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Abstract
Nickel/scandia-ceria-stabilized-zirconia (Ni/10Sc1CeSZ) cermet is a potential anode for solid oxide fuel cells. The anode powder
is prepared through a microwave-assisted glycine nitrate combustion process, and its properties, including phase and chemical
composition as well as morphology, are characterized by XRD, TEM, and EDS techniques. The electrical conductivity and
electrochemical behavior under low concentration of dry hydrogen (H2:N2 volume ratio = 10:90) and dry methane (CH4:N2

volume ratio = 50:50) fuels are determined. XRD results show two phases, namely, cubic NiO phase and cubic 10Sc1CeSZ
phase, with the crystallite sizes of 67 and 40 nm, respectively. The area specific resistances (ASRs) of the prepared anode
measured using a symmetrical cell of Ni/10Sc1CeSZ|10Sc1CeSZ|Ni/10Sc1CeSZ are 0.96 and 24.3 Ω cm2 observed at 800 °C
in dry low hydrogen concentration (10 vol% hydrogen–90 vol% nitrogen) and dry methane (50 vol% methane–50 vol%
nitrogen) fuels, respectively. The ASR in methane fuel is higher than that in hydrogen fuel at all operating temperatures (600–
800 °C) because of carbon deposition. The amount of deposited carbon and degree of graphitization (IG/ID) of this anode after
exposure in methane at 800 °C for 3 h are 4.34% and 2.1, respectively. Overall, Ni/10Sc1CeSZ cermet synthesized by glycine
nitrate process assisted with microwave-heating technique exhibits acceptable electrochemical behavior even at low hydrogen
concentration and also in dry methane. This can be related to the improved powder morphology as a result of uniform heating
assisted by microwave energy.
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Introduction

Solid oxide fuel cells (SOFCs) are promising electrochemical
devices that produce electricity directly from the chemical
energy of fuels (e.g., hydrogen and hydrocarbons) with a high
efficiency of over 60% [1]. Nickel-based cermet is a common-
ly used SOFC anode material because of its high electronic
conductivity, thermal compatibility with electrolyte compo-
nent, excellent catalytic activity toward hydrogen-fuel oxida-
tion, ability to directly catalyze hydrocarbon-fuel reforming,
and low cost [2]. Nickel cermets such as nickel/yttria-
stabilized zirconia (Ni/YSZ), nickel/scandia-stabilized zirco-
nia (Ni/ScSZ), nickel/samarium-doped ceria (Ni/SDC), and
nickel/gadolinium-doped ceria (Ni/GDC) have been progres-
sively studied for SOFCs using various fuels including hydro-
gen, hydrocarbons, and ammonia, as well as for application in
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intermediate-to-low-temperature SOFCs [3–9]. The catalytic
activity of nickel toward hydrocarbon fuels such as methane
enhances the formation of carbon, which is deposited onto the
nickel surface and consequently blocks the gas-diffusion
pores and effective hydrogen oxidation in the anode. As a
result, SOFC performance is decreased by the deactivation
of nickel cermet active sites for electrochemical catalytic ac-
tivity. Nickel/scandia-ceria-stabilized zirconia (Ni/
10Sc1CeSZ) is a promising anode material because carbon
deposition is significantly less with this material than with
Ni/YSZ and Ni/ScSZ equivalents [10].

Studies on the synthesis, development, and fabrication
of anode components are gaining increased attention for
the investigation of the optimum conditions under which
anode and SOFC performance can be enhanced [3]. The
electrode polarization of cermet anodes measured by elec-
trochemical impedance spectroscopy (EIS) can be reduced
by optimizing the microstructure, nickel–nickel contact,
and porosity of anode. These features are inter-related
with the initial powder properties, such as phase purity
and particle size, which can be improved by synthesis or
preparation methods. Various synthesis techniques such as
solid-state reaction (SSR) [11, 12], solid–liquid method
[13], co-precipitation [5], sol–gel method [14], impregna-
tion method [15, 16], hydrothermal method [17], citrate-
nitrate process [18], and glycine-nitrate process [4, 19–21]
have been proposed to produce nickel cermet powders
with improved properties. Recently, microwave-assisted
techniques in the solution combustion synthesis and
sintering processes have been developed and established
as a potential technique to synthesize, prepare, and fabri-
cate SOFC materials including anodes, cathodes, and ce-
ramic electrolytes [22–28]. Microwave-assisted combus-
t ion is a rap id , e ffec t ive method of prepar ing
nanomaterials involving the auto-combustion of homoge-
neous metal nitrate solutions mixed with fuel (glycine,
citrate, and urea). Microwave energy initiates a reaction
that leads to solution combustion by providing uniform
heating and accelerating the reaction rate [8, 29]. The
rapid reaction for the combustion/ignition enhanced by
microwave heating can produce powders with high crys-
tallinity and purity in addition to uniform microstructure.
The microwave-assisted technique is fast, practical, easy,
simple, and energy saving. Thus, this technique has po-
tential applications in the material-science field, specifi-
cally in producing nanostructured materials including
metal oxides and other functional materials [30]. To date,
significant studies on the microwave-assisted glycine-ni-
trate process for preparing cermet anode materials such as
copper cermet anode (Cu/GDC) [31] and Ni/SDC [32]
have been reported. However, the microwave-assisted so-
lution combustion synthesis of Ni/10Sc1CeSZ cermet and
its electrochemical behavior toward hydrogen and dry

methane fuels has not yet been reported to the best of
our knowledge.

