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Abstract Ni sintering at high temperature (~ 800 °C) opera-
tion drastically degrades the performance of Ni-yttria-
stabilized zirconia (YSZ) anode in solid oxide fuel cell
(SOFC). Mixed ionic and electronic conductive oxides such
as CeO, and Nb,Os enhance the dispersion of Ni, CeO, en-
hances the redox behavior and promotes charge transfer reac-
tions, and Nb,Os increases the triple phase boundary. In the
present work, anode-supported SOFC is fabricated and tested
in H, fuel at 800 °C. YSZ and lanthanum strontium manganite
(LSM)-YSZ are used as the electrolyte and composite cathode
with NiO-YSZ, CeO,-NiO-YSZ, and Nb,O5-NiO-YSZ as an
anode. The peak power density obtained for the cell with 10%
Ce0,-30% NiO-YSZ anode at the 5 and 25 h of operation is
330 and 290 mW cm 2 which is higher than that for 40% NiO-
YSZ anode (275 mW cm 2 at 5 h). The peak power density
obtained for the cell with 10% Nb,Os—30% NiO-YSZ anode
at the 5 and 25 h of operation is 301 and 285 mW cm > which
is higher than that for 40% NiO-YSZ anode (275 mW cm 2 at
5 h). Physical characterization has been carried to study mor-
phology, elemental analysis, particle size, and phase formation
of the fabricated anode before and after cell operation to cor-
relate the cell performance.
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Introduction

NiO-yttria-stabilized zirconia (YSZ) is the state-of-the-art
composite anode material for solid oxide fuel cell (SOFC)
because of excellent catalytic property and high electronic
conductivity of Ni in presence of H, fuel [1]. To ensure suffi-
cient electronic conductivity and adequate percolation, more
than 33% Ni volume is required in Ni-YSZ anode matrix.
High Ni content often causes coefficient of thermal expansion
(CTE) mismatch between the cell components that leads to
cracks in the cell [2]. To decrease Ni loading, infiltration of Ni
in porous YSZ is investigated where high electronic conduc-
tivity has been reported even at 10—-12% Ni loading [3—6]. The
lower Ni loading helps in reducing the CTE mismatch during
redox cycling and the thermal mismatch between the anode
and electrolyte. Fabrication of thick anode support by infiltra-
tion technique is a time-consuming process, which requires
multiple infiltration and calcination cycles and limits the ap-
plication of this technique. Sintering at elevated temperature
leads to agglomeration of Ni particles, which is another major
concern in long term SOFC testing in case of infiltrated anode
matrix. Studies on modified Ni-YSZ anode where nickel sup-
ported on oxides such as TiO,, CeO,, and Nb,O5 exhibited
suppression in the agglomeration of nickel particles [6-8]. In
case of anode fabricated by solid-state reaction route, the zir-
conia reacts with metal oxides during high temperature
sintering at 1450 °C and forms stable zirconate solid solution.
Formation of zirconium titanate and cerium zirconate prevents
nickel coarsening as well as provides stable SOFC perfor-
mance as reported by Tiwari and Basu [7, 8]. Insertion of
Zr** ions into CeO, lattice enhances the reducibility, oxygen
storage capacity, thermal stability, and electrical conductivity
in Ni-CeO,-YSZ anode. Further, mixed ionic and electronic
conductors (MIEC) such as CeO, and Nb,Os help in acceler-
ating the anode gas oxidation [9—11]. MIEC oxides provide
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better dispersion of Ni particles, inhibit agglomeration, extend
triple phase boundary to wide area of anode matrix, and also
enhance redox behavior which are the key requirements for a
good catalyst towards fuel oxidation reactions. It is reported
that CeO,-Ni-YSZ provided 20% higher power density than
Ni-YSZ anode in syngas at 800 °C [11]. DFT modeling of
Ce0,-Ni-YSZ in the form of anode-electrolyte interface
points out that the reduction of a ceria with subsequent migra-
tion of an oxygen from the YSZ bulk to the reduced ceria is
energetically feasible and leads to the accumulation of charge
on Ni, accounting for the current generation in SOFC [12]. In
SOFC testing environment, Nb,O5 reduces to NbO, and pro-
vides enhanced electronic conductivity to the anode [13, 14].
The aim of the present work is to assess the effect of 10 vol%
Ce0, and Nb,Os addition to Ni-Y'SZ anode separately on the
current-voltage (i-V) performance of anode-supported SOFC.
The results in current-voltage characteristics are explained
based on electrochemical impedance spectroscopy (EIS),
scanning electron microscopy (SEM), energy dispersive X-
ray analysis (EDX), transmission electron microscopy
(TEM), and X-ray diffraction (XRD).

