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ABSTRACT: The effects of cobalt (Co) addition in the Ni-
YSZ anode functional layer (AFL) on the structure and
electrochemical performance of solid oxide fuel cells (SOFCs)
are investigated. X-ray diffraction (XRD) analyses confirmed
that the active metallic phase is a Ni1−xCox alloy under the
operation conditions of the SOFC. Scanning electron
microscopy (SEM) observations indicate that the grain size
of Ni1−xCox increases with increasing Co content. Thermog-
ravimetric analyses on the reduction of the Ni1−xCoxO-YSZ
powders show that there are two processes: the chemical-
reaction-controlled process and the diffusion-controlled
process. It is found that the reduction peak corresponding to
the chemical-reaction-controlled process in the DTG curves moves toward lower temperatures with increasing Co content,
suggesting that the catalytic activity of Ni1−xCox is enhanced by the doping of Co. It is observed that the SOFC shows the best
performance at x = 0.03, and the corresponding maximum power densities are 445, 651, and 815 mW cm−2 at 700, 750, and 800
°C, respectively. The dependence of the SOFC performance on the Co content can be attributed to the competing results
between the decreased three-phase-boundary length in the AFL and the enhanced catalytic activity of the Ni1−xCox phase with
increasing Co content.

KEYWORDS: nickel−cobalt alloy, catalytic, solid oxide fuel cells, anode functional layer, three-phase boundary,
thermogravimetric analyses

1. INTRODUCTION

Solid oxide fuel cells (SOFC) are electrochemical energy
conversion devices that convert chemical energy in fuel directly
into electricity without involving the process of combustion.1,2

Nowadays, anode-supported SOFCs have been widely used
because of their ease of fabrication, mechanical ruggedness, and
high performance.3−7 At the anode side of a SOFC, fuel is
oxidized by the O2− migrated from the ionic conducting
electrolyte with the help of the metallic catalytic phase along
the three-phase boundary (TPB). Therefore, (1) inserting an
anode functional layer (AFL) with fine microstructures to
extend the TPB and (2) doping some transition metallic
elements to improve the catalytic phase are important strategies
for exploring high-performance SOFC anodes.8−11

Ni-YSZ cermet is one of the most widely used anode
materials in SOFCs, which has been the subject of a number of
research and development programs.12,13 Up to now, cobalt
(Co), with a character similar to that of nickel (Ni),14 doping
into Ni-containing SOFCs has already shown some benefits,
such as enhancing the catalytic activity, reducing the carbon
deposition, and improving the stability against H2S.

15−22 For

example, the results of Frade’s group19,23 show that the high-
frequency resistance of the corresponding Ni−Co-YSZ cermet
is smaller compared with that of samples without Co addition.
Ishihara et al.20 also reported that the performance of the cell
was improved when Co was added into the Ni-YSZ anode.
Grgicak et al. found that the Ni−Co-YSZ anode has better
catalytic activity and stability than the Ni-YSZ anode when
using CO- or H2S-containing H2 as a fuel.

21,22 Hyeon-Cheol et
al. tried a variety of metal oxides and found that the addition of
Co3O4 in the Ni-YSZ AFL is the most effective way toward
improving the power density and reducing the area specific
resistance of the cells.24

On the other hand, the active phase for catalyzing the fuel
reaction at the anode side is the metallic grains (Ni grains in the
Ni-YSZ anode, or Ni1−xCox grains in the Ni−Co-YSZ anode).
However, such active metallic grains are in their oxide forms in
the newly prepared single cells. They must undergo a reduction
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process at the first run of a SOFC operation. After reduction,
the oxide grains are reduced to metallic ones. Understanding
the reduction process may provide us valuable information
about the electrochemical performances of the SOFC anode.
The thermogravimetric (TG) measurement may be a useful
way to analyze such reduction processes.25−27

In the present work, the effects of Co addition in the AFL on
the electrochemical performance of LSM/YSZ/Ni1−xCox-YSZ
SOFCs and the reduction processes of the Ni1−xCoxO-YSZ
anode materials are investigated. The microstructure evolution
of Ni1−xCoxO during reduction and the catalytic activity of the
bimetallic Ni1−xCox phase are discussed.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. The Ni1−xCoxO-YSZ (x = 0, 0.01, 0.03,

