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HIGHLIGHTS

e Ni—Co alloy cermet anodes for solid oxide fuel cells were developed.

o Durability up to 50 redox cycles was improved by alloying Ni with Co.
¢ 1000-h durability using highly-humidified hydrogen fuel was verified.
e Ni—Co alloy is a robust anode material even in 80%-humidified hydrogen fuels.

ARTICLE INFO

Article history:

Received 23 April 2022
Received in revised form

18 June 2022

Accepted 26 June 2022
Available online 18 August 2022

Keywords:

Solid oxide fuel cell
Anode

Ni—Co alloy

Redox tolerance
Robustness

ABSTRACT

Ni alloys are examined as redox-resistant alternatives to pure Ni for solid oxide fuel cell
(SOFC) anodes. Among the various candidate alloys, Ni—Co alloys are selected due to their
thermochemical stability in the SOFC anode environment. Ni—Co alloy cermet anodes are
prepared by ammonia co-precipitation, and their electrochemical performance and
microstructure are evaluated. Ni—Co alloy anodes exhibit high durability against redox
cycling, whilst the current-voltage characteristics are comparable to those of pure Ni
cermet anodes. Microstructural observation reveals that cobalt-rich oxide layers on the
outer surface of the Ni—Co alloy particles protect against further oxidation within the Ni
alloy. In long-term durability tests using highly humidified hydrogen gas, the use of a Ni
—Co cermet with Gd-doped CeO, suppresses degradation of the power generation perfor-
mance. It is concluded that Ni—Co alloy cermet anodes are highly attractive for the
development of robust SOFCs.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Fuel cells are electrochemical devices that efficiently convert
the chemical energy of fuel and an oxidant into electricity.
Specifically, SOFCs have advantages such as high efficiency
for power generation and fuel flexibility, without the
requirement for precious metal catalysts due to their high
operating temperature (e.g. from 600 to 900 °C) [1-6]. Sta-
tionary combined heat-and-power fuel cell systems have
already been commercialized. For example, the number of
residential fuel cell systems (commonly called “ENE-FARM”)
installed in Japan has already exceeded 400,000 as of August
2021 [7]. The polymer electrolyte fuel cell class of ENE-FARM
was launched in 2009, followed by the SOFC class in 2011, and
the percentage of the SOFC class is gradually increasing
largely due to its higher efficiency [8]. In addition, a 250 kW
class SOFC-micro gas turbine hybrid system has been
commercialized by Mitsubishi-Hitachi Power Systems (now
Mitsubishi Heavy Industries), with a 1 MW system in the
planning stage [9]. Meanwhile, Ceres Power in UK has set a
target of producing SOFC systems with a cumulative capacity
of several hundred MW, having signed commercial contracts
with Robert Bosch in Germany, and Doosan in Korea [10].
Moreover, Bloom Energy in the U.S. sold a cumulative
80.9 MW of SOFC system capacity by 2018, representing a
leading effort in the commercialization of SOFC systems [11].
However, research and development into SOFCs that oper-
ate, e.g., at relatively lower temperatures are still in progress
due to the limited availability of materials which can main-
tain their performance for long periods of time at elevated
temperature [12,13].

Nickel cermets are widely used as SOFC anodes, and are
comprised of Ni and an electrolyte component such as yttria-
stabilized zirconia (YSZ) [1-6,14]. However, the Ni-based
electronic conducting network in these anodes can be dis-
rupted by repeated cycling of redox reactions, associated
with the coarsening and aggregation of Ni particles [15]. Such
redox processes occur when the fuel supply is interrupted
upon system startup and shutdown, resulting in the deteri-
oration of the overall efficiency of SOFC systems [16—26]. The
development of SOFC anodes with high redox cycle dura-
bility has another important practical benefit, eliminating
the need for an inert gas supply to prevent Ni oxidation
during system shutdown, significantly simplifying system
design and control.