The present paper is aimed at exploiting the advantages of
microwave-heating technique. Ni/10Sc1CeSZ cermet was
synthesized through a microwave-assisted glycine nitrate pro-
cess (MW-GNP), and its electrochemical behavior was eval-
uated in dry low hydrogen concentration and dry methane
fuels at SOFC operating temperature. The phase formation,
microstructure, porosity, and carbon deposition behavior of
the prepared anode were also investigated. The area specific
resistance (ASR) of the cermet was analyzed by EIS between
600 and 800 °C in dry low hydrogen concentration (H2:N2

volume ratio = 10:90) and dry methane (CH4:N2 volume ra-
tio = 50:50) fuels using a symmetrical cell of NiO/
10Sc1CeSZ|10Sc1CeSZ|NiO/10Sc1CeSZ. A cermet anode
with 50 vol% Ni metal and 50 vol% 10Sc1CeSZ ceramic
electrolyte was selected based on the percolation theory of
nickel phase, which contributed sufficient electronic-
conduction characteristic to the anode material.

Experimental procedures

Synthesis and characterization of NiO/10Sc1CeSZ
powder

NiO/10Sc1CeSZ (NiO/10 mol% Sc2O3–1 mol% CeO2–
89 mol%ZrO2) powder consisting of 50 vol% Ni and
50 vol% 10Sc1CeSZ was prepared via a glycine–nitrate com-
bustion process (GNP) assisted with microwave heating tech-
nique. First, a clear scandium nitrate solution was obtained by
dissolving proper amounts of scandium oxide (99.9% purity;
Sigma-Aldrich, Germany) in a hot nitric acid solution (65%
purity, reagent grade; Friendemann Schmidt, Australia).
Second, stoichiometric amounts of nickel (II) nitrate hexahy-
drate (99% purity; Friendemann Schmidt, Australia), zirconi-
um (IV) oxynitrate hydrate (99.5% purity; Acros Organics,
Belgium), and cerium (III) nitrate hexahydrate (99%; Sigma-
Aldrich, Germany) were separately dissolved in deionized
water. The nitrate solution was then mixed with the solution
of scandium nitrate to prepare a metal nitrate precursor solu-
tion. Next, a solid form of glycine (Biotech grade; GeneMark,
Taiwan) as a fuel for the solution combustion reaction was
added to the precursor solution. The molar fraction of
glycine-to-nitrate ratio was 1:2 (in mole). The temperature of
the mixed solution was constantly kept at 100 °C and stirred
on a hot plate until a viscous solution was formed. The rapid
and self-propagating-type combustion of the viscous solution
was undertaken in a microwave oven (SHARP, 2.5 GHz) with
output power setting of 720 W, which completely converted
the sample into ash within 3 min. The resulting combustion
ash was then fired in using a furnace (CWF1200, Carbolite,
UK) at 800 °C of calcination temperature in air for 2 h. Finally,
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NiO/10Sc1CeSZ anode powder was produced and powder
characterization was conducted.

The phase of the synthesized NiO/10Sc1CeSZ powder was
characterized by X-ray diffraction (XRD) by using an X-ray
diffractometer (D8 Advance, Bruker; wavelength of Cu-Kα
X-ray = 0.1542 nm; 2θ = 20°–90°). The XRD of powder was
performed at room temperature. X’Pert HighScore Plus soft-
ware was used to analyze the XRD data, and the Rietveld
refinement was conducted to obtain the lattice parameter and
crystallite size of anode powder. The line broadening method
was employed to measure the crystallite size of NiO/
10Sc1CeSZ powder according to Debye-Scherrer’s method
as follows [22]:

dXRD ¼ 0:89λ
βcosθ

ð1Þ

where λ and θ are the wavelength of Cu-Kα radiation and
Bragg angle, respectively. β represents the calibrated full
width at half maximum (FWHW) of the (0 0 2) and (1 1 1)
peaks for NiO and 10Sc1CeSZ powders, respectively (in ra-
dian). The microstructure of the calcined anode powder was
observed with a transmission electron microscopy (TEM) sys-
tem (Talos L120C, FEI, USA). The composition of elements
in the calcined anode powder was estimated and confirmed
close to the theoretically calculated composition by
performing the energy dispersive spectroscopy (EDS;
Merlin, Zeiss, Germany) and analyzing the results. The parti-
cle size distribution of calcined anode powder was analyzed
by a laser scattering technique (Zetasizer Nanoseries, Malvern
Instrument, UK).

Fabrication of symmetrical cells

NiO/10CeScZr|10ScCeZr|NiO-10ScCeZr symmetrical cells
with 10Sc1CeSZ as an electrolyte were fabricated for electro-
chemical characterization. 10ScCeSZ electrolyte powder has
been previously synthesized by a similar synthesis method of
MW-GNP [22]. 10Sc1CeSZ electrolyte pellets were prepared
by cold pressing into cylindrical pellets (diameter = 25 mm)
using a uniaxial die press followed by sintering at 1400 °C in
air for 5 h [22]. The sintered electrolyte pellets were polished
with sandpapers to reduce the electrolyte thickness to approx-
imately 1 mm, to obtain a smooth surface for good adherence,
and to reduce the contact resistance between anode and elec-
trolyte. The calcined NiO/10Sc1CeSZ anode powder was
mixed with 2 wt% Hypermer KD15 solution as a dispersant
(in acetone as a solvent) and was ball milled for 5 h using a
zirconia (ZrO2) jar and balls [33]. The ratio of anode powder
to ZrO2 balls (diameter = 5 mm) in weight was 1:4, and
250 rpm was set for the rotation speed of ball mill machine.
The evaporation process of solvent in the mixture of anode

powder was conducted at 90 °C for 6 h in a drying oven. Then,
the dried powder was thoroughly mixed in a solution of ink
vehicle and homogenized by milling the mixture using a
three-roll mill (EGM-65, ELE, China) for 30 min. The ink
vehicle was made by mixing ethyl cellulose (binder, 2 wt%
amount) and terpineol (solvent). The prepared anode ink was
screen printed onto 10Sc1CeSZ pellet surface by a dry-and-
paste method for 5 times on each side of the pellet to obtain
sufficient thickness of anode layer. Then, the samples were
sintered at 1300 °C for 4 h, and a symmetrical cell of NiO/
10Sc1CeSZ|10Sc1CeSZ|NiO/10Sc1CeSZ was produced for
the measurement. The active working area of the prepared
symmetrical cell was 1 cm2. It is based on the geometrical
area of the circular-shaped screen-printed anode film. The
anode film was reduced in humidified gas mixture of hydro-
gen and nitrogen (97 vol% H2/N2 (H2:N2 volume ratio =
10:90)–3 vol% H2O) at 800 °C for 2 h to allow NiO to be
fully reduced to Ni metal prior to the electrochemical imped-
ance measurement. Scanning electron microscopy (SEM) im-
ages of the sample were captured through a SEM instrument
(SU1510, Hitachi, Japan) to examine the microstructure of
sintered anode film before and after reduction. The surface
porosity of the reduced cermet anode filmwas evaluated using
ImageJ software (Version 1.52g).

