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Highlights:

• NiO–BCZY powder prepared by citrate sol–gel method has homogenous particles;
• NiO–BCZY powder showed an average particle size of 51 ± 16 nm;
• NiO–BCZY powder calcined at 1100 ◦C showed a cubic phase without any impurities;
• The conductivity of anode sintered at 1200–1400 ◦C was 443–1124 S/cm at 800 ◦C;
• Anode sintered at 1400 ◦C exhibited the lowest ASR of 1.165 Ω cm2 at 800 ◦C.

Abstract: Understanding the impact of sintering temperature on the physical and chemical properties
of Ni-BaCe0.54Zr0.36Y0.1O3-δ (Ni-BCZY) composite anode is worthy of being investigated as this anode
is the potential for protonic ceramic fuel cell (PCFC) application. Initially, NiO–BCZY composite
powder with 50 wt% of NiO and 50 wt% of BCZY is prepared by the sol–gel method using citric
acid as the chelating agent. Thermogravimetric analysis indicates that the optimum calcination
temperature of the synthesised powder is 1100 ◦C. XRD result shows that the calcined powder
exists as a single cubic phase without any secondary phase with the lattice parameter (a) of 4.332 Å.
FESEM analysis confirms that the powder is homogeneous and uniform, with an average particle
size of 51 ± 16 nm. The specific surface area of the calcined powder measured by the Brunauer–
Emmett–Teller (BET) technique is 6.25 m2/g. The thickness, porosity, electrical conductivity and
electrochemical performance of the screen-printed anode are measured as a function of sintering
temperature (1200–1400 ◦C). The thickness of the sintered anodes after the reduction process decreases
from 28.95 µm to 26.18 µm and their porosity also decreases from 33.98% to 26.93% when the sintering
temperature increases from 1200 ◦C to 1400 ◦C. The electrical conductivities of the anodes sintered
at 1200 ◦C, 1300 ◦C and 1400 ◦C are 443 S/cm, 633 S/cm and 1124 S/cm at 800 ◦C, respectively.
Electrochemical studies showed that the anode sintered at 1400 ◦C shows the lowest area specific
resistance (ASR) of 1.165 Ω cm2 under a humidified (3% H2O) gas mixture of H2 (10%) and N2 (90%)
at 800 ◦C. Further improvement of the anode’s performance can be achieved by considering the
properties of the screen-printing ink used for its preparation.

Keywords: Ni–BCZY anode; protonic ceramic fuel cell; sintering temperature; electrical conductivity;
electrochemical performance
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1. Introduction

Solid oxide fuel cell (SOFC) is a high–efficiency electrochemical device that can directly
convert the chemical energy of fuels (e.g., H2 and CH4) to electrical energy through an
electrochemical reaction at high temperatures (500–1000 ◦C). Conventional solid oxide
fuel cells (SOFCs) that conduct oxygen ions from the anode to the cathode side through
oxygen-conducting electrolytes such as yttria-stabilised zirconia (YSZ), samarium doped
ceria (SDC) and gadolinium doped ceria (GDC) suffer from several problems including the
longer start-up time, fuel dilution at the anode side, material degradation and components
incompatibility at high operating temperatures (800–1000 ◦C) [1]. Protonic ceramic fuel
cell (PCFC) is one of the SOFC types that use a proton-conducting material (e.g., BaCeO3
and BaZrO3) as an electrolyte and it can show high performance even at low operational
temperatures (400–750 ◦C) [2]. In PCFC, the proton passes through the proton-conducting
electrolyte from the anode to the cathode side, thus resulting in the formation of water at
the cathode side, which prevents fuel dilution issues. In the electrochemical oxidation of
fuels, the anode holds significant importance as one of the crucial components. Hence, its
properties are very critical in any operating condition. In this regard, the anode requires a
material with a small mismatch in thermal expansion coefficient (TEC) with the electrolyte
components (15–20%) to avoid micro cracks and delamination problems [3]. In addition,
the anode must have sufficient porosity (20–40%) for hydrogen, water vapour and electron
transfer [4]. The anode must also show a large triple phase boundary (TPB) length and
good electrical conductivity for high electrochemical and catalytic activity. Moreover, the
anode must show tolerance towards impurities such as sulphur and carbon [5].