Therefore, it is desirable to develop SOFC anodes with
high durability and resilience against redox cycling for the
more widespread use of SOFCs. To solve this issue, the use of
more redox stable materials such as strontium titanate
(SrTiOs) may be helpful [27—30], whilst it can be doped with a
higher valence cation at the A site to improve its electronic
conductivity [31—35]. Strontium titanate doped with La*" at
the A site (i.e, Sroolap1TiO3, commonly known as LST) ex-
hibits high electronic conductivity under SOFC operating
conditions [31]. Furthermore, LST has a comparable thermal
expansion coefficient to that of zirconia-based electrolyte
materials [32]. Futamura et al. demonstrated that, impreg-
nation of porous anodes with fine metallic catalyst

nanoparticles such as Ni and Rh, high durability against
redox cycling could be achieved when supplied with 3% hu-
midified hydrogen fuel, without sacrificing electrochemical
performance [30]. However, when hydrogen-related fuel gas
is supplied to SOFC systems, the water vapor concentration
is reported to increase near the fuel gas outlet, and thus the
Ni anode catalysts tend to oxidize [21], one of the major
degradation mechanisms of SOFC anode materials. The
electrochemical performance of impregnated anodes at high
fuel utilization (i.e. at a higher water vapor concentration in
the fuel feed) is slightly lower than that of conventional an-
odes [29,30]. For successful commercialization, both high
performance and durability must be achieved simulta-
neously. The stability of anodes at high fuel utilization, if
improved, enables higher power generation efficiency,
because a larger fraction of the fuel can be utilized for power
generation.

As an alternative approach, novel SOFC anodes are being
developed using Ni alloyed with transition metal elements
rather than using pure Ni. In general, metallic Ni-alloys can
exhibit higher electronic conductivity compared to ceramics
such as donor-doped SrTiOs. When such alloy-based cermet
anodes are exposed to an oxidizing atmosphere, the forma-
tion of a surface oxide layer suppresses further oxidation
within the alloy particles, and it is possible that this could
improve the durability against redox cycling in SOFCs.
However, it is well known that doped elements in alloys
generally act as scattering sites detrimental to electronic
conductivity [36]. Therefore, it is important that Ni-alloys
should exhibit both sufficient electronic conductivity and
catalytic activity for efficient SOFC operation, even under a
hydrogen-based fuel supply. Araki et al. already reported the
synthesis of various Ni alloy anodes using a spray drying
technique, and investigated the effect of alloying on SOFC
efficiency and H,S poisoning [37]. Meanwhile, Ishibashi et al.
prepared NiO-containing complex oxide powders and
various Ni alloy anodes by ammonia co-precipitation, and
reported electrochemical performance and redox cycling
durability, finding that cobalt is a promising element for the
formation of surface oxide layers for enhanced durability
against redox cycling [38].

Although the durability may be improved using alloying,
cobalt is classed as a critical raw material, i.e. an element of
high economic importance, but limited supply [39]. The price
of Co will continue to increase due to the rise in demand for
lithium-ion batteries, especially in battery electric vehicles
(BEVs) [39—41]. As such, the overall amount of cobalt in SOFCs
should be minimized where possible, so that the redox dura-
bility can be enhanced without risking supply chains or
increasing the cost. The source of cobalt and the related
geopolitical situation should also be considered.

The objective of this study is to develop highly durable
Ni—Co alloy cermet anodes, whilst keeping the Co content as
low as possible. Gadolinium-doped ceria (GDC) is selected as
the electrolyte component in the anodes, and the effect of
systematically adjusting the Ni:Co ratio on SOFC performance
and microstructure will be investigated. Long-term tests will
also be conducted at high fuel utilization (i.e. using a highly-
humidified hydrogen supply).
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Experimental procedures
Thermochemical equilibrium calculations

A stability diagram was computationally obtained using the
software FactSage (Version 7.4, Thermfact Ltd., Canada) in
order to examine the thermochemically stable phases of
Ni—Co alloys in reducing and oxidizing atmospheres at 800 °C
(a typical SOFC operating temperature). In this study, we used
the Phase Diagram module of FactSage to derive the Ni—Co
and NiO—CoO phase diagrams and the Ni/NiO and Co/CoO
phase boundaries.