Electrical conductivity measurement

The direct-current (DC) conductivity of the reduced cermet
anode pellet was measured through a four-point van der
Pauw technique [34, 35] from 400 to 800 °C in a dry gas
mixture of hydrogen and nitrogen atmosphere (H2:N2 volume
ratio = 10:90). Pt wires were used as the four electrodes or
probes. An electrical current source (I = 100 mA) was applied
using a power supply (Keithley 2400) between probes 3 and 4.
The output voltage values between probes 1 and 2, V12 (mV),
were read several times and averaged to calculate the resis-
tance, R12 (=V12/I). The process of applying current and read-
ing output voltage was repeated to obtain three other resis-
tance values R23, R34, and R41. The average of the four resis-
tance values, Rave (Ω), sheet resistance, Rs (Ω), and DC elec-
trical conductivity, σDC (S/cm) was calculated using the fol-
lowing equations:

Rave ¼ R12 þ R23 þ R34 þ R41ð Þ=4 ð2Þ

Rs ¼ π=ln2ð Þ � Raveð Þ ð3Þ

σDC ¼ 1=Rsl ð4Þ

where l is the sample thickness (in centimeter).
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Electrochemical impedance measurement

The alternating-current (AC) electrochemical impedance of
the prepared symmetrical cell was measured in a dry low
hydrogen concentration atmosphere (H2:N2 volume ratio =
10:90), and a dry methane (CH4:N2 volume ratio = 50:50) at
600 and 800 °C. Autolab PGSTAT302N (Autolab 302, Eco
Chemie, Netherlands) combined with a frequency response
analyzer was used to conduct the AC electrochemical imped-
ancemeasurement [35]. The measurements were conducted in
potentiostatic mode over the frequency range of 0.01 Hz to
1 MHz at a sinusoidal voltage of 20 mV at the open-circuit
voltage of the cell (0 V). The measurement results in the form
of AC impedance spectra were plotted for the symmetrical
cell. The plot known as Nyquist plot was plotted in Z real
versus −Z imaginary and the software of NOVA 1.11 was used
in the analysis of electrochemical impedance (EIS) spectra.

Carbon deposition behavior of Ni/10Sc1CeSZ

The calcined NiO/10Sc1CeSZ anode powder was coarsened
by subjecting to an additional heat treatment at 1300 °C for 4 h
to evaluate carbon deposition onto the cermet material. One
hundred milligrams of the coarse NiO/10Sc1CeSZ powder
was then placed on pieces of quartz wool in a quartz tube
fixed-bed reactor. The coarse NiO/10Sc1CeSZ powder was
reduced for 2 h in humidified hydrogen gas (97 vol% H2/N2

(H2:N2 volume ratio = 10:90)–3 vol% H2O) at 800 °C and
exposed to a flow of dry methane gas (CH4:N2 volume ratio =
50:50) at 800 °C for 3 h. The total flow rate of the gas mixture
was 100 mL/min. After that, laser Raman spectroscopy and
thermogravimetric analysis (TGA) of the cermet powder were
performed via a micro-Raman spectrometer (DXR2xi,
Thermo Scientific, USA) with an excitation source from a
laser operating at a wavelength of 532 nm and a thermogravi-
metric analyzer (TGA/DSC 1 HT, Mettler Toledo, USA) with
a sensitivity of 0.0001 mg, respectively. TGAwas conducted
in air from 30 to 900 °C at a heating rate of 20 °C/min for the
re-oxidation of carbon, which was deposited onto the cermet
anode powder.

Results and discussion

Characterization of NiO/10Sc1CeSZ powder

The phase of NiO/10Sc1CeSZ powder synthesized by MW-
GNP was determined by XRD. The phase analysis of XRD
pattern and Rietveld refinement of the NiO/10Sc1CeSZ pow-
der are shown in Fig. 1. The analysis of the XRD pattern by
search and match revealed two phases of 10Sc1CeSZ phase
and NiO phase having a cubic structure with Fm-3m space
group. The phase identification was performed by using XRD

reference patterns of ZrO2 (XRD file number: 96–500-0039)
and NiO (XRD file number: 96-101-0382). Impurities and
other phases were not observed in the XRD data analysis
which proved that the purity of the synthesized powder is
high. In addition, the Rietveld refinement was conducted to
further analyze the structure of the powders via X’Pert
HighScore software. The powder exhibited a structure of cu-
bic fluorite-type symmetry (Fm-3m space group) based on the
Rietveld analysis and supported the result obtained from the
analysis of XRD pattern. Based on the Rietveld refinement
result, the final R goodness factors were Rp = 7.114, Rwp =
9.4, Re = 7.1, and χ2 = 1.753, respectively. The successful re-
finement of the XRD data was indicated by the low value of
χ2. The lattice parameter of the NiO phase was 4.1778 Å and
that of the 10Sc1CeSZ phase was 5.0905 Å. The crystallite
size calculated from Rietveld analysis using the Debye-
Scherrer method [22] was 72.6 and 42.5 nm for the NiO and
10Sc1CeSZ phases, respectively. This measured crystallite
size was considerably smaller than that of commercial NiO
and 10Sc1CeSZ powders [10]. The small nickel particle size
may enhance the catalytic activity by providing a large surface
area of nickel cermet for fuel oxidation.