0.05, and 0.10) powders were prepared by mixing the appropriate
amount of NiO (J.T. Baker, USA), Co3O4, and YSZ (TZ-8Y, Tosoh,
Japan), where the weight ratio between NiO and YSZ is 55:45. Co3O4
was obtained by thermal decomposition of Co(NO3)2·6H2O
(Sinopharm Chemical Reagent Co., Ltd., China) at 350 °C for 2 h.
After being ground for 30 min, the mixed powders were sintered at
1350 °C for 2 h in a muffle furnace.
The Ni1−xCox-YSZ powders were obtained by reducing the

Ni1−xCoxO-YSZ powders at 750 °C for 2 h in a ⌀ 32 mm × 500
mm tubular furnace with a constant H2 flow rate of 40 sccm.
The single cells have a five-layered structure, and the typical

microstructure is shown in Figure 1. The five layers are the Ni-YSZ

anode support layer (ASL), the Ni1−xCox-YSZ (x = 0, 0.01, 0.02, 0.03,
0.05, 0.06, and 0.10) AFL, the electrolyte layer (EL), the LSM-YSZ
composite cathode functional layer (CFL), and the LSM cathode
current collecting layer (CCCL), with thicknesses of about 700, 10, 15,
10, and 20 μm, respectively. We can see that the AFL and CFL are
constructed with fine particles, while the ASL and CCCL are built with
coarse particles. These kinds of anode-supported SOFCs have long
TPB lengths and are favorable for gas diffusion at the same time.
Meanwhile, the thickness of the EL stays in a suitable range, which
ensures both a good mechanical property and a relatively low
resistance. The EL and AFL were prepared by a wet powder spraying
method: suspensions of corresponding powders and a proper amount
of organic additives were mixed and sprayed on the substrate,
respectively. The ASL was prepared by tape-casting the corresponding
slurry on the AFL. The half-cells were sintered at 1350 °C for 2 h. The
CFL and CCCL were screen-printed onto the half-cells subsequently
and then cosintered at 1125 °C for 3 h. The active area of the single

cells is 2 × 2 cm2. Details for preparation of the cells can be found in
our previous report.28

2.2. Measurement. The phase of the Ni1−xCox-YSZ powders was
evaluated by X-ray diffraction (XRD; MXPAHF, MacScience) with Cu
Kα radiation over the range of 2θ = 20−80° at room temperature. The
microstructure of the samples was observed by scanning electron
microscopy (SEM; JSM6700, JEOL). The TG measurements of the
Ni1−xCoxO-YSZ powders were taken by a simultaneous thermal
analyzer (STA449F3, NETZSCH). The samples were reduced in a H2
(10 vol %)/N2 (90 vol %) atmosphere with a flow rate of 60 mL min−1

at a heating rate of 10 °C min−1 up to 1200 °C.
The single-cell performances were evaluated by a direct-current

electronic load (N3300, Agilent) from 700 to 800 °C using the two-
electrode and four-wire setup with 300 sccm humidified H2 (2−3%
H2O) as the fuel and air as the oxidant. The electrochemical
impedance spectra of single cells were measured in an open-circuit
voltage (OCV) condition by an electrochemical workstation (IM6eX,
Zahner) in a frequency range of 0.05−105 Hz with an alternating-
current signal amplitude of 20 mV. The anodes were reduced in situ at
750 °C.

3. RESULTS AND DISCUSSION

3.1. XRD Analysis. Figure 2a shows the XRD patterns of
the Ni1−xCoxO-YSZ powders, which are sintered at 1350 °C for

Figure 1. Cross-sectional SEM micrographs of a typical single cell after
testing.

Figure 2. XRD patterns of (a) Ni1−xCoxO-YSZ and (b) Ni1−xCox-YSZ
powders with different Co contents.
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2 h. NiO and YSZ related peaks are observed without the
presence of either the CoO or Co3O4 phase, which suggests
that Co atoms are incorporated into the NiO lattice and a
Ni1−xCoxO solid solution is formed. This phenomenon is also
reported in other literature.29,30