Ni-based materials have been used extensively because of their great electrochemical
catalysis for hydrocarbon fuel oxidation reactions [6]. In addition, Ni-based anodes are
the famous choice of materials because of their low-cost and good mechanical strength [7].
Most of the conventional composite anode powders (e.g., NiO–YSZ, NiO–ScSZ, NiO–GDC,
NiO–SDC) prepared by wet chemical method (WCM) generally require a powder calcina-
tion temperature of around 700–800 ◦C to obtain a pure phase. The fabricated anode films
also require sintering temperatures in the range of 1300–1400 ◦C for good performance at
SOFC operating conditions. However, the characteristics of anode composite powders used
with proton-conducting electrolytes may require different preparation conditions to obtain
a high-performance anode. At present, the Nickel cermet perovskite composite materials
such as Ni–BaCe0.54Zr0.36Y0.1O3-δ (Ni–BCZY) have gained great attention for application
as the anode in PCFCs [8]. This anode can be used with BCY and BCZY electrolytes for
operation at intermediate temperatures (600–800 ◦C) [9–11]. These electrolytes have good
chemical stability in both H2O and CO2 environments and high protonic conductivity at
intermediate temperatures [12,13]. However, the characteristics of Ni–BCZY, such as fabri-
cation condition, microstructure, electrical conductivity and electrochemical performance,
need to be understood clearly for PCFC application. To the best of our knowledge, there is
no clear report on the relationship between the sintering condition and the properties of the
anode. The sintering condition is commonly dependent on the morphology of the synthe-
sised powder, such as particle size distribution and surface area. Hence, optimum sintering
condition is very crucial to improve the electrochemical oxidation of fuel at the anode
side. Anode materials have been synthesised by various techniques such as ball milling,
solid-state reaction (SSR), template-based synthesis, sol–gel, co-precipitation, hydrother-
mal and solvothermal, and combustion. Different preparation methods lead to different
properties of the prepared materials and consequently affect the sintering condition and
performance of the fabricated anode. It is well known that the mechanical mixing of NiO
and electrolyte is a simple and economical method to produce NiO–electrolyte composite
anode. However, this method leads to contamination, inhomogeneous powder distribution,
and poor electrical and electrochemical performance of the resultant anode. Instead of
simply mixing NiO and electrolyte materials by ball milling, this study synthesises the
anode composite by mixing all the raw materials together using the wet chemical method
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(WCM). Thus, sol–gel, a famous WCM, was used in this study to synthesise a high purity
and homogenous NiO–BaCe0.54Zr0.36Y0.1O3-δ (NiO–BCZY) nano-sized powder [14,15].

Thus, the present work focused on synthesising NiO–BCZY anode composite materials
by the citrate sol–gel method [16,17], followed by characterisation to determine the phase
formation, microstructure and morphology of the powder. The powder calcined at the
best calcination temperature was used to fabricate symmetrical anode cells by screen-
printing on the BCY electrolyte pellets. Then, the screen-printed anodes were sintered at
temperatures between 1200 ◦C and 1400 ◦C for 3 h, followed by microstructure, electrical
conductivity and electrochemical performance evaluation. This evaluation could enhance
the understanding of the material characteristics for further application in PCFC.