Materials and methods

NiO-YSZ (40:60), CeO,-NiO-YSZ (10:30:60), and Nb,Os-
NiO-YSZ (10:30:60) powders were synthesized by solid-
state reaction technique. NiO and/or CeO,/Nb,Os and YSZ
powders in a respective volume ratio were mixed thoroughly
for 4 h in a mechanical mortar pestle and sintered at 1450 °C
for 5 h in air atmosphere. Thick NiO-YSZ (40:60), CeO,-
NiO-YSZ (10:30:60), Nb,Os-NiO-YSZ (10:30:60) anodes,
and thin YSZ disks (13 mm, diameter) for button cells were
fabricated using die pressing the respective anode along with
20 wt% of starch, pore former, and YSZ (Tosoh, TZ-8Y)
powders, as fabricated anode-supported bilayer (anode/elec-
trolyte) pellets were co-sintered in air at 1450 °C. The electro-
lyte was dense and approximately of 100 um thick and thick-
ness of porous anode was 300 pm. The composite lanthanum
strontium manganite (LSM)-YSZ (70:30) cathode paste was
painted on the other side of electrolyte and sintered at 1150 °C
in air. Silver wires were attached to the electrodes as current
collectors using silver paste. The effective active area of the
cell was 0.3 cm?. The anode side of the cell was attached to a
ceramic tube and sealed using Aremco, Ceramabond. The
ceramic tube was connected to a co-axial quartz assembly
using Swagelok Ultratorr fitting. The quartz assembly has an
inlet tube through which hydrogen was fed to the anode and
the outer tube allows unreacted H, to exit. The hydrogen flow
(40 mL/min) to the system was controlled by a mass flow
controller. The cell was heated up to 800 °C in reducing at-
mosphere at the anode side. The cathode side of the cell was
exposed to air. Once the open circuit voltage (OCV) becomes
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stable, i-V characteristics and electrochemical impedance
spectra of the cell were measured using potentiostat/
galvanostat (Versasta 3-400, Ametek). The microstructure,
morphology, and elemental analysis of the anode before and
after cell operation had been analyzed using scanning electron
microscope and energy dispersive spectroscopy (SEM/EDX,
Zeiss EVO 50). The particle size and selected area diffraction
patterns were observed using HRTEM (TEM, Technai G* 200
kV, FEI). The phase formation and crystallite size of constit-
uent of the anode have been analyzed using XRD (PW
2040/60, X’Pert PRO, Netherlands) with an area detector
using a Cu K« (1.54056 A°) radiation source.