Figure 2b shows the XRD patterns of the Ni1−xCox-YSZ
powders used in the AFL, which were obtained by reducing the
Ni1−xCoxO-YSZ powders in H2 at 750 °C. The crystal structure
of metallic Ni is face-centered-cubic (FCC), while that for
metallic Co is hexagonal-close-packed.31 Only peaks belonging
to YSZ and the Ni FCC crystal structure are observed. The
inset of Figure 2b illustrates the main diffraction peak of
Ni(111) with different Co contents. It is seen that the Ni(111)
peak shifts from 2θ = 44.54° to 44.45° as x increases from 0 to
0.10, indicating that the lattice parameter increases by the

doping of Co. The other diffraction peaks [the Ni(200) and
Ni(220) peaks] also shift to lower angles, correspondingly. It is
known that the atomic radius of Co (1.26 Å) is larger than that
of Ni (1.24 Å), so the increase in the lattice parameter indicates
that the Co atoms are effectively incorporated into the Ni
lattice, and the Ni1−xCox alloy is formed. No obvious changes
were observed for YSZ peaks, suggesting that Co addition does
not change the crystalline structure of YSZ. Compared with
Figure 2a, no obvious changes were observed for YSZ after
reduction, suggesting that YSZ is stable in the reducing
atmosphere.

3.2. SEM Analysis of the Ni1−xCox and Ni1−xCoxO
Powders. The SEM images of the Ni1−xCoxO particles before
and after reduction are shown in Figure 3. The Ni1−xCoxO
powders used here were prepared by using the same method as

Figure 3. SEM images of Ni1−xCoxO particles with x = (a) 0, (b) 0.03, and (c) 0.10 before reduction and of Ni1−xCox particles with x = (d) 0, (e)
0.03, and (f) 0.10 after reduction.

Figure 4. (a) TG curves and (b−f) DTG curves of different Ni1−xCoxO-YSZ powders in H2 (10 vol %)/N2 (90 vol %) atmospheres with a constant
heating rate.
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that of the Ni1−xCoxO-YSZ powders used for the AFL. The
primary reasons to use Ni1−xCoxO powders instead of
Ni1−xCoxO-YSZ powders are as follows: (1) our main concern
is to observe the morphology evolution of the active catalytic
phase in the AFL, and (2) when we use Ni1−xCoxO-YSZ
powders, the reduced Ni1−xCox grains cannot be well-resolved
because they are buried in the YSZ matrix. Although the
absence of a YSZ matrix may favor the long-distance migration
of the metallic elements and result in larger Ni1−xCox grains,
the basic trend of the morphology evolution during reduction
should stay the same. It can be seen from Figure 3 that, before
reduction, the grain size of Ni1−xCoxO grows as the Co content
increases, which can be attributed to the fact that Co addition
promotes the sintering behavior of Ni1−xCoxO.30 After
reduction at a high temperature (750 °C), the Ni1−xCox grains
tend to aggregate into a porous structure. It is more interesting
to see that, as x increases, the number of pores decreases and
the Ni1−xCox grains become larger. The formation of the
porous structure can be easily understood by considering
volume contraction of the Ni1−xCoxO grains in the reduction
process. The larger grains of Ni1−xCox with higher Co content
may be inherited from the corresponding oxide powders.
Moreover, the reduction process was performed at high
temperature, so a sintering process is taking place simulta-
neously.12,32,33 It should be mentioned here that, in the
reduction process, the lattice of the oxide collapses by removing
O, and the Ni (and Co) atoms will renucleate and grow to form
new crystalline grains. Therefore, the growth of the Ni grains in
the reduction process is much faster than that happening in a
SOFC anode under normal operating conditions. It is known
that the Ni1−xCox alloy has a lower melting point than Ni.
Therefore, the Ni1−xCox grains tend to grow larger as the Co
content increases.
3.3. TG Analyses. Figure 4a shows the TG curves

corresponding to the reduction processes of different
Ni1−xCox-YSZ powders in a H2 (10 vol %)/N2 (90 vol %)
atmosphere with a constant heating rate of 10 °C min−1. At
1100 °C, the mass loss of the samples is around 12%, which is
very close to the theoretical values (the theoretical mass loss for
the samples ranges from 11.8% to 12.6% as x increases from 0
to 0.10), indicating that Ni1−xCoxO is completely reduced to
the Ni1−xCox alloy. Parts b−f of Figure 4 show the differential
thermogravimetric (DTG) curves of different Ni1−xCoxO-YSZ
powders based in Figure 4a. It is seen that there are two peaks,
a narrow low-temperature peak (peak 1) and a broad high-
temperature peak (peak 2), for each sample. All of these DTG
curves can be well fitted with two overlapped Fraser−Suzuki
functions,34,35 as illustrated by the dashed lines in Figure 4b−f.
This suggests that there are two well-defined reaction kinetics
corresponding to the reduction process. Apparently, YSZ is
very stable in the reducing environment. Therefore, all of the
weight losses in the DTG study come from the reduction
processes of the Ni1−xCoxO powders.
The shrinkage-core model is one of the prevailing models for