Cell fabrication

NiO and CoO composite oxide powders were prepared by
ammonia co-precipitation, as described in Fig. 1. Ni(NOs),.
+6H,0 and Co(NO3),+6H,0 (Kishida Chemical Co., Ltd., Japan)
were used as the precursors for co-precipitation. Briefly,
ammonia solution was added dropwise to an aqueous solu-
tion containing Ni and Co ions (in various ratios) to simulta-
neously precipitate these complex hydroxides [38]. The
precipitates were then filtered, dried at 100 °C for 10 h in air,
and calcined at 1000 °C for 2 h in air. The resulting composite
oxide powders were mixed with GDC (Ceg9Gdo 102, Rhodia,
ULSA grade, USA) in a mass ratio of 48.1:51.9, resulting in a
volume ratio of 50:50 for pure NiO (slightly changing when
CoO was also incorporated). Ni—Co-GDC cermet anodes were
prepared with a variety of molar ratios, Ni:Co = (100-x):x,
where x =0, 5, 10, 20, and 30, herein referred to as Ni(100-xC0x-
GDC. Lanthanum strontium manganite (LSM, (Lao gSro.2)o.0s-
MnOs, Praxair, USA) and scandium-stabilized zirconia (ScSZ,
Daiichi Kigenso Kagaku Kogyo Co., Ltd., Japan) were used in
the cathode. At the cathode side, a 1:1 LSM:ScSZ mass ratio
was used close to the electrolyte, and 100% LSM powder was
used close to the current collector [15,38].

Fig. 2 shows a schematic of the cell structure. In this study,
the classical electrolyte-supported structure rather than

Ni2*, Co?*

Mixed aqueous

solution

NH;aq

Ni(OH),, Co(OH),
Mixed hydroxide .v

electrode-supported or metal-supported structures is
selected, in order to extract the anode-side voltage losses
using a reference electrode [38]. The solid electrolyte is
comprised of a plate of ScSZ (10 mol% Sc,03, 1 mol% CeO,,
89 mol% ZrO,) with a diameter of 20 mm and a thickness of
200 pym. The anode layer was screen-printed onto the ScSZ
electrolyte followed by heat-treatment at 1300 °C for 3 h in air.
The cathode layer was then screen-printed onto the opposite
side of the electrolyte followed by heat-treatment at 1200 °C
for 5 h in air. The anode and cathode layers were both
approximately 40 pm in thickness after heat-treatment. To
separate the anode and cathode overvoltages, a reference
electrode with an area of ca. 4 mm? size was placed 2 mm
away from the cathode, using Pt paste. A Pt mesh was
attached to the surface of each electrode as a current collector,
set on the electrodes after screen printing, and then each
electrode was heat-treated. The electrode area was 8 x 8 mm?
(0.64 cm?).

Cell performance test

Fig. 3 shows the configuration of the electrochemical exper-
imental setup. Cell performance tests were conducted using
automated fuel cell evaluation systems (AutoSOFC, TOYO
Corporation, Japan). Before measuring the cell polarization
curves, the cell was sealed using a Pyrex glass ring and
increasing the temperature to 1000 °C at 200°C h™. Then, the
cell temperature was maintained at 1000 °C, and 3% hu-
midified hydrogen was supplied at 100 mL min~* for 1 h to
reduce the metal oxide in the anode to the metallic state. The
selected reduction temperature (1000 °C) is sufficient to
reduce NiO to metallic Ni in the thin porous anode layers of
the electrolyte-supported cells [15,21,29,30,38], whereas a
higher temperature may be required for e.g. anode-
supported and metal-supported cells with thicker anode
layers. The current-voltage (I-V) characteristics were then
measured at 800 °C with 3% humidified hydrogen fuel sup-
plied to the anode. The anode voltage (potential) was
measured relative to the reference electrode on the cathode
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Mixed hydroxide
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Drying
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Fig. 1 — Method used in this study for the synthesis of mixed NiO and CoO composite powders by ammonia co-precipitation.
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Fig. 3 — Schematic of the experimental setup for the
electrochemical measurements.

side. As the anode voltage includes both ohmic and non-
ohmic overvoltages, these overvoltages (i.e., anode-side
ohmic loss and anodic overvoltage) were separated via the
current interrupt method [15,38]. Each electrochemical
measurement was repeated three times, and the average
values and their standard deviation are given to check their
uncertainty.