Figure 2a shows the TEM image of the calcined anode
powder. The observed particle size of powder was within the
range of 30–60 nm and in consistent with the XRD result. The
image of powder captured by TEM clearly showed porous
spongy-like and well-bonded particles. Some aggregation/
agglomeration of particles was also observed, whichmay have
affected the electrical properties and catalytic activity of cer-
met anode. Thus, the microwave-assisted solution combustion
produced a cermet powder with nanosized particles that
tended to bond together and form strong agglomerates. The
EDS spectra of NiO/10Sc1CeSZ powder are presented in Fig.
2b, and the peaks of Ni, Sc, Ce, and Zr can be observed. Other

Fig. 1 XRD pattern of NiO/10Sc1CeSZ powder calcined at 800 °C in air
for 2 h
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impurities including carbonaceous material were undetected
in the calcined NiO/10Sc1CeSZ powder. The chemical com-
position of the anode powder was calculated using the relative
weight percentage of the elements obtained from the EDS
spectra. The chemical composition of the anode powder de-
termined by EDS is comparable with the nominal composition
of the powder as presented in Fig. 2b. These results showed
that highly pure NiO/10Sc1CeSZ powder with two phases can
be produced at the 800 °C calcination temperature.

Figure 3 presents the particle size distribution of NiO/
10Sc1CeSZ anode powder synthesized by MW-GNP in com-
parison with the distribution of anode powders synthesized by
other conventional methods. All the powders showed a similar
bimodal distribution. However, the distribution of anode pow-
der synthesized by MW-GNP is narrower than that synthe-
sized by conventional methods. The distribution clearly indi-
cates that the anode powder synthesized by MW-GNP is finer
than the conventionally synthesized anode powders [7, 10,
36]. The synthesized NiO/10Sc1CeSZ powder is composed
of fine particles (0.1–0.25 μm) and a small fraction of coarse
particles (0.25–1.0 μm). This revealed that the MW-GNP is a
very promising method to produce a homogeneous and uni-
form nanosized anode powder. The properties of anode pow-
ders synthesized by several conventional methods are summa-
rized in Table 1.

Characterization of NiO/10Sc1CeSZ anode film

The SEM images of NiO/10Sc1CeSZ anode film surface after
sintering at 1300 °C for 4 h in air and after reduction in

humidified gas mixture of hydrogen and nitrogen (97 vol%
H2/N2 (H2:N2 volume ratio = 10:90)–3 vol% H2O) gas at
800 °C for 2 h are shown in Figs. 4a and 4b, respectively.
Both surface images exhibited particles connected to one an-
other with < 1-μm particle sizes. The surface porosities esti-
mated using ImageJ software for the anode film before and
after reduction were 19.9% ± 0.1% and 33.3% ± 0.6%, respec-
tively. The surface porosity of the anode film increased after it
was reduced, reflecting the reduction of NiO to Ni. The esti-
mated surface porosity is within the acceptable range (20–
40%), and this value has significant impact on the electro-
chemical performance of the anode. Sufficient porosity is very
critical for the diffusion of gas to the electrochemical reaction
sites [1, 3, 9]. The cross-sectional image of the reduced Ni/
0Sc1CeSZ anode film is shown in Fig. 4c. The average thick-
ness of the reduced anode was approximately 15 μm. The
image revealed the microstructure of anode having sufficient
porosity at the interfacial region of anode-electrolyte as well as
at the surface for the diffusion or transportation of gas to the
electrochemical active sites and no delamination of anode
coating film. The thickness should not exceed 35μm to obtain
low polarization resistance because the increase in thickness
of anode coating may lead to difficulty in the transportation of
gas to the electrochemical active sites [41].

Electrical conductivity of Ni/10Sc1CeSZ anode

The DC electrical conductivity, σDC of the Ni/10Sc1CeSZ
cermet anode, as shown in Fig. 5, was about 580 S/cm at
700 °C operating temperature, which meets the electrical

Fig. 2 a The morphology of
calcined NiO/10Sc1CeSZ anode
powder measured by TEM. b The
elemental analysis of the powder
by EDS

Fig. 3 The particle size
distribution of various anode
powders [7, 10, 36]
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conductivity value required of an anode material (≥ 100 S/cm)
for SOFC applications. As expected, Ni/10Sc1CeSZ exhibit-
ed metallic conductivity, as its conductivity decreased with
increased temperature. DC conductivity increased with de-
creased surface porosity, which has been previously reported
(i.e., Ni/10Sc1CeSZ cermet exhibited a DC conductivity of
around 1000 S/cm at 700 °C [10]). Ni-impregnated-ScSZ an-
odes have also shown a conductivity of 1010 S/cm, which
decreases to 700 S/cm after 1000 min of operation in hydro-
gen fuel at 800 °C [42]. Ni/ScSZ prepared by solid-state

reaction further exhibits a conductivity of 250 S/cm at
900 °C, revealing that the size ratio between the larger sized
NiO and the smaller sized ScSZ nanoparticle may affect the
conductivity, leading to some NiO particles being covered by
smaller ScSZ particles [43]. Some aggregation/agglomeration
of particles about 2–3 μm in size was observed from the sur-
face images of anode film. As a result, the porosity of cermet
anode can be increased, which may decrease the contact net-
works of nickel–nickel particles and hence lead to lower con-
ductivity. The conductivities of anodes shown in Fig. 5 are

Table 1 Comparison of anode powder properties synthesized by different methods

Anode powder Synthesis method Powder properties References

NiO/10Sc1CeSZ (50 vol% Ni) MW-GNP Crystallite size of 72.6 nm and 42.5 nm
for NiO and 10Sc1CeSZ, respectively (XRD)

Particle size in the range of 30–60 nm (TEM)
Average particle size of 0.55 μm (particle size

distribution)
A high fraction of particle size in the range of

0.1–0.25 μm (particle size distribution)
Bimodal and narrow particle size distribution

