan of O 1s showed two peaks at 530.5 eV and 532 eV,
which could be assigned to the lattice oxygen*? and the presence of weakly oxygen species or adsorbed

4344 respectively. While the actual binding energy difference (4E) between the Zn

chemically oxygen,
2p3» and Ga 2ps» peaks were all about 96 eV, which was in line with the spinel.** The reduction in 5%

H> induced an decrease in the binding energy for the Zn 2p and Ga 2p orbitals (Figure 4b & 4c),

because of the Vo as a donor.
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Figure 4. Core-level XPS scan of the as-prepared ZGO and the one after the reduction at 800 °C under
5% H; for 5h (reduced ZGO).

The Ga 3d orbital (Figure 4d) with a lower binding energy would probe deeper region underneath
the surface.*® According to the binding energy, Ga existed mainly in the form of ZGO oxide. The
binding energy of Ga 3d in reduced ZGO was higher than the one in ZGO because of the migration of
Ga in [GaOg] octahedron to the tetrahedron site.*’ The additional peak at ~19.25 eV in reduced ZGO

could be attributed to the hybridization of the Ga 3d and the O 2s states at the valence band (VB)**#



or the presence of another Ga*, Ga,O>? in the reduction process.

3.2 Fuel cell testing

The I-V—P curves (Figure 5a & 5b) indicated that a peak power of ZGO cell (2 mW cm™) at
600 °C could be enhanced by the 1% Ni impregnation (10 mW c¢m~2). The limitation of the cells with
and without 1% Ni impregnation could be attributed to the poor ionic conductivity as the ZGO/GDC
cell showed a peak power of 12 mW cm™ at 600 °C. Therefore, ZGO/GDC-1% Ni cell with GDC for
the ionic conductivity and 1% Ni impregnation for the electrocatalysis towards the Hz oxidation could
provide a peak power of 302 mW c¢cm2 at 600 °C. The cell performance of the champion ZGO/GDC-
1% Ni cell could reach 574 mW cm2 at 650 °C, indicating that ZGO was sufficient to provide enough
o for the composite electrode. The juxtaposition of the EIS of the cells (Figure 5¢ — 5f) indicated that
ZGO cell showed an ASR (around 130 Q cm=2 at 600 °C) that was dominated by the polarization
resistance (Rp). The ZGO/GDC-1% Ni cell showed the R, of 0.24 Q cm? at 650 °C and 0.52 Q cm? at
600 °C, respectively. DRT profiles showed six polarization peaks with similar changes (P1-P6) at 600
or 650 °C, but the polarization peaks shifted slightly to low frequency due to the doping of GDC and
the impregnation of 1% Ni. The P1 and P2 peaks in the low frequency region were important to the
impedance of the system for the ZGO and ZGO/GDC cells, and the change of the two peaks may be
related to gas diffusion in the fuel electrode.’!>? The symmetric cell with porous GDC-LSFC as the
electrode and SSZ as the electrolyte was prepared (Figure S2), and the EIS indicated the R, of 0.15
Q cm? and 0.48 Q cm? at 650 °C and 600 °C, respectively. Therefore, the anode R, of the ZGO/GDC-
1% Ni anode was extremely small, and the full-cell impedance was mainly related to the oxygen

reduction reaction at the cathode. The catalysis of Ni activated the adsorption of Ha, strengthening the



concentration gradient and increasing the diffusion of H,.3® Therefore, the intermediate frequency
region (P3 and P4) dominated the cell impedance of the one with 1% Ni. The P3 and P4 peaks may be
related to the gas adsorption/desorption®® and the ion transport process of the anode.>?> The change of

P5 and P6 peaks at the high frequency may be caused by the charge transfer process.>’
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Figure 5. [-V—P curves of ZGO, ZGO/GDC, ZGO-1% Ni, ZGO/GDC-1% Ni cells at 650 °C (a) and
600 °C (b) using H> fuel. EIS of ZGO/GDC-1% Ni cells at 650 °C (c) and 600 °C (e) using H> as fuel
and air as oxidant, respectively. DRT profiles of ZGO, ZGO/GDC, ZGO-1% Ni, ZGO/GDC-1% Ni
cells at 650 °C (d) and 600 °C (), respectively.

