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Abstract Hydrocarbon-based solid oxide fuel cell (SOFC)
is being projected as one of the possible alternatives to
conventional internal combustion engines. However, the
conventional Ni—-YSZ anode is prone to carburization in
the presence of hydrocarbon fuels. In the present study, an
optimized Ni—Cu-based anode composition (Nigo—Cug 1—
YSZ.95—GDCy 5) has been evolved based on accelerated
carburization studies and phase analysis by X-ray diffrac-
tometry and X-ray photoelectron spectroscopy. The elec-
trochemical parameters have been derived for the
optimized anode composition, and its exchange current
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density is estimated to be 76.3 mA cm™ > at 780 °C. The
main advantage of the optimized anode is its suitability for
co-firing with the electrolyte. Using the optimized anode
composition, anode-supported SOFC single cells (ASCs)
have been fabricated and their electrical and electrochem-
ical performances have been evaluated and compared with
conventional ASC. The anode-supported co-cast SOFC
with the optimized anode composition exhibits a power
density of 436 mW cm 2 at 850 °C and 0.5V with
methane as fuel.
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1 Introduction

Direct internal reforming in solid oxide fuel cell (SOFC) is
the subject of intense research in recent years. There have
been attempts to utilize hydrocarbons directly in the fuel
cells to avoid external reforming. As SOFCs are being
operated at a high temperature, the direct internal reform-
ing of hydrocarbon fuel can be accommodated in the anode
itself. However, the present state-of-the-art anode, Ni—
YSZ, is much prone to carburization in carbonaceous fuels.
Being a potential catalyst for the carbon nanotubes
(CNT)/graphene synthesis, the Ni grains in anode facilitate
carbon fiber growth and result in metal dusting (Chun and
Ramanarayanan 2007). This would eventually disintegrate
the entire anode resulting in cell failure. So far, numerous
anode compositions have been investigated.

New anode developments are mostly focused on cera-
mic oxides and bimetallic anode systems (Zhao et al. 2019;
Sarno et al. 2018; Neofytidis et al. 2018). Lanthanum
strontium chromium manganite (LSCM), lanthanum
strontium titanate (LST) and yttrium strontium titanate
(YST) are the commonly explored ceramic anodes. But
ceramic oxide anodes exhibit moderate catalytic activity.
Kim et al. (2008, 2009) observed enhanced performance
with the addition of Pd and CeO, on to LSCM anode. Ma
et al. (2010, 2011a, b) investigated YST anode catalyst in
various configurations and reported improved performance
on YST-infiltrated NiO anode. Kim et al. (2009) have also
highlighted the role of Pt contact layer in enhancing the
performance of the oxide anodes. On the contrary, metals
have good electronic conductivity and metals such as Ni,
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Co, Ru, Ir and Rh show better catalytic activity for
hydrogen oxidation reaction in the typical operating con-
dition of SOFC (Ingram and Linic 2009). Unfortunately, Ni
and Co are susceptible to carburization and Ru, Ir and Rh
are not economically viable.

Therefore, in recent years, a large number of bimetallic
anode systems have been developed. Among them,
bimetallic alloys such as Ni—Fe and Ni-Cu are found to be
promising (Lu et al. 2009; Kim et al. 2002). As Fe does not
catalyze Boudouard reaction, it has been considered for
anode catalysis below 700 °C. However, partial oxidation
behavior of hydrocarbon fuel and choking of fuel lines are
the major issues at low temperature, whereas at high
temperature, Ni has the advantage over Ni—Fe alloy with
regard to carbon diffusivity. Conversely, Ni—Cu alloys are
found to perform impressively in the temperature regime of
around 800 °C. Cu is known to control carbon deposition
due to its inability to catalyze the formation of the C-C
bond. As Boudouard and methane cracking reactions are
suppressed around 800 °C, it could be the right temperature
to handle methane for a bimetallic cermet like Ni—Cu—
YSZ. Kim et al. reported 4-5 times increase with respect to
the initial performance of Ni—-Cu—YSZ system over the
period of 500 h of operation (Gupta et al. 2006). Gorte
et al. reported reasonably good performance (0.09 W cm >
with CHy; @ 700 °C) for the Cu—CeO,—YSZ system at
700 °C. The addition of CeO, improved the anode catal-
ysis, and partial oxidation behavior at these temperature
regimes was observed (Gorte et al. 2002; Park et al. 2000).
However, most of the developed compositions to date have
failed to meet the stringent co-sintering fabrication condi-
tions of anode-supported SOFC (1350-1400 °C). In cop-
per-rich anodes, during high-temperature sintering, Cu
segregates are formed in the anode, which in turn results in
reduced catalytic activity. The optimization of Cu content
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is required to inherit both carbon tolerance and thermal
stability qualities in these anode systems. Presently, most
of the developed Ni-Cu anode systems are utilized for
electrolyte-supported cells in which the anodes are heat
treated at a relatively low temperature (1100 °C). Thus, the
established anode compositions have failed to tap the
benefit of anode-supported SOFC where the electrolyte
thickness can be as low as 10 um. In order to realize Cu
based anode composition in anode-supported SOFC,
tedious leaching and infiltration techniques have been used
(Gorte et al. 2002; Fuerte et al. 2011; Kaur and Basu 2013;
Camacho and Vivas 2009). Moreover, the infiltrated ceria
catalyst in the porous YSZ matrix undergoes severe deac-
tivation in the presence of hydrocarbon fuel (Kim et al.
2007). Thus, it was evident from the above reports that Ni—
Cu-based anode compositions were mostly demonstrated
for electrolyte-supported SOFC. However, utilizing those
compositions in anode supported configuration will pave
the way to improve the performance. So there is need to
tailor the Ni—Cu-based anode composition for anode-sup-
ported SOFC, which involves high-temperature manufac-
turing process. The merit of the fabrication process is
mainly decided upon the scalability and performance of the
product it yields. In this context, tape-casting is the
industrial scalable process and the co-firing process is
considered as the most versatile and economical process.
So, the main aim of this work was to formulate optimum
anode composition (devoid of noble metals) with carbon
tolerance and suitable for the standard well-established co-
firing fabrication conditions.