This work

NiO/10Sc1CeSZ (10–60 vol% Ni) SSR Average particle size in the range of 3.1–3.7
μm (particle size distribution)

Bimodal and broad particle size distribution

[10]

NiO/ScSZ (80 wt% NiO) SSR Average particle size of 3.0 μm for NiO (SEM) [37]

NiO/ScSZ (80 wt% NiO) Co-precipitation Average particle size of 0.3 μm for NiO (SEM) [37]

NiO/YSZ (50 wt% NiO) Co-precipitation Average particle size of 0.3 μm (SEM) [38]

NiO/YSZ (65 wt% NiO) Two-step hydrothermal Average particle size in the range of 0.05–0.1
μm for NiO and 0.2–0.3 μm for YSZ (XRD,
FESEM, and TEM)

[39]

NiO/YSZ (60 wt% NiO) SSR Average particle size of 0.17 μm within the
range of 0.06–0.5 μm (Particle size distribution)

Monomodal and broad particle size distribution

[40]

NiO/GDC (50 wt% NiO) SSR Nanosized GDC and coarser NiO particles
(SEM-EDS)

A high fraction of particle size within the range of
0.1–3.0 μm (particle size distribution)

Bimodal and broad particle size distribution

[36]

NiO/GDC (50 wt% NiO) Sol–gel Average particle size of less than 1.0 μm (SEM)
A high fraction of particle size with less than 0.2

μm (particle size distribution)
Bimodal and broad particle size distribution

[36]

NiO/SDCC (60 wt% NiO) SSR Average particle size in the range of 0.1–5.0 μm
(particle size distribution)

Bimodal and broad particle size distribution

[7]

Fig. 4 Surface SEM image of a
NiO/10Sc1CeSZ anode film
sintered at 1300 °C and b Ni/
10Sc1CeSZ anode film reduced
in humidified gas mixture of hy-
drogen and nitrogen (97 vol% H2/
N2 ((H2:N2 volume ratio =
10:90)–3 vol% H2O) at 800 °C. c
Cross-sectional SEM images of
the reduced Ni/10Sc1CeSZ anode
film.
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also closely related to the powder processing method, fabrica-
tion conditions (e.g., sintering temperature and time), Ni con-
tent, and characteristics of the synthesized anode powder. This
can be a reason for different conductivities shown by the an-
odes shown in Fig. 5. Also, the figure indicated that Ni/
10Sc1CeSZ powder synthesized by MW-GNP in this study
showed an acceptable conductivity (> 100 S/cm) and is a po-
tential processing method to produce powders with improved
properties.

Electrochemical performance of Ni/10Sc1CeSZ anode

Figure 6 shows the electrochemical impedance spectra (EIS)
of a symmetrical cell consisting of Ni/10Sc1CeSZ cermet an-
ode operated at 800 °C under dry low hydrogen concentration
(H2:N2 = 10:90) and dry methane (CH4:N2 = 50:50) fuels, re-
spectively. The fitting process of the AC impedance plots was
performed according to the equivalent electrical circuit
consisting resistance (R) and constant phase element (CPE)
as shown in the inset of Fig. 6, in which the resistances and
constant phase elements are illustrated by Rs, R1, R2, CPE1,
and CPE2, respectively. Two semicircles were observed from

the EIS spectra, and they represent the middle- and low-
frequency regions related to the reaction on the anode surface
and at the interfacial region of anode-electrolyte. As shown in
Fig. 6, the relaxation frequency was about 1200 Hz at the
middle region and 6 Hz at the low region under H2

(10 vol%) atmosphere. Meanwhile, the relaxation frequency
at the middle and low region under dry CH4 (50 vol%) atmo-
sphere was 290 Hz and 20 Hz, respectively. The total elec-
trode polarization resistance, Rp (Ω), and area specific resis-
tance (ASR) can be calculated from the impedance spectra of a
symmetrical cell by the following equations:

Rp ¼ R1 þ R2 ð6Þ
ASR ¼ RpA=2 ð7Þ

where R1 and R2 are the polarization resistances for the
process of charge transfer and gas diffusion obtained from
the impedance spectra. A is the active working area (1 cm2).

As expected, Ni/10Sc1CeSZ cermet anode operated in dry
methane fuel exhibited a larger ASR value than that in dry
hydrogen fuel in all operating temperatures. This is because
the operation in methane fuel led to carbon deposition onto the
cermet anode. The ASRs obtained at the operating tempera-
ture of 800 °C in dry low hydrogen concentration (10 vol%)
and dry methane (50 vol%) fuels were found to be 0.96 and
24.3 Ω cm2, respectively. The obtained electrochemical per-
formance of Ni/10ScCeSZ anode in this study is acceptable
because its performance was measured under dry low hydro-
gen concentration and dry methane fuels with electrolyte-
supported symmetrical cells.

Table 2 shows the ASRs of the nickel cermet obtained from
this work and nickel cermets from the literature with different

Fig. 5 DC electrical conductivity of various nickel cermet anodes (Ni/
10Sc1CeSZ, Ni/ScSZ, Ni/YSZ, Ni/SDC, and Ni/GDC) as a function of
temperature measured in dry H2 atmosphere. Black circle indicates Ni/
10Sc1CeSZ (Ni = 50 vol%; sintered at 1300 °C for 4 h)—this work; right-
pointed black triangle indicates Ni/10Sc1CeSZ (Ni = 50 vol%; sintered at
1350 °C for 1 h)—solid-state reaction [10]; black star indicates Ni/
10Sc1CeSZ (Ni = 40 vol%; sintered at 1300 °C for 1 h)—solid-state
reaction [10]; black pentagon indicates Ni/ScSZ (Ni = 40 wt%; impreg-
nated nickel(II) nitrate was decomposed at 550 °C for 1 h, 12 impregna-
tion cycles)—impregnation method [42]; black up-pointed triangle indi-
cates Ni/ScSZ (Ni = 50 vol%; sintered at 1200 °C for 4 h)—solid-state
reaction [43]; black down-pointed triangle represents Ni/YSZ (Ni =
50 vol%)—solid-state reaction [3], (black left-pointed triangle represents
Ni/SDC (NiO = 65 wt%; sintered at 1300 °C for 4 h)—glycine nitrate
process [21]; black diamond represents Ni/GDC (Ni = 50 vol%; sintered
at 1300 °C for 2 h)—citrate nitrate process [18]; and (black square rep-
resents Ni/SDC (Ni = 50 vol%; sintered at 1300 °C for 2 h)—citrate
nitrate process [18]