NiO reduction.36−38 The simple shrinkage-core model assumes
that the NiO grain or particle is nonporous, and the Ni−NiO
interface moves toward the center of the particles, leaving
behind a metallic product layer during reduction. Szekely et
al.36 modified the simple shrinkage-core model: they suggest
that NiO particles or pellets are porous agglomerations of NiO
grains and each grain undergoes a microscopic shrinking-core
process during reduction. In this modified shrinkage-core
model, there are two main kinetics during the reduction:36,39 a

chemical-reaction-controlled process and a diffusion-controlled
process. In the chemical-reaction-controlled process, the
reaction rate is determined by the reduction process happening
at the surface of the NiO grains. In the diffusion-controlled
process, the reaction rate is determined by the diffusion process
of H2 through the pores between the NiO particles and through
the Ni product layer. Kim et al.25 studied the reduction process
of NiO by TG analyses with simultaneous monitoring of the
relative humidity of the outlet gas and suggest that water vapor
also plays an important part in the diffusion-controlled process.
Szekely et al. also suggest that, during the reduction process of
NiO particles, the chemical-reaction-controlled process domi-
nates at low temperatures, while the diffusion-controlled
process dominates in high-temperature toward the end of the
reaction. Lee et al.40 also observed two DTG peaks in the
reduction process of nanoagglomerate NiO powders. They
attributed the low-temperature sharp and narrow peaks to the
chemical-reaction-controlled process and the high-temperature
wide peak to the diffusion-controlled process.
The positions of peaks 1 and 2 with different Co contents are

shown in Figure 5. It is observed that the position of peak 1

decreases from 407 to 390 °C as x increases from 0 to 0.10.
The overall reduction process of Ni1−xCoxO follows:

+ → +− −Ni Co O H Ni Co H O(gas)x x x x1 2 1 2 (1)

This is an autocatalytic reaction. It starts with an induction
period in which H2 is slowly dissociated by NiO. After this
induction period, H2 dissociates rapidly by the preformed Ni
metal catalyst.38,41 As discussed above, peak 1 is dominated by
the chemical reaction process at the surface of the Ni1−xCoxO
grains; therefore, the shift of peak 1 toward a lower temperature
range indicates that the doping of Co may promote reaction
(1) at low temperature; namely, Co doping reduces the
activation energy of the reaction.
The activation energy of reaction (1) may be influenced by

the grain size or the intrinsic chemical properties of Ni1−xCoxO
(and Ni1−xCox if we consider the autocatalytic effect).
Apparently, the grain size effect cannot explain the shift of
peak 1. It is known that smaller grains have lower activation
energies. However, from Figure 3, we can see that both the
grain sizes of Ni1−xCoxO and Ni1−xCox increase with x. This
grain size change shows a trend opposite to that of the
activation energy, which decreases with increasing Co content.
Moreover, all of the samples used in our TG analysis were
carefully prepared to avoid the grain size effect. By mixing YSZ
with Ni1−xCoxO and sintering at 1350 °C, YSZ forms an almost
identical cage-structured matrix, in which the Ni1−xCoxO grains

Figure 5. Peak positions of peaks 1 and 2 with different Co contents
obtained from Figure 4b−f.
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are embedded. The constrained sintering of the Ni1−xCoxO
grains in the YSZ matrix makes the Ni1−xCoxO grain size very
uniform. Our SEM analyses (see the Supporting Information)
indicate that the typical grain sizes of the powders used for the
TG measurements are about 1−3 μm, regardless of the Co
content. Through exclusion of the grain size effect, the shift of
peak 1 can only be attributed to the changes in the intrinsic
chemical properties of Ni1−xCoxO and Ni1−xCox. That means,
the doping of Co increases the reactivity of Ni1−xCoxO and
Ni1−xCox with H2 or, equivalently, reduces the activation energy
of reaction (1).
Reaction (1) is a surface reaction between the H2 molecules