Results and discussion

Ni-YSZ (40:60) anode is tested in anode-supported half-cell
Ni-YSZ/YSZ and Ni-YSZ/YSZ/YSZ-LSM full cell at 800 °C
in H, fuel. The peak power density obtained from bilayer cell
is 117 mW cm 2 at 217 mA cm 2 current density as shown in
Fig. 1a. OCV of 1.03 V indicates that electrolyte is perfectly
dense. The ohmic and total polarizations as presented in
Fig. 1b are 1.02 and 0.94 © cm?, respectively. Although not
presented here, from SEM, the electrolyte and anode thickness
is found to be 100 and 300 pwm, respectively. The anode is
perfectly adhered to electrolyte even after cell testing and no
delamination, cracks, or pin holes in the electrolyte are ob-
served. Ni-YSZ/YSZ/YSZ-LSM button cell provided
275 mW cm 2 peak power density at 550 mA cm > current
density as shown in Fig. la. Area specific resistance (ASR)
corresponds to the linear portion of the i-V curve of the full
cell is ~0.877 Q cm?”. The morphology of NiO-YSZ anode
before and after cell testing is shown in Fig. 1c, d. NiO and
YSZ are uniformly distributed throughout the anode matrix
with sufficient porosity as shown in Fig. 1c. The presence of
well-connected grains confirms proper sintering of NiO-YSZ
anode during fabrication. The average particle size of Ni is
~0.5 um as presented in Fig. 1c. Some agglomerated particles
are also observed in Ni-Y SZ anode after cell testing due to the
sintering of Ni at 800 °C temperature. It may be concluded
from the SEM of anode after cell operation (Fig. 1d) that the
backbone structure of the anode is stable and there is no dete-
rioration due to reduction-oxidation during the course of cell
operation. HRTEM and selected-area electron diffraction
(SAED) patterns of Ni-YSZ (40:60) are presented in Fig. le,
f. Uniform distribution of Ni particles (15 nm) in anode matrix
is shown in Fig. le. Diffraction patterns that correspond to Ni
is observed from Fig. 1f. Inset of Fig. 1f shows the selected
area electron diffraction patterns that correspond to Ni-YSZ
(40:60) anode. Although the percentage of NiO loading is
slightly higher (40 vol%) than that of the required percolation
limit, the button type SOFC gives reasonable performance and
it can further be improved by reducing the electrolyte
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Fig. 1 a i-V and i-P characterization of anode-supported half-cell (Ni-
YSZ/YSZ) and full cell (Ni-YSZ/YSZ/LSM-YSZ) at 800 °C. b
Impedance spectra at OCV of half-cell (Ni-YSZ/YSZ) at 800 °C. Ni-
YSZ (40:60) anode ¢ before and d after cell testing. e, f HRTEM and
SAED patterns of Ni-YSZ (40:60) anode

thickness. Effect of 10 vol% CeO, or Nb,Os loading on i-V
characteristics of Ni-YSZ anode is shown in Figs. 2a and 4a.
The quantity of YSZ in anode matrix has been kept constant at
60 vol% as in Ni-YSZ anode matrix but the quantity of Ni is
reduced from 40 to 30 vol%, and 10% CeO, or Nb,Os is
added to the respective anode matrix. The cell with CeO,-
Ni-YSZ (10:30:60) anode provides 332 mW cm 2
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Fig. 2 ai-Vand i-P characterization of anode-supported cell (CeO,-Ni-
YSZ/YSZ/LSM-YSZ) at 800 °C. b Impedance spectra at OCV of anode-
supported cell (CeO,-Ni-YSZ/YSZ/LSM-YSZ) at 800 °C