Fig. 6 AC impedance spectra of a symmetrical cell consisting of Ni/
10Sc1CeSZ anode measured at 800 °C operating temperature in dry
hydrogen (10 vol%) and methane (50 vol%) fuels
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powder synthesis techniques, fuel concentrations, and cell de-
signs at 800 °C. The Ni/10Sc1CeSZ anode with electrolyte-
supported design in this study exhibited a reasonably lower
ASR value even in low hydrogen concentration (10 vol%) fuel
compared with the ASR values measured with Ni/10Sc1CeSZ
anode synthesized by the SSR method and other types of
nickel cermet anodes (Ni/GDC, Ni/YSZ, and Ni/SDC) as
shown in Table 2. A comparable ASRmeasured under humid-
ified low hydrogen concentration fuel (2% H2–95% Ar–3%
H2O) was found for Ni/10Sc1CeSZ cermet anode prepared by
SSR as shown in Table 2. However, the electrolyte thickness
(0.2 mm) of the symmetrical cell was thinner than the electro-
lyte fabricated in this work (1.0 mm) for the preparation of
electrolyte-supported symmetrical cells. The ASR of Ni/YSZ
operated in hydrogen fuel was obtained using a symmetrical

cell with anode-supported design [46] and seemed compara-
ble with the ASRs for the Ni/10Sc1CeSZ cermet obtained
from electrolyte-supported design in the present work. Cell
fabrication using different designs such as anode-supported,
cathode-supported, and electrolyte-supported types can also
significantly affect the ASR of nickel cermet anode. A sym-
metrical cell prepared with an anode-supported design con-
tains a thin electrolyte layer sandwiched between two thick
anode layers, which improves the electrochemical process,
reduces polarization loss, and increases the cell performance
[50–52]. The material properties and design adopted in cell
fabrication (symmetrical or single cell) are very critical to
enhance the performance of electrodes or cells. Thus, the im-
proved electrochemical performance of the cermet anode even
at low hydrogen concentration in this study can be related to

Table 2 ASRs of various nickel cermet anodes in hydrogen and methane fuels using a symmetrical cell measured at 800 °C

Cermet anode
(Ni content)

Synthesis method (sintering
conditions)

Cell design Fuels (vol%) Steam-to-
carbon ratio

ASR (Ω
cm2)

References

Ni/10Sc1CeSZ
(50 vol% Ni)

Microwave-assisted glycine nitrate
process, MW-GNP (1300 °C, 4 h)

Electrolyte-supported 10% H2–90% N2 – 0.96 This work

Ni/10Sc1CeSZ
(50 vol% Ni)

MW-GNP (1300 °C, 4 h) Electrolyte-supported 50% CH4–50%N2 Dry CH4 24.3 This work

Ni/10Sc1CeSZ
(40 vol% Ni)

Solid-state reaction, SSR (1300 °C, 1 h) Electrolyte-supported 49% H2–48%N2–3% H2O – 1.8 [10]

Ni/10Sc1CeSZ
(40 vol% Ni)

Solid-state reaction, SSR (1300 °C, 1 h) Electrolyte-supported 97% H2–3% H2O – 0.75 [44]

Ni/10Sc1CeSZ
(60 vol%NiO)

SSR (1300 °C, 3 h) Electrolyte-supported 2% H2–95% Ar–3% H2O – 0.95 [41]

Ni/YSZ (60 vol%
Ni)

Solid liquid method, SLM (1500 °C,
1 h)

Electrolyte-supported CH4–5% H2O
CH4–45% H2O

0.05
0.80

45
18

[45]

Ni/YSZ (34 vol%
Ni)

SSR (1350 °C, 3 h) Anode-supported 97% H2–3% H2O – 1.33 [46]

Ni/YSZ (60 wt%
NiO)

SSR (1300 °C) Electrolyte-supported 15% H2–82.5% N2–2.5% H2O – 7.0a [47]

Ni/YSZ (60 wt%
NiO)

SSR (1300 °C) Electrolyte-supported 15%H2–85%N2–benzene (C6H6,
as model tar, 15 g m−3)

Dry
H2/C6H6

240a [47]

Ni/YSZ (60 wt%
NiO)

SSR (1300 °C) Electrolyte-supported 15% H2–82.5% N2–2.5%
H2O–C6H6 model tar

1.0 19a [47]

Ni/GDC
(60 vol% Ni)

GNP (1200 °C, 2 h) Electrolyte-supported 100% H2 – 9.8 [19]

Ni/GDC
(60 vol% Ni)

GNP (1200 °C, 2 h) Electrolyte-supported 100% CH4 Dry CH4 1994 [19]

Ni/GDC (50 wt%
NiO)

SSR (1300 °C) Electrolyte-supported 15% H2–82.5% N2–2.5% H2O – 1.04 [47]

Ni/GDC (50 wt%
NiO)

SSR (1300 °C) Electrolyte-supported 15% H2–82.5% N2–2.5%
H2O–C6H6 model tar

1.0 1.0a [47]

Ni/GDC (50 wt%
NiO)

SSR (1300 °C) Electrolyte-supported 15% H2–80% N2–5% H2O–C6H6
model tar

2.0 1.1a [47]