2. Materials and Method
2.1. Powder Preparation

Herein, precursor materials with purity >99% as received were used to synthesise
NiO–BaCe0.54Zr0.36Y0.1O3-δ (NiO–BCZY) anode composite powder using the citrate sol–gel
method [18]. According to stoichiometric ratio, 2.164 g of barium nitrate, Ba(NO3)2 (99%, Acros
Organics, Geel, Belgium); 1.942 g of cerium (III) nitrate hexahydrate, Ce(NO3)3·6H2O (99.5%,
Acros Organics, Geel, Belgium); 0.689 g of zirconyl (lV) nitrate hydrate, ZrO(NO3)2·6H2O
(99.5%, Acros Organics, Geel, Belgium); 0.317 g of yttrium (III) nitrate hexahydrate,
Y(NO3)3·6H2O (99.9%, Acros Organics, Geel, Belgium); and 9.734 g of nickel (II) nitrate
hexahydrate, Ni(NO3)2·6H20 (99%, Acros Organics, Geel, Belgium), were dissolved in
150 mL of deionised water in order to produce 5 g of NiO–BCZY anode composite powder.
The weight ratio of NiO to BCZY in the synthesised powder was 1:1. Then, the solution
was mixed at room temperature until a clear green solution was visible. Subsequently,
205.05 g of citric acid was slowly added to the mixture as a complexing agent. The amount
of citric acid used was based on the stoichiometric molar ratio of 1.5 to 1 of the total metal
nitrate salts. Afterward, ammonium hydroxide solution, NH4OH (25% assays, EMSURE®,
Sigma–Aldrich, Darmstadt, Germany), was added drop by drop until the pH of the solution
reached nearly 7.0. Then, the temperature was increased to 120 ◦C for several hours and
adjusted slowly by 15 ◦C/5 min until 325 ◦C to obtain a viscous gel. Moreover, the beaker
containing the gel was covered with aluminium foil and pre-calcined in an oven at 200 ◦C
for 12 h with a heating and cooling rate of 10 ◦C/min. Next, the resultant black ash was
grounded in an agate mortar. An early thermogravimetric analysis (TGA) was conducted
to decide the starting temperature for the calcination process before calcining the grounded
powder. Afterward, the powder was calcined at 1100 ◦C for 6 h in a furnace, and this
calcination temperature was sufficient to preserve the phase of the composite formed.
The comparable calcination temperature was also recommended for the similar anode
composite powder synthesised by solid-state reaction and ball milling methods [19,20].

2.2. Physicochemical Characterisation of Synthesised Powder

A thermogravimetric analyser (TGA, Pyris Diamond TG/DTG analyser, PerkinElmer,
Wellesley, MA, USA) was used to analyse the weight loss and thermal decomposition
behaviour of the prepared powder. The analysis was performed in synthetic air with a flow
rate of 100 mL/min at a temperature ranging from 30 ◦C to 1000 ◦C with a heating rate of
10 ◦C/min.

Moreover, analysis of phase identification and structural and physical properties of
calcined powders was performed on an X-ray diffractometer (XRD, D8–Advance, Bruker,
Billerica, MA, USA) using Cu–Kα radiation source (λ = 0.15406 nm). The scanning range
(2θ) was varied between 20◦ and 80◦ in the step size of 0.02◦. Interplanar spacing (d) was
calculated using Equation (1).

d = λ/2 sin θ (1)
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where λ is the wavelength of X-rays (Cu-Kα = 0.15406 nm), θ is the Bragg angle in radian,
and hkl are the Miller Indices picked from the highest peak in the XRD pattern. Lattice
parameter (a) was calculated using Equation (2).

a = d
[ √

(h2 + k2 + l2)

]
(2)

Scherrer’s equation, as shown in Equation (3), was used to calculate the crystallite size
(Dxrd). In this equation, k is a factor of dimensionless shape (spherical shape = 0.9), and β
refers to the corrected full width at half maximum (FWHM) [21].

Dxrd = kλ/(β cos θ) (3)

The density (ρ) of the calcined powder was calculated using Equation (4) [22]. n is
the number of atoms per unit cell; for a cubic structure, which is n = 1, Mw refers to the
molecular weight of the NiO–BCZY (376.634 g mol−1), and NA is the Avogadro’s number
(6.022 × 1023 mol−1). Note that a3 is equal to unit cell volume, V.

ρ = (n × Mw)/
(

a3 × NA

)
(4)

In addition, a field emission scanning electron microscope (FESEM, ZEISS MERLIN
Compact, Oberkochen, Germany) was used to examine the microstructure and surface
morphology of the powders. Moreover, the composition of each material in the powders
was evaluated by energy-dispersive X-ray spectroscopy (EDX, JEOL–S100, Akishima, Japan)
fitted to the FESEM. The mapping technique was used to detect the existence of the main
elements, which were nickel (Ni), barium (Ba), cerium (Ce), zirconium (Zr) and yttrium
(Y). Moreover, the particle size of the powders was measured on the captured FESEM
images using the ImageJ software (Version 1.52g). Particle size distribution analysis was
performed using a particle size analyser (Zetasizer Nanoseries, Malvern Instruments, Inc.,
Malvern, UK).