In the present work, Ni-Cu-YSZ with GDC (gadolinia-
doped ceria)-based anode system was optimized to match
the stringent fabrication and operating conditions of anode-
supported SOFC. Carbon-resistant property of the anode
composition was identified by an accelerated carburization
study. The anode composition with thermal and redox
stability was fabricated in the form of electrolyte-supported
cell to establish its electrochemical parameters such as
electrode impedance and exchange current density. The
optimized anode composition was fabricated in the form of
anode-supported cells by tape-casting co-firing process.
The fabrication of thermally sensitive Ni—-Cu anode com-
positions by the co-firing process is least explored to date.
As a maiden attempt, Nip o—Cug ;—YSZg 95—GDCy o5 anode-
supported SOFC has been fabricated by tape-casting
technique followed by the co-firing. As the fabrication
methods also influence the electrocatalytic activity of the
anode, the electrochemical properties of the fabricated
Nig o—Cug 1-YSZ(.95—GDC( s anode-supported cell were
established. Further, anode-supported SOFC has been
fabricated with bilayer consisting of co-casted YSZ elec-
trolyte and Nigog—Cug1—YSZy95—GDCy o5 anode. The co-
casting process was expected to increase the

electrochemical performance due to intact anode—elec-
trolyte interface. Thus, the work demonstrates the possi-
bility to utilize Cu in a high-temperature fabrication
process so as to evolve a hydrocarbon compatible SOFC
with better performance.

2 Experimental

The anode powder, anode tapes, YSZ tapes and single cells
were prepared using nickel oxide (NiO) (Inframat, USA),
copper oxide (CuO) (Sigma-Aldrich), 8 mol% yttria-sta-
bilized zirconia (8YSZ) (Tosho, Japan) and lanthanum
strontium manganite (LaggsSro3MnO3;, LSM) (Inframat
Advanced Materials, USA). Solution combustion method
was used for the synthesis of 20 mol% gadolinia-doped
ceria (GDC) nanopowder using Gd,Oz (China Rare
Earths), ceric ammonium nitrate (Mincometsal, India),
glycine (Merck) and nitric acid (Merck). For the solution
combustion synthesis, oxidizer-to-fuel ratio was main-
tained as unity (Patil et al. 2002). Tape-casting slurry was
prepared by mixing anode powder with ethanol (Merck),
toluene (Merck), benzyl butyl phthalate (Sigma-Aldrich)
and polyvinyl butyral (Sigma-Aldrich). Screen-printing ink
was prepared by mixing the anode powder with ethyl cel-
lulose binder (S.D. Fine) and terpineol (Himedia).
Suitable anode composite material for hydrocarbon
compatible SOFC was selected based on the accelerated
carburization studies. Accordingly, systematic carburiza-
tion studies were carried out on the anode system Nigj_y—
Cuy-YSZ_,~GDC, (where weight fraction x = 0.1-0.9
and y = 0.05). The results of the carburization study are
relative rather than absolute. The amount of carbon
deposited on the modified anode was quantified with
respect to standard Ni—YSZ composition. The carbon
deposition was quantified by measuring the difference in
weight of the compositions before and after deposition. In
the present study, the weight ratio of metal/oxide in anode
composition was 57:43. All the above compositions were
reduced at 950 °C for 2 h in 4Ar/1H, atmosphere. The
reduced compositions were then carburized in a custom-
built CVD reactor under accelerated carburization condi-
tions by loading different new anode compositions along
with the standard Ni—-YSZ composition. Followed by
reduction, the carburization was carried out at 950 °C for
about 1 h by passing ethanol (Gupta et al. 2006) into the
reaction chamber at the rate of 1 ml min~". Thus, anode
compositions were then subjected to phase analysis.
Phase analysis of the anode powders and YSZ-GDC
solid solution was done using XRD (Bruker D-8 Advance
X-ray diffractometer). XRD analysis was carried out
between 20 values of 10°-90° at the scan rate of 2° min ™~
to check phase stability. X-ray photoelectron spectroscopy
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(XPS) was used to study the redox stability of the anode
system before and after carburization. Accordingly, SPECS
Surface Nanoanalysis X-ray photoelectron spectrometer
was used. The anode composition, which had shown
resistance to carbon deposition and redox stable, was
identified and subjected to electrical and electrochemical
characterizations.