Ni/GDC (50 wt%
NiO)

SSR (1300 °C, 2 h) Electrolyte-supported 15% H2–77.5% N2–7.5%
H2O–C6H6 model tar

3.0 1.34a [47]

Ni/SDC (55 wt%
NiO)

GNP–SSR (1330 °C, 5 h) Anode-supported 97% H2–3% H2O – 0.058b [4]

Ni/SDC (55 wt%
NiO)

GNP–SSR (1330 °C, 5 h) Anode-supported 100% CH4 Dry CH4 0.104c [4]

Ni/SDC (70 wt%
NiO)

SSR (microwave sintering, 1200 °C,
1 h)

Anode-supported 97% H2–3% H2O – 4.5 [48]

Ni/SDC (70 wt%
NiO)

SSR (conventional sintering, 1200 °C,
1 h)

Anode-supported 97% H2–3% H2O – 7.5 [48]

Ni/SDC (55 wt%
NiO)

GNP–SSR (1330 °C, 5 h) Anode-supported 97% H2–3% H2O – 0.58d [49]

Ni/SDC (55 wt%
NiO)

GNP–SSR (1330 °C, 5 h) Anode-supported 40% CO–60%CO2 Dry
CO/CO2

0.6d [49]

a An electrolyte-supported cell measured at 765 °C (current density = 0 A cm−2 )
b An anode-supported cell measured at 700 °C (current density = 0.35 A cm−2 )
c An anode-supported cell measured at 700 °C (current density = 0.35 A cm−2 and 100-h operation)
d An anode-supported cell measured at 550 °C (current density = 0.1 A cm−2 )
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the improved morphology of the synthesized powder using
the uniform heating source of microwave energy as confirmed
from Fig. 3.

The operation conditions such as hydrogen concentration
and humidity in fuel supply can also affect the performance of
the anodes. For instance, the ASR value of Ni/10Sc1CeSZ at
800 °C was 0.75 Ω cm2 and 1.8 Ω cm2 measured in 97% H2–
3%H2O [44] and 49%H2–48%N2–3%H2O [10], respective-
ly. However, the ASR value of Ni/10Sc1CeSZ anode mea-
sured in low hydrogen concentration fuel and dry condition
seems better than the reported literature values shown in
Table 2.

The ASR value of Ni/10Sc1CeSZ cermet anode operated
in methane fuel was higher than that in hydrogen fuel due to
the deposition of carbon onto the anode surface. However, the
value was less than that for other types of nickel cermet an-
odes (e.g., Ni/YSZ and Ni/GDC) under the similar condition
as shown in Table 2. This result is in consistent with the im-
proved electrochemical performance of the anode even at low
hydrogen concentration in this study. Anode polarization re-
sistance also reportedly decreases with decreased methane fu-
el volume and increased steam-to-carbon ratio [13, 45]. Even
though dry methane reforming by the cermet anode was the
focus of this work, the existence of steam will help remove
carbon on the anode surface and increase the active sites for
the electrocatalytic reaction of cermet toward methane fuel,
thereby enhancing the anode performance.

The results obtained from this study suggested that the
preparation of Ni/10Sc1CeSZ anode by MW-GNP improved
the morphology of the anode material. Furthermore, the mod-
ification of the cermet anode and operating condition should
be further improved to achieve the high electrochemical per-
formance required for SOFC anode materials, particularly
when using hydrocarbon fuel.

Based on the obtained ASRs, the Arrhenius plots for the
symmetrical cell consisting of Ni/10Sc1CeSZ anode operated
under dry low hydrogen concentration (10 vol%) and dry
methane (50 vol%) fuels between 600 and 800 °C are shown
in Fig. 7. The Arrhenius plots were obtained by plotting
ln(ASR) versus 1000/T. Based on the Arrhenius equation,
the activation energy, Ea (eV), was evaluated using the slope
value of the fitted line. The Arrhenius equation is expressed in
Eq. (6) as follows:

ln ASRð Þ ¼ − Ea=kð Þ � 1=Tð Þ þ lnA ð6Þ
where A, T, and k are the pre-exponential factor, the absolute
temperature (K), and the Boltzmann’s constant (8.617 ×
10−5 eV/K), respectively. The activation energy, Ea, of the
cermet in dry hydrogen (10 vol%) and dry methane
(50 vol%) fuels obtained from the linear fit of plots was
1.052 ± 0.027 and 1.069 ± 0.029 eV, respectively. The Ea

was close to one another for dry hydrogen (10 vol%) and
dry methane (50 vol%) fuels, indicating that a similar process
occurred in both atmospheres at intermediate operating tem-
peratures (600–800 °C). This value may be assigned to elec-
trochemical oxidation of fuels related to Ni particle size.

Carbon deposition behavior of Ni/10Sc1CeSZ

Carbon deposition behavior is one of the important criteria for
SOFC anode component under application in hydrocarbon
fuel. The amount of carbon deposited onto Ni/10Sc1CeSZ
cermet anode powder can be estimated from the thermogravi-
metric analysis (TGA) result as shown in Fig. 8. The weight
loss between 500 and 700 °C was due to the re-oxidation of
deposited carbon by oxygen [19, 55]. In this study, the weight
loss due to re-oxidation of carbon was 4.34%. This carbon
deposition onto the cermet anode after treatment in dry meth-
ane atmosphere is expected to occur through the methane
pyrolysis (CH4 → C + 2H2).