The ZGO/GDC-1% Ni cell degraded very quickly at 650 °C, but showed instability even at 600 °C
(Figure 6): i.e. a drop of current density from 500 mA cm2 to 300 mA cm2 at —0.6 VV was found within
300 hours of operation. However, the current density of the cell tended to be stable after 200 h, because
the degradation in the first 200 h could be related to the surface change of the electrode as the
microstructure change due to the Ni sintering, because it showed similar degradation to the one with
ZGO-1% Ni. The ohmic resistance (Rs) increased only by 0.1 Q cm? after 300h reduction (Figure S3)

because of the re-oxidation of ZGO.
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Figure 6. Chronoamperometry of ZGO, ZGO/GDC, ZGO-1%Ni, ZGO/GDC-1%Ni cells at 600 °C
under —0.6V.

The ZGO-1% Ni cell using H> as fuel showed a significant optimization in R, and current density



after 8 redox cycles at 600 °C (Figure S4). Slight increase in the performance after the redox cycles
than the initial cycle was attributed to the change in the R,,.

The direct use of ethanol fuel depends on the its reforming to produced small molecules such as
CO and H,.%® The ZGO/GDC-1% Ni cell could obtain a peak power of 100 mW cm2 (Figure 7a) and
an R, of 4.3 Q cm? (Figure 7b) at 600 °C under ethanol fuel, while the cell with ZGO along did not
show any OCV (not presented). The H» generated by ethanol on ZGO/GDC-1% Ni powders (12%)
was significantly more than that on ZGO powders (1.5%) at 600 °C (Figure S5). Compared with the
H: fuel, the increase of R, at OCV was related to lower Hz concentration and difficulty in the direction
oxidation of ethanol alone.’” The propane fueling ZGO/GDC-1% Ni cell showed a peak power of 20

mW cm2 and the R, of 7.4 Q cm?.
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Figure 7. [-V—P curves (a), EIS (b) at OCV and DRT profiles (c) for the ZGO/GDC-1% Ni cell using
ethanol, propane, and 70% CH4-30% H> fuel at 600 °C, respectively. Chronoamperometry (d) of
ZGO/GDC-1% Ni cell in the cases of ethanol and 70% CH4-30% H> at 600 °C. The low OCV under
the propane prohibited the chronoamperometry. The Rs was marked in (b).

The use of methane requires external or in situ (internal) anode reforming, resulting in H, and
CO.*® Setting in the undertaking of Ha injection in natural gas pipelines, the introduction or oxidation
of H» could provide steam for the in situ reforming of CH4. Therefore, the cell under a 70% CH4-30%
H, fuel was measured to exhibit a low R, of 0.44 Q cm? and a high peak power of 260 mW cm2,
which was slightly lower than the one under pure Ho. The Rs under 70% CHs-30% H» was higher than

that under ethanol and propane, which may be due to the more intense Zn evaporation under CHy4



condition.

DRT (Figure 7c) analysis indicated that the low-frequency impedance was predominant in the
cell under ethanol, which may be related to the low diffusion coefficient of ethanol species. The
polarization peaks under 70% CH4-30% H> fuel was similar to that under Hz, mainly due to the
impedance of the cathode.

The ZGO/GDC-1% Ni cell could maintain a current density of 30 mA c¢cm2 within 12 hours
(Figure 7d) under ethanol fuel at —0.6 V. Though a high current density of about 380 mA cm could
be obtained at —0.25 V (Figure S6), the cell was damaged rapidly within twenty minutes, due to the
rapid oxidation of the anode. Under the 70% CHs-30% Ho, the cell showed a current dropping from
480 mA cm2 to 300 mA cm2 within 16-hours of operation at —0.5V. The stability of this cell was
better than the one under H» as the CH4 could scavenge the produced steam on the electrode surface
to prevent its oxidation.