The electrical conductivity of the developed anode
compositions  (1-mm-thick  pellets  sintered  at
1275-1375 °C) was measured using Vander Pauw (DC
4-probe) method with 100 mA current source (Keithley
6221) and nanovoltmeter (Keithley). Samples of anode
composites were prepared, sintered and reduced in the
hydrogen atmosphere. Reduction was done at 750 °C in air
at the rate of 2 °C min~"' followed by reduction in 20:80
H,—N, mixture gas for 4 h. The conductivities were mea-
sured at different temperatures (25-700 °C). Thus, selected
potential anode composition was fabricated into various
SOFC configurations, viz. electrolyte-supported SOFC
(ESC); standard anode supported SOFC (ASC) and ASC
with bilayer electrolyte—anode tape (co-casted).

In order to establish detailed electrochemical parame-
ters, ESC was fabricated using 2 mm uniaxially pressed
and sintered electrolyte. LSM cathode and anode ink was
screen printed on the electrolyte. The anode ink was made
using Nigo—Cug —YSZy05—GDCp s anode cermet and
fired at 1300 °C for 2 h. Electrochemical characterization
on ESC was done to establish the anode impedance and
anode exchange current density using dry H, as fuel.
Anode impedance data were obtained by three-electrode
technique with the anode as the working electrode (WE),
the anode side reference electrode (RE) and the cathode as
the counter electrode (CE) (Prakash et al. 2017). The
position of WE, RE and CE is shown in Fig. S1. The total
cell impedance was measured between two electrodes in
which the cathode acted as the working electrode and the
anode as the counter and reference electrode. CH electro-
chemical analyzer (CHI 604 2D electrochemical work
station) controlled by CHI604D software was used for
impedance measurements. The experiment was conducted
under the OCV condition, 1 MHz to 0.1 Hz frequency
range with a voltage of 10 mV amplitude. The exchange
current density (i,) was measured similar to earlier report
(Zhou et al. 2011) using the above electrochemical ana-
lyzer. Accordingly, step voltage polarization measurement
was carried out with positive overpotential and with volt-
age steps of 0.01 Vs™' in the voltage range of 0 V to
OCV. The exchange current density was obtained from the
Tafel intercept, i.e., log(i) axis intercept of overpotential
versus log(i) plot.

The anode-supported SOFC (ASC) with an active area
of 1 cm? was fabricated by the standard tape-casting fol-
lowed by sintering and screen-printing processes. Green
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ceramic tapes comprising Nigo—Cug 1—YSZ.95—GDC o5
anode cermet powders were prepared and laminated along
with a thin YSZ electrolyte green tape. The green laminate
was co-fired at 1350 °C for 6 h. The prepared half-cell was
screen printed with LSM cathode ink and again fired at
1100 °C for 2 h. Thus, fabricated anode supported cell
(ASC) consisted of 50 pm cathode, 15 pm electrolyte and
1 mm anode, respectively, and is hereinafter termed as
Nig.o—Cug 1—YSZ 95—GDCy o5 anode-supported SOFC with
laminated layers of electrolyte and anode tapes
(ANCZGL). The performance of the cell varies with the
fabrication and test conditions. In order to overcome this
ambiguity, a standard Ni-YSZ anode-supported SOFC
single cell (ANZL) was also fabricated by the aforemen-
tioned procedure and its performance was compared with
ANCZGL. In order to improve the interaction between
electrolyte and anode, ASC was also prepared by co-cast-
ing of YSZ electrolyte on Nigo—Cug 1—YSZ 95—GDCy o5
anode tape. Thus, prepared electrolyte—anode bilayered
tape was utilized for the fabrication of anode-supported cell
and is termed as Nigo—Cug—YSZg95—GDCp s anode-
supported SOFC with co-casted bilayered tape (ANCZGC).

For electrochemical characterizations, the button cells of
ESC, ANCZGL, ANCZGC and ANZL with 1 cm? were
mounted on a test bench using a suitable ceramic sealant
(Ceramabond 552, Aremco). The SOFC test bench (Fuel
Cell technologies, USA) was heated to 800 °C at the rate
2 °C min~" in air followed by 4 h reduction in 20:80 Hy—
N, and the performance studies were conducted in dry H,
and methane fuels on 1 cm? button cells (Park et al. 2000).
The fuel flow rate and the oxygen flow rate were main-
tained at 50 and 100 sccm, respectively. Since the cells
were tested with ceramabond sealant, it was difficult to
recover the cells after experiments. At least 2-3 cells were
used in each configuration to complete the entire set of
experiments. To identify similar performing cells, perfor-
mance in H, at 800 °C was used. The measurements were
recorded after 3 h of equilibration time at each
temperature.