Redox cycling test

Redox cycling tests were conducted at 800 °C to evaluate the
durability of the anodes, as described in Fig. 4 [15]. First, the
cell was operated for 1 h ata current density of 0.2 A cm 2 with
3% humidified hydrogen fuel supply (i); then, the fuel supply
was interrupted for 1.5 h (ii); and finally, the supply of 3%
humidified hydrogen was restarted (iii). These three steps are
regarded as one cycle, and 50 cycles were applied in total. The
anode voltage, non-ohmic anodic overvoltage, and anode-side
ohmic loss were measured during these cycling tests.

Fig. 4 — Redox cycling test protocol for redox tolerance
evaluation [15], consisting of three phases: (i) with current
and fuel supply, (ii) without current and fuel supply, and
(iii) with fuel supply but without current.

High fuel utilization test

The I-V characteristics and durability were also evaluated
during continuous power generation up to 1000 h under 80%
humidified hydrogen supply. The I-V characteristics were
measured under the same conditions as the cell performance
test section described above. The anode voltage, anodic
overvoltage, and anode-side ohmic loss were measured at a
current density of 0.2 A cm 2 and 80% humidified hydrogen
over a course of 1000 h.

Microstructural observation

Scanning electron microscopy (SEM) with energy-dispersive
X-ray spectroscopy (EDS) was performed to evaluate the dis-
tribution of elements in the whole of anodes using dual-beam
SEM (Versa 3D, FEI, USA). High-resolution observation and
elemental analysis on the Nijpp.,Cox-GDC anodes were car-
ried out by means of scanning transmission electron micro-
scopy (STEM, JEM-ARM200F, JEOL, Ltd., Japan).
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Results and discussion
Phase diagrams

Phase diagrams of Ni—Co and NiO—CoO systems were calcu-
lated to estimate the stable phases in both reducing and
oxidizing atmospheres. The resulting phase diagrams are
shown in Fig. 5, where the triangular symbols specify the
positions at 800 °C for the following compositions: Ni-GDC
(black); NigsCos-GDC (red); NiggCo1o-GDC (green); NigoCoso-
GDC (blue); and Ni;¢Co30-GDC (pink).

Fig. 5(a) predicts that all five compositions will form Ni—Co
alloys with fcc structure in reducing atmosphere. Fig. 5(b)
predicts that all five compositions will form a solid solution
with a single-phase NiO crystal structure in oxidizing atmo-
sphere. Therefore, in the reducing atmosphere of the SOFC
anode, the material is expected to be a true alloy, with Co
dissolved in the Ni lattice. Fig. 6 shows a stability diagram
calculated after Ishibashi et al. [38], in which the coexisting
equilibrium oxygen partial pressures of the metallic and oxide
states of Ni and Co are plotted as a function of temperature. In
this figure, the equilibrium boundary between Co and CoO is
located at a lower oxygen partial pressure compared to Ni/
NiO. This indicates that Co is slightly more easily oxidized
compared to Ni. As such, when the fuel supply is interrupted
in SOFC anodes, Co will be oxidized first, forming an oxide
surface layer on the Ni—Co alloy. Evidence of the formation of
a Co-rich layer on surface of the Ni—Co alloy has already been
observed via higher-resolution TEM [38]. Therefore, based on
the calculated thermochemical stability of Ni—Co alloys in
reducing and oxidizing atmospheres, it is expected that the
redox cycle durability could be improved by alloying Ni with
Co through the formation of a protective surface oxide layer.
Further analysis is of scientific and technological interest,
such as in-situ microstructural observation of redox processes
at Ni—Co alloy surfaces.