Post-mortem analysis

According to the SEM of the spent cell (Figure 8), the porous ZGO or ZGO/GDC-1% Ni electrode
showed good bonding to the electrolyte (60 um in thickness) and the size of ZGO grain was 1 um in
diameter. The ZGO/GDC-1% Ni electrode maintained a nanoparticle-decorated surface as a result of
the 1% Ni infiltration and no obvious carbon filament was observed under the 12-h operation under

ethanol.
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Figure 8. Cross-sectional SEM images of the anode after the durability: (a, b) ZGO cell with H> and
(c, d) ZGO/GDC-1% Ni cell under ethanol fuel.

The XPS of ZGO/GDC-1% Ni anode after the durability test with ethanol and 70% CHs-30% H»
fuel showed an obvious difference of C 1s peak for the C-O-C bonds (Figure 9a). At the same time, in
the O 1s peak (Figure 9b), the peak of the hydroxyl group (BE = 532.7 eV) of the cell using 70% CHs-
30% H: as fuel was enhanced significantly. Compared with ethanol fuel, the spin-orbit peaks in the Zn
2p and Ga 2p orbitals could be convoluted into two peaks (Figure 9¢ & 9d) after using 70% CHs-30%
H, as fuel® due to the formation of anti-site defects. The interaction between the Ga** located in the
tetrahedron and the surrounding O%*~ was weakened, which lead to the local aggregation of the oxygen
ion electron cloud and increased the ionicity.* Furthermore, the superficial Ga/Zn atomic ratio was
12.89 and 8.14 after reaction with ethanol and 70% CH4-30% Ho> fuel respectively, as a result of Zn

loss from the surface.
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Figure 9. Core-level XPS scan of the ZGO/GDC-1% Ni anode after durability under ethanol and 70%

CH4-30% H: fuel at 600 °C.

4, Discussions

Comparing to those operating at high temperature (> 800 °C), LT-SOFCs (< 650 °C) can reduce



the system cost and degradation rate of the cell and increase the applicability of portable power.'**!

The current exploration of n-type oxide anodes for the suppressing the coking focus mostly on titanate
that needs a high reducing temperature, but the research on a reducible oxide for LT-SOFC is limited.
Although the electrocatalysis of the oxide anode is anticipated to be low at a reduced temperature
without the incorporation of metal co-catalyst, the redox stability and slight amount of the metals will
impede the quick deterioration under carbonaceous fuel.

The Zn-O bond in ZGO was not strong enough to withstand the reduction in H> at a temperature
above 650 °C,?® but was found to be stable at 600 °C. The ZGO single crystals could maintain the
spinel structure at a Ga/Zn as high as 2.17, given the existence of “inverse” domain in the structure. %>
The higher Ga/Zn than 2.17 will cause the formation of f-Ga;0s. The Zn-deficient single crystals
could attain a high o of 10 to 500 S cm™ as a result of the degenerate state for the mobility of free
electrons (charge carrier density: ca. 10'8-10' cm™3).

The in situ reduction of ZGO under H; at a low temperature could be very difficult to cause the
thorough change in the bulk material, and rather the change on the surface would make it be more
conductive.’? The reduction in H» will also cause the occupation of Ga* in the tetrahedral site for the
formation of Vo on surface and providing o.%%%° The surface reduction could be confirmed by presence
of f-Ga;03 and (Zn, Ga)O> in the TEM image as a result of Zn loss from the surface and the anti-site
between Zn and Ga. The (Zn, Ga)O, oxide generated a higher carrier concentration on the reduced
surface. In this case, the conductivity in this study could be viewed as a core-shell structure with a very
conductive surface whose inert core could be responsible for the redox stability of the anode. The

reduced thin surface boasting Vo was insufficient to provide enough path for the swift 0>~ transport *

64,65

unless GDC as a super-ion conductor was used as composite. The existence of free electron could



behave like metals to serve as electron sink to enhance the oxidation of fuel, the density of free electron
was still much lower than Ni metal (free electron density: ca. 10?2 cm™).