3 Results and discussion

A systematic investigation on Ni—Cu-YSZ-GDC system
was carried out to identify a suitable composition that can
withstand both fabrication conditions and performance
criteria of SOFC. Cu addition to Ni is known to reduce the
carbon deposition but has serious implication on the ther-
mal stability (Gross et al. 2007; Eric and Timu 1979) due to
the lower melting point in comparison with pure Ni. As the
co-firing process demands better thermal stability, a perfect
balance has to be made between these requirements.
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3.1 Effect of Cu addition

The carbon deposition is known to decrease drastically
with increasing Cu content, and hence, Cu has been used
liberally in low-temperature fabrication processes (Kim
et al. 2002). However, those compositions cannot be fab-
ricated as ASC by the co-firing technique. In the present
work, accelerated carburization studies were carried out on
Ni—Cu-YSZ system. The effect of Cu addition to the anode
cermet (Ni-YSZ) on carbon deposition is shown in Fig. 1.
Ni;_,—Cu,—YSZ (x =0.5) anode composition showed a
reduction in the carbon deposition to one-fifth of the con-
ventional Ni—-YSZ anode. Further increase in Cu did not
reduce the carburization. Cu is known to suppress the
carburization due to the fact that the filled d-orbital of Cu
does not catalyze the C—C bond formation (Ingram and
Linic 2009; Rodriguez et al. 1993). Unfortunately, Cu is
also a poor catalyst for C-H scission. So, the electro-
chemical oxidation of hydrocarbon fuel also reduces with
the addition of Cu. On the other hand, higher Cu content
has serious implications on the performance of the anode
due to the formation of low melting phases. Therefore, it is
essential to optimize the Cu content in anode cermet to
enable it to withstand the fabrication and operating con-
ditions of SOFC.

The XRD patterns of Ni;_,—Cu,~YSZ anode cermet
compositions are shown in Fig. 2. There was no additional
phase formation as Ni—Cu forms an isomorphous substi-
tutional solid solution (Fig. 2b). The gradual shifting of
XRD peaks toward lower 20 values with the addition of Cu
may be attributed to the higher ionic radius of Cu atom
(0.72 A) in comparison with Ni (0.69 A). However, the
anode compositions with higher Cu content, i.e., x = 0.5
and above, exhibited minor secondary phase like Cu,O
(Fig. 2c). This may be because of the high fabrication
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Fig. 2 XRD patterns of (a) Ni-YSZ, (b) 4Ni/1Cu-YSZ and (c) INi/
1Cu-YSZ sintered at 1375 °C for 6 h

temperature. Though Ni and Cu form a solid solution at all
compositions, NiO and CuO form secondary CuO phase
around 20 wt% of CuO (Eric and Timu 1979). So, while
fabricating in the form of 50NiO/50CuO, there may be the
possibility of segregation of secondary copper oxide phase
at the surface. Even in reduced conditions, it can persist as
segregated Cu metal, and during cooling of the anode,
traces of segregated Cu,O can reappear. In any case,
> 20 wt% Cu content does not support the proposed co-
sintering fabrication procedure due to melting issues above
1200 °C. Thus, based on the present carburization studies
and also on published the literature, 10 wt% Cu in metallic
phase was reasonably adequate to suppress the carburiza-
tion (Li et al. 2015; Zhao et al. 2011; Wang et al. 2008).

3.2 Effect of GDC addition

In general, high ionic conductivity is believed to improve
the durability of the anode in hydrocarbon fuel (Sumi et al.
2015; Shiratori et al. 2008). Cubic fluorite-structured oxi-
des are known to possess better ionic conductivity due to
their lattice symmetry. Rare-earth-based fluorite com-
pounds further improve the catalytic activity. Rare-earth
oxides are well recognized for their steam reforming and
methane oxidation ability. Among the rare-earth oxides,
CeO, gives reasonably high H, yield and has a tendency to
suppress carbon deposit (Wu et al. 2007). CeO, is a mixed
ionic—electronic conductor, which transports electrons and
oxygen ions via n-type small polaron hopping and oxygen
vacancies, respectively. Doping ceria with gadolinia can
further increase the ionic conductivity due to the increase
in oxygen vacancies (Rupp et al. 2007). This results in the
improvement of the overall electrochemical performance
of the anode. Based on these facts, gadolinia-doped ceria
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(GDC) was incorporated into the ceramic (YSZ) part of the
anode composite. GDC is also considered as a potential
candidate to reduce the local temperature gradient via
controlled steam reforming reaction due to the reversible
transformation between Ce*" and Ce** (Cabrera et al.
2004). Thus, the presence of Gd**/Ce " in the FCC lattice
of Ce*" atoms fosters the catalytic activity for oxidation
(Palaniyandi et al. 2006). The possible mechanistic model
for methane oxidation reaction is shown in Fig. S2.

Accordingly, in the present anode system, YSZ-GDC
solid solution with minor GDC phase in YSZ matrix has
been employed. In addition, this can effectively eliminate
the catalyst deactivation which is common in anodes fab-
ricated by infiltration process (Kim et al. 2007). Though the
formation of YSZ-GDC solid solution mitigates deactiva-
tion of the catalyst, the solid-state reaction between YSZ
and GDC during the preparation of the anode can result in
the formation of low ionic conducting phases, which sep-
arate the ionic conduction route between the dispersed
GDC and YSZ matrix (Riihrup et al. 2006; Constantin et al.
2012; Mishima et al. 1998). Hence, the concentration of
GDC was restricted in the range of 2-5 wt% of total anode
composition (Fig. S3).