Fig. 5 also confirms that a solid solution will be formed at
elevated temperature in both the Ni—Co and NiO—CoO sys-
tems. Whilst the sintering temperature of the anodes was
around 1300 °C, which is relatively low compared to typical
anode-supported cells, these phase diagrams predict the for-
mation of complete solid solutions even at higher sintering
temperatures above 1300 °C.

1-V characteristics

Fig. 7 shows representative plots of (a) the anode voltage
(anode potential) relative to the reference electrode, (b) the
anodic overvoltage, and (c) the anode-side ohmic losses for
each anode material, with error bars indicating their standard
deviation, measured at 800 °C. Fig. 7(a) reveals that the pure
Ni-GDC anode exhibits the highest I-V performance. As
shown in Fig. 7(b) and (c), the non-ohmic anodic overvoltage
and the ohmic losses of anodes for which x = 10, 20, and 30 are
higher than those of the pure Ni-GDC anode. These results
suggest that Ni is more active than Co, and that alloying Ni
with Co leads to a decrease in electronic conductivity. The
dependence of overvoltage on the Co concentration above 10%
will be a matter for future studies.

In contrast, the anode for which x = 5 exhibits similar [-V
characteristics as the pure Ni-GDC anode, as shown in
Fig. 7(a). This result indicates that the decrease in power
generation performance due to the addition of Co is negli-
gible when the content of Co is sufficiently low. This result
suggests that, by optimizing the ratio of Ni and Co, it is
possible to prepare alloy-based cermet anodes with high
redox cycle durability while maintaining power generation
performance.

Redox stability

Following the protocol outlined in Fig. 4, the durability against
redox cycling was measured three times for each of the five
anode compositions. Typical results for the change in (a)
anode voltage; (b) anodic overvoltage; and (c) anode-side
ohmic loss during the test, measured at 800 °C, are shown in
Fig. 8. The percentage of anode voltage drop from the first
cycle to the 50th cycle is shown in Fig. 9, with error bars based
on the standard deviation calculated from the results of three
cells for each composition.

In Fig. 8, the observed changes during the early stages of
the tests could be caused by e.g. the thermal history of the
cells during the sintering processes. Regarding durability,
Fig. 8(a) reveals that the anode voltage for pure Ni-GDC
significantly drops over 50 redox cycles, finally reaching
around 0.7 V. In contrast, all the Ni—Co alloy anodes display a
much smaller drop in anode voltage, dropping to ca. 0.87 V
after 50 redox cycles. Fig. 9 plots the percentage change in
anode voltage after 50 cycles, and a clear trend of decreasing
degradation with increased Co content emerges. The largest
difference is observed between the pure Ni-GDC anode and
the NigsCos-GDC anode, indicating that the addition of even a
small amount (5%) of Co can considerably improves the
durability against redox cycling.

Fig. 8(b) and (c) reveal that the addition of Co suppresses
increases in both the non-ohmic anodic overvoltage and the
ohmic losses during redox cycling. This is attributed to the
preferential formation of a Co-based surface oxide layer on the
Ni—Co alloy, helping to suppress redox-induced aggregation of
Ni particles, and thus preventing a decrease in electrode reac-
tion area and maintaining electron-conducting network.

Based on the fact that the durability of SOFC against redox
cycling can be significantly improved even with the addition
of just 5 mol% Co, herein the NigsCos-GDC anode is selected as
a suitable anode composition for combining durability with
minimal content of critical raw materials. Therefore, in the
next section, the performance and durability of SOFCs with
pure Ni-GDC and NigsCos-GDC anodes with 80% humidified
hydrogen are evaluated.