(675 mA cm %) and 290 mW cm 2 (642 mA cm 2) at 5 and
25 h, respectively. The ohmic resistance is almost constant,
~0.55 € cm? till 25 h whereas polarization resistance slightly
increases from 0.23 Q ecm? at 5 h to 0.32 Q cm?® at 25 h
(Fig. 2b) which corroborates i-V characteristics. It can be in-
ferred that ceria addition not only enhances the performance
with respect to Ni-YSZ anode as presented in earlier Fig. 1a
but also provides reasonable stability to the cell up to 25 h of
operation. Figure 3a, b presents the morphology of anode
matrix before and after cell testing with ceria addition.
Interconnected grains of 10% CeO,/Ni-YSZ anode matrix
with sufficient porosity can be observed from Fig. 3a. The
stair type patterns in anode matrix may be due to the formation
of cerium zirconate (CZ) solid solution during sintering at
1450 °C. The formation of cerium zirconate and niobium
zirconate is reported earlier by Tiwari and Basu [8]. Well-
interconnected Ni particles on CZ surface can be observed
from SEM presented in Fig. 3b of anode after cell testing at
25 h. The CZ particles may prevent sintering of Ni particles
and helps in sustained performance by providing support to
active anode catalyst [8]. Elemental analysis of CeO,-Ni-YSZ
shown in Fig. 3c confirms the presence of constituent
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Fig. 3 SEM a before cell testing
and b after cell testing. ¢ EDX and
d elemental mapping after cell
testing for 25 h of CeO,-Ni-YSZ
(10:30:60) anode. e, f HRTEM
and SAED patterns of Ni-CeO,-
YSZ (30:10:60) anode
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elements Ce, Ni, O, Y, and Zr in the anode after cell testing. Uniformly distributed Ni particles on CZ anode matrix can
Elemental mapping presented in Fig. 3d confirms the uniform  be observed from HRTEM shown in Fig. 3e. Diffraction pat-
distribution of Ce and Ni throughout the anode matrix.  tern that corresponds to CeO,-Ni-YSZ anode is shown in
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Fig.4 ai-Vand i-P characterization of anode-supported cell (Nb,Os-Ni-
YSZ/YSZ/LSM-YSZ) at 800 °C. b Impedance spectra at OCV of anode-
supported cell (Nb,Os-Ni-YSZ/YSZ/LSM-YSZ) at 800 °C

Fig. 3f. SAED patterns in inset of Fig. 3f show distribution of
Ni particles along with the regular crystal patterns. Figure 4a
shows the i-V characteristics of SOFC with Nb,Os-Ni-YSZ as
an anode. The peak power density 301 mW cm 2 at
630 mA cm 2 current density is observed at 5 h of operation
which decreases to 285 mW cm 2 at 25 h of cell operation.
Nb,O5-Ni-YSZ anode shows comparable performance to that
of CeO,-Ni-YSZ which is higher than that of Ni-YSZ anode.
The ohmic and polarization resistances of Nb,O5-Ni-YSZ
(10:30:60) anode-supported cell are 0.6017, 0.6480 and
0.2101, and 0.2138 ©2 cm? between 5 and 25 h of operation,
as shown in Fig. 4b. The low polarization loss of cell having
Nb,Os-Ni-YSZ anode is due to reduction of NZ/Nb,Os to
NbO, in H, environment which increases the electronic con-
ductivity of the anode. In case of CeO,-Ni-YSZ, the ohmic
resistance (0.55 © cm 2) is almost constant until 25 h, which
indicates electrolyte performance does not change throughout
the cell operation and the catalytic activity as well as the con-
ductivity of CeO,-Ni-YSZ anode is stable. However, in case
of Nb,Os5-Ni-YSZ anode, ohmic resistance increases from
0.6017 Q cm 2 at 5 h to 0.6480 € cm 2 at 25 h, i.¢., increment
of 0.0463 Q2 cm > observed between 5 and 25 h of operation.