In addition, the electrical conductivity of the YSZ-GDC
solid solution was measured and compared with pure YSZ
and GDC (Table 1). There was no appreciable change in
the electrical conductivity of YSZ-GDC solid solution,
which confirmed the absence of adverse reaction in the 7:1
YSZ-GDC composition. Although there was no change in
the conductivity, it is believed that the redox behavior of
Ce*" jons improves the catalytic activity for the electro-
chemical oxidation of deposited carbon on the anode
composite (Muccillo et al. 2008).

The carburization studies (Fig. S4) showed that Nigo—
Cug 1-YSZy 95— GDCy o5 composition is reasonably good in
controlling carburization (50% reduction) and besides, the
composition exhibited better thermal stability during fab-
rication at 1375 °C. This was further confirmed by com-
paring the electrochemical performance of Nipo—Cug —
YSZy05-GDCg s anode with standard Ni-YSZ anode
system.

Table 1 Electrical conductivity of oxide phases

Compound Electrical conductivity (S cm™") at 650 °C
YSZ 0.0034
GDC 0.0078
YSZ-GDC (7:1) 0.0032
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3.3 Electrical conductivity

Figure 3 shows the plots of electrical conductivity with
respect to temperature for the developed anodes and stan-
dard Ni-YSZ. The NiO.8—CUO'2—YSZO'95—GDCQ'05 was not
thermally stable at the typical sintering temperature
(1375 °C) of anode-supported SOFC. So, it was sintered at
a relatively lower temperature (1275 °C). All the cermet
showed metallic behavior, i.e., conductivity decreases with
increase in temperature. It was evident from the conduc-
tivity data that even for standard Ni-YSZ, the conductivity
was higher in 1275 °C sintered sample than the 1375 °C
sintered sample. At higher temperatures, Ni agglomeration
is higher, and hence, it is expected to deter the conductivity
to some extent. The electronic conductivity of anode cer-
met can be given as (Simwonis et al. 2000)
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Fig. 3 Effect of temperature on electrical conductivity of a filled
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sintered at 1275 °C and b filled inverted triangle Ni-YSZ and filled
circle Nigo—Cug —YSZ.95—GDC o5 anodes sintered at 1375 °C
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where cermer 18 the electronic conductivity of cermet, oy; is
the electronic conductivity of Ni, Vy; is the volume fraction
of the nickel, and Cy; is the contact area fraction of the
nickel phase.

The increase in particle size of Ni ensemble reduces the
Cni, and the electrical conductivity decreases due to the
reduction in electrical conduction path. The conductivity
trend of 1275 °C sintered cermets showed that the decrease
in conductivity of Nigg—Cug,—YSZyo95—GDCpos with
temperature was low in comparison with Ni-YSZ anode.
The possible reason may be the formation of Cu-rich phase
at the interface of nickel and YSZ grains in Nigg—Cugo—
YSZy95—GDCp s anode composition. This segregated
phase would have established a second conduction path to
sustain the conductivity. Hence, the Nigg—Cug>—YSZ0 95—
GDCy s anode conductivity was marginally higher than
that of the standard Ni-YSZ.

The conductivity trend of 1375 °C sintered cermets
showed that the slope of conductivity vs temperature was
almost same for Nig oCug ; YSZ 95— GDCy s and Ni—-YSZ.
As expected, Nigo—Cug —YSZ095—GDCy o5 exhibited
lower electrical conductivity compared to Ni—-YSZ due to
the effect of alloying.

As far as the electrolyte-supported cells are concerned, a
sintering temperature of 1275 °C is sufficient. Neverthe-
less, the processing of anode compositions at 1375 °C is
mandatory for anode-supported cells. From the phase dia-
gram of NiO-CuO, it is evident that 9:1 NiO-CuO solid
solution is not supposed to yield any secondary phases
during firing at 1375 °C. Therefore, Nig¢—Cug 1—YSZ0.95—
GDCyos composition was preferred over Nigg—Cugo—
YSZy95—GDCy s for anode-supported cell fabrication
process. Nonetheless, the electrical conductivity of both
compositions was found to be suitable for SOFC
application.

3.4 XPS analysis

Anodes of SOFC undergo various redox processes during
SOFC fabrication and operating conditions. For instance,
the metal oxide—ceramic composite anode would be
reduced to metal-ceramic during SOFC operating condi-
tion. Further, there is a possibility of oxidizing back to
original oxide during cooling due to minor air leakage or
during an emergency shutdown. Moreover, the tendency of
anode metal catalyst to form carbide in the presence of
hydrocarbon fuel can result in metal dusting. Even a slight
change in the microstructure or crystal structure in this
process would initiate anode failure. There are many
reports, which capture the presence of NizC during carbon
filament formation (Kharlamova 2017; Bayer et al. 2016;
Rao et al. 2014; Yu et al. 2019; Sun et al. 2019).

Esconjauregui et al. (2009) have reported such intermediate
Ni;C phase with ex situ XRD studies. So, XPS study was
carried out to identify such a phase and also study the redox
stability of the developed anode. The XPS spectra of the
as-prepared, carburized and re-oxidized anodes were gen-
erated, and the peaks were identified. There was no visible
change in the spectra of as-prepared and re-oxidized sam-
ples (Fig. 4a). As expected, the carbon peak intensity was
enhanced in the carburized sample. The Ni;C peak was not
observed at 283.0 eV. Also, Ni,C peak at 283.2 eV that
appears due to monolayer reconstruction on Ni surface is
absent (Bayer et al. 2016). Thus, it was evident that there
was no nickel carbide formation during carburization
(Fig. 4b).