I-V characteristics and stability at high fuel utilization

The electrochemical performance and long-term durability of
the pure Ni-GDC and NigsCos-GDC anodes are herein investi-
gated under more severe operating conditions, namely at
higher water vapor partial pressure, simulating higher fuel
utilization. The I-V characteristics and durability up to 1000 h
were measured at 800 °C using 80% humidified hydrogen
supply. Fig. 10(a) compares the initial anode voltage, whilst (b)
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and (c) compare the initial anodic overvoltage, and the initial Fig. 10 confirms that the Ni-GDC and NigsCos-GDC anodes
anode-side ohmic loss, respectively. Meanwhile, Fig. 11 shows exhibit almost the same -V characteristics under 80%-hu-
(a) the anode voltage, (b) the anodic overvoltage, and (c) the midified hydrogen supply, with the anodic overvoltage and
anode-side ohmic loss throughout the 1000-h durability test. the anode-side ohmic loss also being very similar. This
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Fig. 5 — Phase diagrams of: (a) the Ni—Co system, and (b) the NiO—CoO system. A1 corresponds to the face centered cubic (fcc)
Ni-type structure, and A3 corresponds to the hexagonal close-packed (hcp) Co-type structure at temperatures below 420 °C.
The triangular symbols correspond to: Ni-GDC (black); NigsCos-GDC (red); NiggC0410-GDGC (green); NigyCo,0-GDC (blue); and
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confirms that the addition of a low concentration of Co has
negligible or slightly positive effect on the I-V performance
even at high fuel utilization, simulating the conditions at the
downstream of the fuel supply in fuel cell systems, where
redox-related degradation tends to occur. The reactions
responsible for the slight improvement in electrochemical
performance via alloying Ni with Co under these highly-
humidified conditions are of scientific interest, where e.g.
dealloying, segregation of secondary phases, formation of
nano-composites, and/or their co-catalyst effects could occur.

The anode voltage measured over the 1000-h durability test
at 800 °C is shown in Fig. 11(a). As the anode voltage in (a)
remained stable during 1000 h, certain noisy fluctuation in the
raw data shown in (b) and (c) may not influence the overall
durability. Fig. 11(a) confirms that the addition of Co slightly
improves the long-term durability under highly humidified
hydrogen supply. Fig. 11(b) and (c) confirm that this
improvement in the long-term durability is mainly associated
with a decrease in non-ohmic anodic overvoltage, which is
suppressed by the addition of Co.

The non-ohmic overvoltages were averaged, and their
standard deviations derived in every 100 h throughout the
test, giving 80.2 + 6.1 mV for the pure Ni-GDC anode, and
44.7 + 2.0 mV for the NigsCos-GDC anode. Matsui et al. previ-
ously reported that the Ni surface can be oxidized under
highly humidified hydrogen supply, reducing the extent of the
triple-phase boundary [42], increasing the non-ohmic over-
voltage. As such, it is concluded that the addition of Co does
not accelerate this process, and therefore can be used in SOFC
anodes even in highly-humidified fuel streams.

Microstructural analysis

To elucidate the reasons for changes in the performance and
durability, the distribution and chemical state of Ni and Co in
the Ni—Co alloy anodes were measured before the durability
test. Fig. 12 shows representative elemental distribution maps
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of the NigsCos-GDC and NiyoCo30-GDC anodes, analyzed by
SEM-EDS. As shown in Fig. 12, in both samples (a) and (b), the
location of Ni and Co within the anode layers is exactly the
same. This analysis confirms that the elemental distributions
of Ni and Co are almost identical in both anodes. The molar
ratios of Ni and Co obtained by point analysis compiled in
Table 1 are very close to the nominal ratios targeted in the co-
precipitation synthesis step, namely Ni:Co = 95:5, and
Ni:Co = 70:30, confirming the validity of the phase diagram
shown in Fig. 5(a).

Fig. 13 shows STEM-EDS elemental distribution maps of the
Ni-GDC anode before and after the redox cycling test, for Ni, O
and Ce. Before the test, the elemental O distribution largely
overlaps with Ce, but not with Ni, suggesting that pure Ni
mainly exists as a metal. In contrast, after the durability test,
oxygen is observed to additionally be present at the surface of
the Ni particles, confirming that nickel particles are oxidized
during the durability tests.