and the solid surface of Ni1−xCoxO and Ni1−xCox. Such a kind
of surface reaction depends on the electronic states of the solid
surface.42 When Co is doped, the surface electronic states of
Ni1−xCoxO and Ni1−xCox will be changed, thus resulting in
changes in the activation energy of reaction (1). Considering
the autocatalytic effect, we think that the metallic phase
Ni1−xCox should be the dominate factor for the activation
energy of reaction (1). However, the detailed mechanism
remains an open question.
The position of peak 2 in Figure 5 shows a changing trend

opposite to that of peak 1; it shifts to a higher temperature from
769 to 848 °C as the Co content increases. As discussed before,
peak 2 is dominated by the diffusion-controlled process. During
the reduction process, the surface part of the Ni1−xCoxO grains
is first reduced to small metallic Ni1−xCox grains. These grains
cover the surface of the unreduced NiCoO grains in the form of
a thin layer, which will slow down the gas diffusion rate.
Therefore, the diffusion process may be influenced by two
factors: the porosity of the aggregated Ni1−xCox grains and the
coverage of the preformed Ni1−xCox metallic layer on the
Ni1−xCoxO grains. From Figure 3, we can see that the porosity
of the Ni1−xCox particles decreases as x increases, and the
decreased porosity will slow down the gas (H2 or H2O)
diffusion rate. Moreover, the incorporation of Co into Ni may
also favor the formation of a thin and dense metallic layer
(shell) on the unreduced Ni1−xCoxO core, either by reducing
the surface energy of the metallic shell or by increasing the
affinity between the shell and core. A thin but dense metallic
layer will also slow down the gas diffusion rate. The lowered
diffusion rate as a result of structural reasons (low porosity and
high coverage of metallic layer) can be compensated for by a
higher temperature. Therefore, the position of peak 2 shifts to
higher temperature as the Co content increases.
The peak area ratio (AP1/AP2, where AP1 and AP2 are the

areas of peaks 1 and 2, respectively) calculated from Figure 4b−
f is shown in Figure 6. AP1/AP2 shows a decreasing trend with
increasing Co content. AP1/AP2 reflects the ratio of weight
loss from the chemical-reaction-controlled process to that from
the diffusion-controlled process. The smaller the value of AP1/
AP2, the less preformed metallic layer is needed to cover the
unreduced Ni1−xCoxO grains, which means that the process
switches from the chemical-reaction-controlled process to the
diffusion-controlled process earlier. Therefore, the result of
Figure 6 also supports the above discussions: the doping of Co
may promote the formation of a thin and less porous metallic
layer, which will slow down the gas diffusion rate.
3.4. SOFC Tests. Parts a−c of Figure 7 show the typical V−

I performances of the cells with different Co contents at 700,
750, and 800 °C. The maximal power density corresponding to
different Co contents is shown in Figure 7d. It is observed that
there is an optimal Co content at x = 0.03, according to the

highest maximal power density. At 700, 750, and 800 °C, the
maximal power densities corresponding to the optimal sample
reach 445, 651, and 815 mW cm−2 respectively, that is, 92%,
50%, and 29% higher than those of the sample without Co
(232, 434, and 632 mW cm−2).
Figure 8a shows the measured impedance spectra of the cells

with different Co contents at 700, 750, and 800 °C under OCV.
Under the OCV condition, the polarization resistance is mainly
contributed by the activation polarization resistance of the
cell.43 It is seen that the arcs vary with the Co content obviously
at different temperatures, indicating that the doping of Co in
the AFL has important influences on the polarization resistance
of the cells. As we know, the ohmic resistance (R0) of the cell
mainly comes from the ionic resistance of the electrolyte, the
electronic resistance of the electrodes, and the resistance from
the leads of the external circuit. The value and variation of R0
are small compared to those of the polarization resistance, and
R0 does not affect the polarization processes of the cells, so it
will not be discussed further.
Equivalent circuit modeling has been proven to be a useful