Similarly, the valency of Cu was investigated to check
any deviations in the oxidation states (Fig. 4c). No visible
peak shift was detected between the as-prepared and the re-
oxidized samples. The suppression of the satellite peak of
Cu in the carburized sample indicated the reduction in
copper oxide to Cu metal. In the re-oxidized sample, Cu
metal was back to the original Cu”" state. It confirmed the
absence of any disruptive phase transformation. Also, there
was no deviation in the valency of Ni. Thus, the redox
stablhty of the deVelOped Nio'g—cuo']—YSZOV95—GDC0'05
anode was found to be good.

3.5 Microstructure of anodes

Figure 5 shows the FESEM image of anode-supported
SOFC (ANCZGL). The electrolyte layer was highly dense
without any pores. The thickness of the electrolyte was
10-12 pm. Thus, the YSZ electrolyte was sufficiently thin
and dense to permit oxygen ion conduction while restrict-
ing the molecular diffusion of oxygen. Further, the anode—
electrolyte interface was found to be intact without any
delamination and there were no signs of interface reactiv-
ity, which ensured low interfacial resistance.

The anode was found to be sufficiently porous. The
grain size was in the range of 2-3 pm. More interestingly,
fine pores of 100 nm were generated due to the reduction in
the metal oxide solid solution. These pores were uniformly
distributed along with larger pores of 2 um size, and such
architecture facilitates the formation of TPB with an
extended active zone, which will improve the catalytic
activity of the anode. The anode microstructure after per-
forming in CH4 fuel for 48 h is shown in Fig. 5d. No
carbon fiber was seen, whereas standard Ni—-YSZ cermet
tends to grow carbon fiber within 2 h (Yu et al. 2019). The
microstructure was porous, and there was no evidence of
metal segregation.

EDAX analysis on the Ni—Cu metallic grain (Fig. S5)
was carried out. The composition closely matches the
expected weight ratio of 9:1 Ni—Cu. In order to examine Cu
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«Fig. 4 XPS spectra of a Nipg—Cug 1—YSZ(9s—-GDCy o5 anode b car-
bon peak of the carburized sample and ¢ Cu2p peak (i. as-prepared, ii.
carburized and iii. re-oxidized sample)

enrichment, a Niy¢—Cug1-YSZ95—GDC( s anode-sup-
ported single cell, which was tested in methane fuel, was
fractured and subjected to analysis. The line scan for Ni
and Cu showed that there was a uniform distribution of
bimetallic phase (Fig. 6) and no segregation of Cu was
noticed.

Similarly, the line scan for C was carried out. It is
interesting to note from Fig. 6b that there was no carbon
deposition in most of the anode except at the electrolyte—
anode and the anode—gas interface. In fact, carbon content
in the electrolyte—anode interface was the highest with
12 wt%. The slight enrichment of carbon at the anode—gas
interface is expected while cooling in OCV condition. But
the presence of carbon near the electrolyte—anode interface
shed some light on the reaction pathway. It suggested that
methane cracking followed by electrochemical oxidation of
carbon is the most likely pathway in the present case
(Mogensen and Kammer 2003). The methane cracking
mechanism involves three elementary steps (Eqs. 2—4).

CxHy = xC + y/2H, (2)
C+20* = CO, +4e” (3)
H, + 0>~ = H,0 + 2¢~ (4)

The first step involves the cracking of methane into
carbon and hydrogen followed by the oxidation of cracked
products. In this process, the formation of carbon over
catalyst surface is inevitable. Nevertheless, the anode cat-
alyst should have the ability to oxidize the deposited car-
bon and resist the fiber formation. It was evident from
Fig. 5d that there was not much change in anode
microstructure after using methane fuel for 48 h. Thus, the
absence of any carbon fiber in the anode confirmed that 9:1
Ni—Cu alloy is effective in reducing carbon deposits.

3.6 Electrochemical studies
3.6.1 Electrolyte-supported cell (ESC)

The merit of electrolyte-supported configuration (ESC) for
studying the electrochemical parameters of the individual
electrode is well established in the literature (Mcintosh
et al. 2003). Therefore, 2-mm-thick ESC was fabricated
and used for establishing the electrochemical parameters of
the developed Nigo—Cug1—-YSZ( 95— GDC s anode in H,
fuel (Fig. S6). The non-ohmic part of anode impedance
was estimated from the difference between the low-fre-
quency and high-frequency intercept. The impedance at
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Fig. 5 FESEM images of a 8YSZ electrolyte on anode support, b Nig o—Cug ;—YSZ.95—GDCy o5 anode, ¢ dense YSZ-GDC and porous Ni—Cu
ensemble and d Nipo—Cug ;—YSZ 95— GDCy s anode after performing in CH, for 48 h