Meanwhile, Fig. 14 shows elemental distribution maps for
the NissCos-GDC anode before and after the redox cycling test,
in this case also including the Co distribution. Before the test,
the distributions of Ni and Co closely overlap, and the distri-
butions of O and Ce overlap. However, the O distribution does
not overlap with either Ni or Co. This confirms that Ni and Co
co-exist as an alloy, as expected from the phase diagram in
Fig. 5 (a). In contrast, after the durability test, oxygen can
additionally be found uniformly on the surface of the Ni—Co
alloy particles. However, in this case, Co also appears to be
more concentrated near the surface of the alloy particles.

Quantitative evaluation of the different ratios of these el-
ements near the surface of the alloy particles was performed
using point analysis. Fig. 15(a) shows a STEM image of the
NigsCos-GDC anode after the redox cycling test, and Fig. 15(b)
shows a higher-magnification image of the highlighted area in
Fig. 15(a). The ratios of Ni, Co, and O in the NigsCos-GDC anode
were then compared by point analysis at positions 1, 2, and 3,
with 1 being closest to the surface, and 3 being furthest away.
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(a)

(b)

Fig. 12 — Ni and Co mapping images, by EDS analysis, of (a) the NigsCos-GDC and (b) the Ni;(Co30-GDC anodes.

Table 1 — Atomic % of Ni and Co in the NigsCos-GDC and
Ni;(Co30-GDC anodes.

Ni (at. %) Co (at. %)
NigsCos5-GDC anode 93.2 + 0.09 6.8 +0.09
Ni;oC030-GDC anode 68.9 + 0.03 31.1 + 0.03

The particle on the right side of position 1 is GDC. The results
of this quantitative analysis are shown in Table 2, confirming
that the ratio of O is higher nearer the surface of the alloy
particle. Meanwhile, the Ni:Co ratios were 62.6:37.4 at position
1; 91.4:8.6 at position 2; and 92.8:7.2 at position 3, confirming
that the Co ratio also increases near the surface. These results
clearly indicate that a Co-rich oxide film is formed at the
surface of the alloy particles during the redox cycling dura-
bility test.

These results confirm that a Ni-based oxide layer is formed
on the Ni-GDC anode, while a Co-containing oxide layer is
formed on the Ni—Co alloy anode during the redox cycling
test. As shown in the stability diagram in Fig. 6, Co is more
stable as an oxide than Ni. When NiO is reduced to metallic Ni,
aggregation is promoted by the formation of Ni fine particles
due to volume shrinkage, as verified by Matsuda et al. [43].
Therefore, when the fuel supply is restarted, the dense oxide
layer formed on the Ni—Co alloy anode surface is more stable

and more difficult to be reduced compared to the Ni-GDC
anode, preventing aggregation during the reduction from
NiO to metallic Ni.

The EDS images of the Ni-GDC and NigsCos-GDC anodes
after 1000-h power generation test under 80% humidified
hydrogen supply are shown in Fig. 16. In this case, the Ni-GDC
anode images reveal thick oxide layers on the surface of the Ni
particles. In contrast, images of the NigsCos-GDC anode reveal
that both O and Co are present at the surface of Ni—Co alloy
particles. These micrographs indicate that a Co-containing
dense oxide layer is formed at the surface of the Ni—Co alloy
particle even under high water vapor pressure. As mentioned
in the previous section, the NigsCos-GDC anode suppressed
the increase in non-ohmic anodic overvoltage during the
1000-h test under 80% humidified hydrogen supply, compared
to the Ni-GDC anode. This can now be directly attributed to
the difference in the surface compositions of these two
anodes.