The R, of anodes were listed in Table 1 along with those from the reported work. The R, of ZGO
anode was only one forth that of Nb-doped strontium titanate, while the one of ZGO/GDC anode was
less than half of LSGM anode. As perovskite-type manganite and ferrite could be ionic conductor, they
showed better electrocatalysis in the fuel oxidation than ZGO either with or without metal co-catalyst.
The ZGO/GDC-1%Ni anode showed superior performance than most of the anode with metal catalyst
at 650 and 600 °C, except for the one with Ni infiltrated LSGM. As an oxide anode, it could show
much better stability than Ni-LSGM anode which showed fast increase in R due to the agglomeration
in the redox cycle.®

Table 1. The R, of oxide anodes in reducing atmosphere in the open literature.
Anode material Electrolyte ¢ Ry (€ cm?) under H: Ref.

@ 650°C @ 600 °C

Without PrBaMn;Os+s GDC|YSZ|GDC / 4.98 67
metal

S10.94Tig.oNbo.103 ScYSZ 200 350 68
LSGM LSGM 10 / %

7GO SSZ 49.85 129.5 this

work

7G0O/GDC SSZ 4.35 15.5 this

work

With metal ~ Sr (Ti, Fe) Os with Ru LDC|LSGM 1.3 / 70



Ni-CGO- ScYSZ 0.5 0.97 68

Sr0.94Ti0.9Nbg.103

2.51 vol% Ni- LSGM LSGM 0.026 / 69
Ni-LSGM LSGM 0.08 / &
NiO-SDC-800°C YSz 1 2.72 2
NiO/GDC YSz 0.83 1.14 3
14 wt% NiO-GDC YSz / 0.31 I
Pd-Ni/GDC YSZ 1.66 / »
ZGO-1% Ni SSZ 12.85 39.5 this
work
ZGO/GDC-1% Ni SSZ 0.1 0.04 this
work

% Those with buffer layers are in the configuration anode | electrolyte | cathode; LSGM, YSZ and
ScYSZ represents La gSro2GaosMgo203-5, 8 mol % Y203 - ZrO2, and 10 mol % Sc203, 1 mol %
Y03 stabilized ZrO», respectively.

The reforming of CHj is critically important for its utilization in fuel cell, and for a LT-SOFC can
require a large amount of steam or even O> addition to produce enough H> or CO because the reforming
kinetics will be lower at low temperature.”® Alternatively, H> can be introduced to produce steam first
and then the steam will be used for the in sifu reforming of CH4. Setting in the vast availability of H>
from renewable sources and the H, injection in natural gas pipelines,”’ the Ho-CH4 mixture can be an
important way of mitigating the coking and increase the full utilization of methane fuel in nature gas.

The development of n-type TCO type material anode that excels at reduced temperature under H>-CHgy



mixture can be useful in this respect.

5. Conclusions

We demonstrated that an n-type ZGO insulator could be reduced at low temperature (< 650 °C),
exhibiting high c0f 1.5S ecm™ and 0.7 S cm™ at 700 and 650 °C, respectively, though it was subjected
to a superficial reduction for the production of a degenerated semiconductor with free electrons.
Different from the conventional Ni-based anodes, ZGO-based anode exhibited high redox stability at
600 °C and could be used as an anode for the oxidation of an ethanol or propane fuel at a reduced
temperature. The cells with ZGO-based anode showed some extent of deterioration in current density
at an operation voltage of —0.6 V, which could be related to the re-oxidation of this n-type electrode or
the sintering of Ni catalyst. The ZGO/GDC-1% Ni cell reached a peak power of 574 mW c¢cm2 under
H, fuel at 650 °C and a peak power of 100 mWcem™ under ethanol at 600 °C. The Zn evaporation
could lead to the Ga-O rich surface for the passivation and retards the oxidation of the electrode under
an anodic bias to show a stable performance after 200 hours. No significant carbon deposition was
found for the ethanol-fueling cell for a short period of operation at 600 °C, showing that the application

of TCO type material could be a new avenue in the anode design for LT-SOFC.
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