The increment in the ohmic resistance may be responsible for
the decrease in ionic conductivity of Nb,Os-Ni-YSZ. It is
known that in reducing atmosphere, Nb,Os get reduced to
NbO, leading to increase in electronic conductivity and con-
sequently reducing the ionic conductivity. The OCV of the cell
that correspond to Ni-YSZ, CeO,-Ni-YSZ and Nb,Os-Ni-
YSZ anodes are 1.045, 0.99, and 0.97 V, respectively. The
difference in OCV of cell with Ni-YSZ and CeO,-Ni-YSZ/
Nb,05-Ni-YSZ anodes is very small (0.045/0.075 V). The
difference in OCV may be due to a sealant problem.
Figure Sa, b presents the SEM of 10% Nb,O5-Ni-YSZ anode
matrix before and after cell testing. Figure 5a shows the well-
connected grains of anode backbone of stair type niobium
zirconate (NZ) structure. Other than NiO, fine Nb,Os particles
can be also observed on NZ surface. Although agglomeration
of Ni particles is observed, the anode maintained its backbone
structure even after 25 h exposure of H, at elevated tempera-
ture. EDX shown in Fig. 5¢ confirms the presence of Nb, O, Y,
and Zr elements. Uniform distribution of Ni and Nb in anode
is confirmed by the elemental mapping (Fig. 5d). Both the
Ce0,-Ni-YSZ (10:30:60) and Nb,Os-Ni-YSZ (10:30:60) an-
odes show excellent thermal and chemical compatibility with
other cell components during cell operation as suggested by
morphological study. Figure 5e, f presents the HRTEM and
SAED patterns of Nb,Os-Ni-YSZ (10:30:60) anode matrix.
Ni particles are uniformly distributed in support throughout
the anode matrix as shown in Fig. Se. Inset of Fig. 5f shows
the regular crystal patterns and distributed Ni in Nb,Os-Ni-
YSZ anode. Overall XRD of CeO,-Ni-YSZ (10:30:60) and
Nb,O5-Ni-YSZ (10:30:60) reveals that the anodes are stable
even after 25 h of operation. The result presented shows that
10 vol% addition of ceria or niobia to Ni-YSZ matrix en-
hances the performance of cell with lower loading of Ni (de-
creased from 40 to 30 vol%). XRD patterns of NiO-YSZ,
Ce0,-NiO-YSZ (10:30:60), and Nb,O5-NiO-YSZ
(10:30:60) anodes matrices after cell testing are plotted in
Fig. 6 to understand phase changes during fabrication as well
as due course of accelerated cell testing. CeO, and YSZ form
solid solutions (cerium zirconate) during high temperature
fabrication and remain stable at temperature 800 °C in reduc-
ing atmosphere during cell operation [8, 11]. NiO, CeO,, and
cerium zirconate exist as cubic lattice. Niobia reacts with YSZ
at high temperature and makes a solid phase (niobium
zirconate), which upon reduction forms NbO,. There is no
significant change before and after cell testing in diffraction
patterns of CeO,-NiO-YSZ (10:30:60) and Nb,Os-NiO-YSZ
(10:30:60) anodes. We have matched XRD data with standard
JCPDS files, i.e., #34-0394 for CeO, and #30-0873 for
Nb,Os. A small intensity peak that corresponds to CeO, be-
fore 30° 26 angle is observed. It shows that most of CeO, had
reacted and formed CZ during high temperature sintering.
Presence of small intensity peaks that correspond to Nb,Os
indicates that some of unreacted Nb,Os are still there other
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Fig. 5 SEM a before cell testing
and b after cell testing. ¢ EDX and
d elemental mapping after cell
testing for 25 h of Nb,Os-Ni-YSZ
(10:30:60) anode. e, f HRTEM
and SAED patterns of Ni-Nb,Os-
YSZ (30:10:60) anode
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than NZ phase. No solid reaction between NiO and other
constituents of the anode has been observed either during
sintering at 1450 °C in air or course of cell operation in reduc-
ing atmosphere. Small shifting of YSZ peaks towards lower
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angle is observed which is due to the microstructural changes
at 1450 °C during sintering of cell. Peaks of CZ and YSZ are
overlapping with each other as Zr** ions are getting into the
lattice of CeO,.
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Conclusion

The performance of Ni-CeO,-YSZ (30:10:60) and Ni-Nb,Os-
YSZ (30:10:60) anodes is investigated using electrochemical
as well as physical characterizations. It is observed that addi-
tion of 10 vol% CeO, or Nb,Os to 30 vol% Ni-YSZ anode
matrix exhibited good catalytic activity during SOFC opera-
tion. CeO,-Ni-YSZ (10:30:60) and Nb,Os5-Ni-YSZ
(10:30:60) anodes are structurally stable even after 25 h of
operation. Even though the Ni vol% is reduced to 30 from
40%, the enhanced performance is observed in presence of
CeO, and Nb,Os5 because of formation of solid solution, CZ,
and NZ, which provided better support in terms of stability
and preventing Ni sintering to the anode during cell operation.
The as prepared anode-supported button cells with Ni-CeO,-
YSZ and Ni-Nb,0Os-YSZ anodes showed peak power density
332 and 301 mW cm 2 in H, at 800 °C, respectively.
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