0.7V was substantially lower than OCV (Fig. S7).
Arrhenius plot generated with anode impedance is shown
in Fig. 7a. The activation energy for anode kinetics was
estimated from the slope of the Arrhenius plot. The acti-
vation energy (E,) for Nigo—Cug 1—YSZ( 95— GDCy o5 anode
polarization was 1.01 eV which is comparable to the
reported values of Ni-YSZ cermet (Leonide et al. 2009).
Exchange current density is another critical parameter,
which was used to evaluate the performance of the elec-
trocatalyst. It is a measure of the rate of electrochemical
reaction at the reversible potential (OCV). There are many
studies that used i, to establish the electrocatalytic activity
of anode (Grgicak et al. 2008; Vogler 2009). It is generally
assumed in the past that the activation loss in SOFC is
negligible and its dependent parameter, exchange current
density, adds no weightage. The above assumption is valid
only for high temperature SOFCs and tubular SOFCs
because the activation loss becomes negligible at high
operating temperatures (> 1000 °C). Similarly, ohmic loss
is substantially higher than activation loss in tubular
designs. However, for the anode-supported planar cell,
which operates at < 800 °C with thin electrolyte, activa-
tion loss becomes significant and comparable with ohmic

loss (Noren and Hoffman 2005). Hence, exchange current
density is an important electrochemical property that
measures the electrocatalytic activity of electrodes and it
was calculated from the Tafel intercept at different tem-
peratures (Fig. 7b) using ESC.

The estimated i, of the developed anode increased from
20.9 mA cm > at 670 °C to 76.3 mA cm™ > at 780 °C. The
E, was found to be 1.03 eV. The close match between the
activation energies derived from Arrhenius plots of anode
polarization and exchange current density signifies the
reasonable accuracy of i, estimation. In general, it was
believed that Cu addition affects the performance due to its
material property and the stringent requirement for pro-
cessing temperature (Grgicak et al. 2008). However, the
high exchange current density indicated that Nig go—Cug 10—
YSZ95—GDCp s anode was able to overcome those
constraints.

The performance comparison of the ESC in H, and CH4
fuel was carried out (Fig. S8). The impedance analysis at
OCV and 0.7 V indicated that faradic oxidation for
methane was different from H,. Further, it validates that
CH, undergoes indirect oxidation reaction pathway as
observed by EDAX analysis.
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3.6.2 Anode-supported cell (ASC)

The electrochemical performance curves of the ANCZGL
and ANZL anode-supported cell in H, fuel are shown in
Fig. 8. The maximum power density of ANCZGL was
219 mW cm ™2 against 221 mW cm™? of the ANZL at
800 °C. In fact, the area specific resistance (ASR) obtained
from the slope of the V-I curve of the ANCZGL cell was
0.8 Q cm® (Fig. S9), which was 30% lower than that of the
standard Ni—YSZ-based cell.

The performance analysis of ANCZGL cell in methane
was conducted in the temperature range of 707-824 °C
(Fig. 9). There was a reduction in performance from
250 mW cm > at 824 °C to 56 mW cm™~ at 707 °C. The
concentration polarization zone was distinctly visible with
a limiting current density of ~ 140 mA cm > at low
temperatures. With the reduction in temperature, a reduced
flux of oxide ion across the YSZ electrolyte would have led
to some carbon deposition, which in turn would have
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constricted the gas diffusion. As methane cracking pathway
results in carbon deposition, a good amount of oxygen flux
is required to carry out the electrochemical oxidation of
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deposited carbon. However, at operating temperature of
> 800 °C, there was no sign of concentration polarization.
Hence, the possibility of such carbon deposition is low at
high operating temperatures due to availability of sufficient
oxygen flux.

The ASR of the cell calculated from the slope of
polarization curve was 0.91 Q cm? at 824 °C, which was
lower than the value reported for Cu—CeO,-YSZ system
(Mcintosh et al. 2003). More specifically, the ASR was
relatively lower at higher temperatures (> 800 °C). Since
the cells were designed with YSZ electrolyte, operating
temperature of 800 °C and above is required to ensure
complete oxidation of fuel (Gorte et al. 2002). Accord-
ingly, 800 °C is considered as the most favorable condition
to suppress carbon deposition with the present anode sys-
tem. As low- and high-temperature regions are dominated
by Boudouard and methane cracking reactions, respec-
tively (Sumi et al. 2011), carbon deposition was reduced at
800-850 °C, and hence, concentration polarization was
absent in V-I plot (Fig. 9). In general, the anode system
with high Cu content results in rapid Cu sintering at high
operating temperature (Gross et al. 2007; Mcintosh et al.
2003). However, in the case of ANCZGL cell, the Nigo—
Cuy 1-YSZy95—GDCy o5 anode prepared by the co-firing
technique tends to form a perfect solid solution. So, the
cells were operated comfortably > 800 °C in methane for
the entire experimental duration of 48 h.