Because Ni acts as an excellent catalyst in SOFC anodes,
a decrease in the Ni ratio on the particle surface is expected
to decrease the electrocatalytic activity. However, in this
case the electrode activity is actually maintained in Ni—Co
alloys even when the Ni ratio on the electrode surface de-
creases. In addition, the alloying of the surface may sup-
press the aggregation of Ni—Co particles. More detailed
mechanisms to explain how the high electrocatalytic ac-
tivity is retained in alloys is of scientific interest in future
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Before Redox cycles

31.0 pm Nk 10pm oK ¢ 51.0 pm

After Redox cycles

510 pm MK 10 pm oK < 510 pm

Fig. 13 — Ni, O and Ce mapping, by EDS analysis, of the Ni-GDC anode before and after the redox cycle durability tests.

studies, and further investigation is needed. This will be When these alternative anode materials are applied to
performed via e.g. quantitative particle size analysis, practical SOFCs, it will also be essential to evaluate the effects
impedance measurements, and distribution of relaxation of using impurity-containing fuels [44—51]. Sulfur is a typical
time (DRT) analysis. SOFC fuel impurity causing cell voltage drop [44—46]. Chlorine

Before Redox cycles

210 pm

Fig. 14 — Ni, Co, O and Ce mapping, by EDS analysis, of the NigsCos-GDC anode before and after the redox cycle durability
tests.
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IMG1(frame1)

Fig. 15 — (a) STEM image of the NiysCos-GDC anode after redox cycle durability tests; and (b) a higher-magnification image of
the area enclosed by the red box in (a). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

is another typical trace impurity in e.g. tap water [44,45,47],
while phosphorous causes serious degradation even at ppb

Table 2- At?mic % of Ni, Co, and O at tl.u-ee.positions, 1,2 levels [44,45]. Siloxane is a contaminant in e.g. digester gas
and 3 in a Ni—Co alloy particle shown in Fig. 15 (b).

causing silica formation [44,45]. Trace impurities in biofuels

Ni (at. %) Co (at. %) O (at. %) affect the performance and durability of SOFCs [48—51]. As
Position No. 1 35.2 21.0 43.8 such, it will be important to evaluate impurity poisoning in
Position No. 2 59.6 5.6 34.8 Ni—Co alloy anodes in future studies, associated with various
Position No. 3 83.9 6.5 9.6 chemical reactions with Ni and/or Co.

Ni-GDC anode after 1000h

NigsCo5-GDC anode after 1000h

31.0 pm MK C v Cox 21.0 pm oK

Fig. 16 — Ni, Co and O mapping, by EDS analysis, of the Ni-GDC and NigsCos-GDGC anodes after the 1000h durability test for
80% humidified H, fuel, at 0.2 A cm™2.
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Conclusions

Ni—Co alloy cermet anodes for SOFCs were prepared and
compared to pure-Ni cermet anodes. The initial I-V perfor-
mance of the Ni—Co alloy anodes was comparable to that of
the Ni-based anode. The redox cycling durability was
considerably improved by alloying, even at low concentra-
tions of 5 mol%. A 1000-h durability test was performed using
highly humidified hydrogen supply, confirming that alloying
can suppress increases in non-ohmic anodic overvoltage
without compromising the I-V performance, even at high fuel
utilization. Electron microscopy revealed that for pure Ni-
based anodes, a nickel oxide layer is formed on the surface
of the Ni particles, while in the case of alloy anodes, a Co-
containing oxide layer is formed during operation. Since Co
is a more stable oxide compared to Ni, this Co-containing
oxide layer suppresses aggregation of Ni-based particles
under redox cycling, or at high water vapor partial pressure.
As such, Ni—Co alloy can be regarded as a robust cermet anode
material for SOFCs, realizing high electrochemical perfor-
mance, redox cycling durability, and long-term durability
even under a high water vapor atmosphere, and with a Co
content as low as 5 mol%. As such redox-stability is more
critical for anode-supported cells than for electrolyte-
supported cells, it is of technological interest to apply the
redox-stable alloy anode material to anode-supported SOFCs
and related electrochemical cells.
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Nomenclature

Abbreviations

DRT distribution of relaxation time

EDS energy-dispersive X-ray spectroscopy
GDC gadolinium-doped ceria

LSM lanthanum strontium manganite
LST lanthanum-doped strontium titanate
ScSZ scandium-stabilized zirconia

SEM scanning electron microscopy
SOFC  solid oxide fuel cell
STEM  scanning transmission electron microscopy
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