The amount of carbon deposited onto the anode synthe-
sized by MW-GNP in this study was lower compared with
that deposited onto the similar anode synthesized by solid-
state reaction (ca. 15%) and co-precipitation (ca. 45%)
methods [37]. Based on TGA results in Fig. 8, it is further
confirmed that anode synthesized by MW-GNP in this study

Fig. 7 Arrhenius plots of the area specific resistance for various nickel
cermet anodes in H2 and CH4 fuel. H2: white circle represents Ni/
10Sc1CeSZ—this work, Ea = 1.05 eV; white square represents Ni/
10Sc1CeSZ—solid-state reaction [10]; + represents Ni/10Sc1CeSZ—
solid-state reaction [41]; white diamond represents Ni/YSZ—solid-state
reaction [46]; white up-pointed triangle represents Ni/GDC—glycine ni-
trate process [19]; and white left-pointed triangle represents Ni/SDC—
solid-state reaction [48]. CH4: black circle represents Ni/10SC1CeSZ—
this work, Ea = 1.07 eV; black up-pointed triangle represents Ni/GDC—
glycine nitrate process [19]; black right-pointed triangle represents Ni/
YSZ—solid–liquidmethod (steam-to-carbon ratio = 0.05) [45]; and black
pentagon represents Ni/YSZ—solid–liquid method (steam-to-carbon ra-
tio = 0.75) [45]
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exhibited a low amount of deposited carbon onto anode as
compared with anodes synthesized by other methods such as
solid-state reaction and co-precipitation [53, 54]. The carbon
deposition onto the anode is dependent on the surface area and
particle size of the synthesized anode powders. Generally, an
anode powder with smaller NiO particle size tends to accumu-
late higher amount of carbon on the surface of the powder.
Particle size for the anode material prepared in this study was
around 2–3 μm as compared with that synthesized by solid-
state reaction and co-precipitation methods which were 3 μm
and 0.3 μm, respectively [37]. This explained why the amount
of carbon deposited on the anode powder synthesized by this
study is considerably low. The higher amount of carbon accu-
mulated on the active site of an anode may decrease the life-
time and performance of the anode. It can be said that the
carbon deposition problem in an anode is mainly dependent
on the particle size of NiO and in agreement with other report-
ed studies [2, 37]. Therefore, an appropriate range of NiO
particle size needs to be considered during the fabrication
stage to minimize the amount of carbon deposited onto the
Ni-based anodes.

Figure 9 shows the Raman spectra of the Ni/10Sc1CeSZ
cermet after treatment in dry methane gas at 800 °C for 3 h.
The structure of carbon formed on the cermet was determined
from Raman spectra. The defect (D), graphite (G), and 2D
bands of carbon were observed through three peaks at the
Raman shifts of 1342, 1563, and 2667 cm−1, respectively.
The graphitization degree of carbon is usually assigned by
the intensity ratio of G-band peak to D-band peak (peak in-
tensity ratio of G/D or IG/ID) calculated from the Raman spec-
tra [14, 56]. G-band and D-band corresponded to crystalline
graphite and amorphous carbon. The IG/ID for the cermet an-
ode after treatment in dry methane gas was 2.1 as calculated
from the Raman spectra.

The graphitization degree of anode prepared by MW-GNP
in this study was higher than that prepared by solid-state

reaction which was in the range of 1.1–1.4 after exposure
between 600 and 1000 °C for 1 h [53]. However, the highest
graphitization degree was reported as 10 for Ni/ScSZ anode
prepared by co-precipitationmethod after exposure at 1000 °C
for 1 h [37]. The graphitization degree of an anode is affected
by the particle size of Ni, exposure temperature, and time. The
lower value of IG/ID indicates the higher formation of amor-
phous carbon structure that can deteriorate the characteristics
of anode toward dry methane fuel and may decrease the per-
formance of SOFC. Although the graphitization value of the
anode prepared by MW-GNP method in this study is lower
than that prepared by co-precipitation method [37], the
amount of carbon deposited onto the anode was considerably
low. This result also confirmed that the catalytic activity of Ni/
10Sc1CeSZ cermet anode operated in dry methane was sup-
pressed by the formation of amorphous carbon.

Conclusion

NiO/10Sc1CeSZ anode powder has been successfully synthe-
sized by microwave-assisted glycine nitrate process (MW-
GNP). The synthesized anode powder consisted of two phases
of cubic NiO and cubic 10Sc1CeSZ with the crystallite sizes
of 67 and 40 nm, respectively. The electrical conductivity of
the anode at 800 °C was 580 S/cm, which is in the acceptable
range (> 100 S/cm) and suitable for SOFC application. The
measured surface porosity of the reduced anode was 33 vol%
and also within the acceptable range (20–40 vol%). The elec-
trochemical measurement of the reduced Ni/10Sc1CeSZ cer-
met anode using 10Sc1CeSZ electrolyte-supported symmetri-
cal cells after 60 min of fuel utilization at 800 °C revealed that
the ASRs were 0.96 and 24.3 Ω cm2 in dry low hydrogen
concentration (10 vol% hydrogen–90 vol% nitrogen) and
dry methane (50 vol% methane–50 vol% nitrogen) fuels, re-
spectively. The obtained ASR values especially at low hydro-
gen concentration were better than the ASR values other Ni-
based anodes measured at humidified high hydrogen concen-
tration and humidified methane fuels. The amount of carbon

Fig. 8 Thermogravimetric result of various cermet powders after
treatment in methane atmosphere. (a) Ni/10Sc1CeSZ cermet powder in
dry methane atmosphere at 800 °C for 3 h (this work). (b) Ni/ScSZ in
humidified methane atmosphere at 600 °C for 2 h [53]. (c) Ni/Al2O3. (d)
Ni/TiO2(15%)–Al2O3. (e) Ni/TiO2(50%)–Al2O3 in dry methane atmo-
sphere at 700 °C for 6.5 h [54]

Fig. 9 Raman spectra of Ni/10Sc1CeSZ cermet powder after treatment in
dry methane atmosphere at 800 °C for 3 h
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deposited onto the prepared anode is only 4.34% after 3-h
exposure in dry methane fuel at 800 °C. Overall, the improved
performance of Ni/10Sc1CeSZ cermet anode in this study was
due to the improved morphology of cermet powder synthe-
sized by glycine nitrate process assisted by uniform micro-
wave heating. This method can be considered a potential pow-
der processing method in the preparation of high-performance
SOFC materials.
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