The activation energy derived from total cell ASR ver-
sus 1/T plot of ANCZGL cell in methane was found to be
1.1 eV (Fig. S10), which was close to the activation energy
for the process of oxygen ion conduction through the
electrolyte. This implied that the oxygen ion conduction
through the electrolyte could be the rate-limiting step for
the anode reaction kinetics (Grgicak et al. 2008, Sumi et al.
2015). It was evident from the literature that the Ni—Cu—

YSZ cermet had very high Ea of 177 kJ mol™" (1.83 eV)
in hydrocarbon fuel. The replacement of YSZ with ceria in
the above anode drastically reduced the ASR by half
(Muccillo et al. 2008). Accordingly, a wide range of ceria-
based compositions have been reported in the literature
(Park et al. 2000; Wang et al. 2008; Muccillo et al. 2008;
La Rosa et al. 2007; Yano et al.; 2007; Zhang et al. 2002).
However, ceria-rich compositions have been operated at
low temperature (600-700 °C) to avoid phase stability
issues. At low operating temperatures, the partial oxidation
of fuel defeats the whole purpose of developing high effi-
ciency systems (Mcintosh et al. 2003). With less than 2.5%
GDC content, the developed Nigo—Cug 10—-YSZgos5—
GDC s anode composition overcome the issues associ-
ated with the ceria and displayed good catalytic activity,
carbon resistance and thermal stability at > 800 °C.

The performance and electrochemical impedance
(Fig. S11) analysis of ANCZGL cell in methane indicated
that carbon deposition cannot be ruled out at low temper-
atures (< 750 °C). In order to understand the nature of such
carbon deposit and its impact in performance, the
ANCZGL cell was also tested in H, followed by 48 h
testing in dry CH, fuel. Unlike the performance in
methane, the slope I-V curve was almost constant in H,
fuel at higher overpotentials (Fig. S12). The concentration
polarization was not evident even at low temperature
(707 °C) in H,, and the maximum power density was
202 mW cm ™2 in H, at 801 °C, which was ~ 9% lower
than initial performance. Hence, degradation of Nigg.
Cug.1YSZy95sGDCg o5 in methane fuel was far less com-
pared to reported Ni-YSZ (Mirzababaei and Chuang 2014;
Woo et al. 2009), which degrades completely in 20 h.
Moreover, the developed anode cermet had tendency to
electrochemically oxidize the deposited carbon as a result
the ANCZGL had stable performance in methane.

Given the fact that the present anode system uses lower
Cu and minor GDC phases than the above systems, no
degradation is expected for longer duration. Further, it is
evident from the literature that 80:20 Cu—Ni ESC does not
show any performance degradation in CHy up to 500 h
(Kim et al. 2002). Also, Rosa et al. reported a stable per-
formance (~ 320 mA cm 2 at 0.6 V) up to 2000 h for
ESC with Nigy¢Cuo4—GDC anode (La Rosa et al. 2007).

3.6.3 Co-casted anode-supported cell

In an attempt to improve the performance, co-casting of
YSZ electrolyte was performed over the anode layer. The
process was expected to improve the interaction of anode
support and electrolyte and hence reduce the interface
resistance. Accordingly, NiggCug ;—YSZg.95—GDC g5 ASC
(ANCZGC) was fabricated by utilizing bilayer electrolyte—
anode, which was prepared by co-casting. The performance
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of ANCZGC is shown in Fig. 10. A maximum perfor-
mance of 436 mW cm™ > was achieved at 850 °C for the
cells tested in CH, fuel. The performance is relatively
better than the similar SOFC anode compositions with Cu
(Kim et al. 2002; Li et al. 2015; Mcintosh et al. 2003;
Meng et al. 2013). The co-casting of YSZ electrolyte on the
anode increased the performance of ANCZGC
(392 mW cm™?) over ANCZGL (248 mW cm ™) by 58%
at the operating temperature of ~ 825 °C.

4 Conclusions

Attempt was made to develop high-performance anode-
supported SOFC suitable for hydrocarbon fuel. In the
present work, the Cu and GDC content was optimized to
realize the NigoCugYSZp95sGDCpos anode composite,
which had better thermal stability toward fabrication con-
ditions, reasonable electrical conductivity, good electro-
catalytic activity and excellent resistance for carbon
deposition. The carburization studies showed that Nijo—
Cup1-YSZy 95— GDCp s composition had tendency to
reduce the carbon deposition up to 50%. Also, the devel-
oped composition withstood the high temperature in the
typical co-firing process of anode-supported cell fabrica-
tion. The electrical characterization revealed that Nigo.
Cug.1-YSZy95—GDCy s composite anode exhibited an
electrical conductivity 846 S cm™', which is reasonably
good for SOFC anode. The work demonstrated that anode
can be utilized in ESC and ASC configurations. The
electrochemical parameters such as anode impedance and
exchange current densities were estimated and found to be
par with standard Ni-YSZ in H, fuel. The ASC with
laminated layers of electrolyte and anode was operated in

@ Springer

methane. The laminated cell had performed impressively in
the temperature range of 800-850 °C with low ASR and
lasted for entire experimental duration without much
degradation. The post-methane analysis revealed that the
developed anode cermet had tendency to electrochemically
oxidize the deposited carbon. Similarly, the developed co-
cast ASC had a highest power density of 436 mW cm ™~ at
850 °C and 0.5 V in methane fuel. The results were con-
sistent and reproducible in several cells. Thus, the present
anode is a promising one as it possesses the required car-
bon tolerance, catalytic activity and reasonable power
density in hydrocarbon fuel. The feasibility of fabrication
of thermally sensitive Ni—-Cu anode composition without
compromising the electrocatalytic activity has been shown
in this study, and the developed new anode composition
and fabrication routes employed may act as a precedent to
evolve high power density SOFCs for hydrocarbon fuels.
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