tool for analyzing the impedance spectra.44 Through
application of an equivalent circuit model, the resistance of a
cell can be roughly divided into three parts: the ohmic
resistance (R0), the anodic polarization resistance (RA), and the
cathodic polarization resistance (RC). Furthermore, in each of
the electrodes (anode or cathode), two processes may
contribute to the polarization resistance: a charge-transfer
process (corresponding to the electrode reaction, for example,
the formation of H2O at the anode side), the responses of
which are at high frequency range, and a mass-transfer process
(corresponding to the dissociative adsorption and the surface
diffusion/gas-phase diffusion process), the responses of which
are at low frequency range.45 Therefore, we use a four-element
(RQ) equivalent circuit model to simulate the polarization
resistance of the cells, as illustrated in Figure 8b. Four- or five-
element equivalent circuit models have also been used by many
other authors.46,47 Here, R represents for the resistance, Q for
the constant phase element, the subscripts A and C stand for
the anode and cathode, and the subscripts H and L are for the
high- and low-frequency responses, respectively. In order to
exclude the influences from the external circuit, an inductor L0
is also introduced in the simulation but subtracted from the
results.46,48 The lower part of Figure 8b shows the fitting result
of the sample with a Co content of x = 0.03 in the AFL at 750
°C. The relaxation frequencies of the anode processes PAH and
PAL are around 10 kHz and 10 Hz, while those of PCH and PCL
are around 1 kHz and 0.5 Hz, respectively. The frequency

Figure 6. AP1/AP2 with different Co contents calculated from Figure
4b−f.
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Figure 7. V−I performance of cells with different Co contents at (a) 700 °C, (b) 750 °C, and (c) 800 °C and (d) maximal power density of different
Co contents at different temperatures.

Figure 8. (a) Impedance of the cells with different Co contents at 700, 750, and 800 °C under OCV. (b) Fitting result of the cell with a Co content
of x = 0.03 in the AFL at 750 °C. Analyzed polarization resistance of RAH, RAL, RCH, and RCL at (c) 700, (d) 750, and (e) 800 °C for the samples with
different Co contents. (f) Total polarization resistance for different samples at 700, 750, and 800 °C.
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responses of all samples are comparable with the reported
data,46,49,50 indicating that our simulation is reasonable.
The simulated polarization resistances RAH, RAL, RCH, and

RCL at different temperatures are shown in Figure 8c−e. It is
observed that RAL and RAH show obvious variations with the Co
content and have minimum values at around x = 0.03. On the
contrary, RCL and RCH remain almost unchanged with different
Co contents, indicating that Co doping in the AFL does not
affect the polarization of the cathode. In the preparation
process of the single cells, all of the parameters and conditions
are the same, except the Co content in the AFL, so the changes
in RAL and RAH should originate from the AFL. It is also seen
that RAL is much higher than RAH, indicating that the mass-
transfer effect should be dominant in the anodic processes.
Considering that the impedance spectra were measured under
OCV condition, the H2 and H2O gas diffusion through the
pores in the anode should be insignificant. Therefore, the mass-
transfer processes corresponding to the dissociative adsorption
and surface diffusion in the anodic TPB region should be the
dominant factors. Mizusaki and coauthors51 also suggested a
rate-determining step of dissociative adsorption or surface
diffusion on the Ni surface by taking into account the role of
TPB. The small but clear variation in RAH indicates that the
charge-transfer process in the AFL is also affected by the
doping of Co.
Figure 8f shows the total polarization resistance (Rtot, the

sum of RAL, RAH, RCL, and RCH) with different Co contents. Rtot
presents a minimum value at about x = 0.03. According to the
above discussions, the change in Rtot is mainly attributed to RAH
and RAL. At 700, 750, and 800 °C, the minimum total
polarization resistances are 0.792, 0.438, and 0.361 Ω cm2,
respectively, which is 54%, 44%, and 30% lower than those of
the sample without Co (1.724, 0.785, and 0.515 Ω cm2). This
indicates that a proper amount of Co doping in the Ni-YSZ
AFL will reduce the polarization resistance of the single cells by
enhancing the mass- and charge-transfer processes in the
anode. Moreover, the changing tendency in the cell perform-
ance (see Figure 7d) well matches that of Rtot, indicating that
the cell with lower polarization resistance has better perform-
ance.52

3.5. Effects of the Co Addition in the AFL on the
Performance of SOFC. It is interesting to correlate the
performance of the SOFC anode with the results of TG
analyses. In fact, there are many similarities between the SOFC
anode reaction and the reduction of Ni1−xCoxO. At the anode
side of the SOFC, H2 reacts with O2− ions migrated from the
ionic conducting electrolyte with the help of the metallic
catalytic phase (Ni1−xCox) along the three-phase boundaries.53

In the reduction process of Ni1−xCoxO, H2 reacts with O
2− ions

residing at the surface of the Ni1−xCoxO and autocatalyzed by
the preformed Ni1−xCox. More specifically, both of the reaction
processes involve similar elementary reaction steps: (1)
dissociation of H2, (2) surface diffusion of H atoms to a
reactive center, and (3) rupture of Ni−O bonds. These
elementary reactions can be written in the Kröger−Vink
notation as54,55

+ ↔H (gas) 2[] 2H2 M M (2)

+ ↔ +H O OH []M M M M (3)

+ ↔ +OH H H O []M M 2 M M (4)

where M denotes the Ni1−xCox alloy and []M denotes a free
surface site at the M surface. Therefore, the Ni1−xCox phase
should play a similar role in catalyzing both the SOFC reaction
and Ni1−xCoxO reduction processes. On the basis of the above
impedance analyses of SOFC single cells, the dissociative
adsorption and surface diffusion of hydrogen should be the
dominant factors in the catalysis processes.
As discussed in the TG analyses section (section 3.3), peak 1

in the DTG curves reflects the chemical-reaction-controlled
process of the surface reaction (1), and the doping of Co into
Ni can reduce the activation energy of the Ni1−xCoxO
reduction. On the other hand, the SOFC test results indicate
that the polarization resistance decreases and the performance
of the cell improves with the increasing content of Co in the
AFL until x reaches 0.03 (see Figures 7 and 8). Because all of
the cells are prepared with the same design and method, except
that the Co content is different in the AFL, we think the
improved performance of the cells can be attributed to the
doping of Co, which increases the catalytic activity of Ni.
However, different from the monotonous changing trend of

the peak 1 position with the Co content (see Figure 5), when x
increases to over 0.03, the performance of SOFC declines. This
should be due to the microstructural reason. As we have seen in
Figure 3, the microstructure of the porous aggregated Ni1−xCox
grains becomes coarser at larger x. Coarse grains of the metallic
phase will reduce the TPB length in the AFL region. As a result,
the activation polarization resistance of the anode increases and
the cell performance declines.56−58

In a number of instances, alloys have been shown to have
superior catalytic properties compared with elementary
metals.59 In fact, the improvement of the SOFC performances
by doping Co into the Ni-YSZ anode has been comprehen-
sively reported.19−21,24 However, most of the authors tend to
attribute the enhanced performance of SOFC either to the
increase in the TPB length or to the specific surface area in the
anode. Although some of the authors think that there should be
a synergistic effect between Co and Ni, leading to an enhanced
catalytic activity that is better than pure Ni or Co,21 there is still
a lack of evidence from experiments. By correlating the results
from TG analyses, we proved that the enhanced performance of
SOFC should originate from the synergistic effect of the
Ni1−xCox bimetallic catalytic material. This method can also be
used to explore other catalytic materials.

4. CONCLUSION
In the present work, the effects of Co addition in the Ni-YSZ
AFL on the structure and electrochemical performance of
SOFC are investigated. XRD analyses confirmed that the active
metallic phase is a Ni1−xCox alloy under the operation
conditions of the SOFC. SEM observations indicate that the
grain size of Ni1−xCox increases with an increase in x. TG
analyses about the reduction of the Ni1−xCoxO-YSZ powders
show that there are two processes: the first is a chemical-
reaction-controlled surface process, and the second is a gas-
diffusion-controlled process. It is found that the reduction peak
corresponding to the chemical-reaction-controlled surface
process in the DTG curves moves toward lower temperatures
with an increase of the Co content, which suggests that the
catalytic activity of Ni1−xCox is enhanced by the doping of Co.
On the other hand, the best performance of the SOFC is

observed at x = 0.03, and the maximum power densities are
445, 651, and 815 mW cm−2 at 700, 750, and 800 °C,
respectively. The dependence of the SOFC performance on the
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Co content can be attributed to the competing results of the
decreased TPB length in the AFL and the enhanced catalytic
activity of the Ni1−xCox phase with increasing Co content.
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