The specific area of the calcined powder was measured by surface area system (Mi-
cromeritics, ASAP 2020, Norcross, GA, USA) using Brunauer–Emmett–Teller (BET) tech-
nique. The sample was degassed at 110 ◦C for 10 h to remove any water or contaminants
in the sample before the analysis. The value of BET surface area (SBET) was used to calcu-
late the average particle size (DBET) of the powder according to Equation (5) [23], with ρ
representing the theoretical density of the powder:

DBET =
600

ρ·SBET
(5)

2.3. Fabrication of Anode Screen–Printing Ink

The ingredients used to prepare the NiO–BCZY screen–printing ink are listed in
Table 1. The final solid content of the ink was 70 wt% (26 vol%). The required amount of
dispersant was calculated by multiplying its coverage area (2.5 mg/m2) with the measured
BET surface area of the cermet powder. The amount of the binder needs to be more than
1 wt% of the powder to improve the particle network and porosity of the electrode after
binder burnout [24].

Table 1. List of ingredients used in the fabrication of the anode screen–printing ink.

Ingredients Name of Ingredients Weight (wt%)

Solid NiO–BCZY (prepared by sol–gel) 70.0
Solvent Terpineol 27.2
Binder Ethyl cellulose N7 grade 1.4

Dispersant Hypermer KD9 1.4
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After preparing the ingredients, the prepared anode composite powder was ball-milled
for 24 h with the dispersant (Hypermer KD9) and acetone as the solvent. Then, the powder
was dried in an oven at 90 ◦C for 24 h. Afterward, the powder was sieved properly and
mixed with the vehicle. The vehicle was prepared by mixing both binder (ethyl cellulose
binder, N7 grade) and solvent (terpineol, Sigma-Aldrich, Darmstadt, Germany) on a hot
plate at 45 ◦C while stirring. The vehicle is a liquid mixture of the binder and the solvent
with an appropriate composition (Table 1), as suggested by [25]. Subsequently, the anode
powder was mixed and grounded with the prepared vehicle for 10 min. Finally, the mixture
was milled using a triple-roll mill (EXAKT 80E, EXAKT Technologies, Inc., Norderstedt,
Germany) to produce a homogeneous ink.

2.4. Electrochemical Characterisation of Anode Symmetrical Cells

Y-doped barium cerate, BaCe0.9Y0.1O3-δ (BCY) electrolyte powder was prepared using
a solid-state reaction method and followed by calcination at 1300 ◦C for 3 h. After the
powder was sieved, it was pressed into pellets with a diameter of 25 mm using a manual
pressing machine (Carver, Inc., Wabash, In, USA). Then, the pellets were sintered at 1600 ◦C
for 5 h to produce dense pellets. Afterward, the fabricated anode slurry was screen-printed
onto both sides of the polished pellets to produce NiO–BCZY/BCY/NiO–BCZY anode
symmetrical cells. Subsequently, a semi-manual screen printer (SMTech 90 Series) was used
to deposit the slurry onto the surface of the pellets. The screen-printed films have a surface
area of 1 cm2. Lastly, the printed anode films were sintered in a furnace at three different
temperatures, which were 1200 ◦C, 1300 ◦C and 1400 ◦C for 3 h. Then, the sintered films
were heated from room temperature to 800 ◦C under a nitrogen atmosphere. At 800 ◦C, the
atmosphere was changed to a humidified (3% H2O) gas mixture of H2 (10%) and N2 (90%)
for a duration of 2 h to start the reduction process. The gas mixture was maintained until
the temperature decreased to room temperature to prevent reoxidation. This reduction
process is very important to ensure the anode (Ni–BCZY) is electrically conductive. The
microstructure of the cross-section and surface of the symmetrical cells after the reduction
process was characterised using a field emission secondary electron microscope (FESEM,
ZEISS Merlin, Oberkochen, Germany). The thicknesses and porosity of the reduced anode
films were analysed using ImageJ software (Version 1.52g).

2.4.1. Electrical Conductivity Measurement

The measurement of electrical conductivity was performed under a flow of humidified
(3% H2O) gas mixture of H2 (10%) and N2 (90%) from 800 ◦C down to 500 ◦C. The conduc-
tivity was measured via the four-point van der Pauw method, in which the symmetrical
cell was placed into a sample holder with platinum wires attached to the four probes.
The power supply applied an electrical current source of 0.10 A, and the output voltage
was recorded to obtain the resistance. The following equations were used to calculate the
average resistance, Rave (Ω); sheet resistance, Rs (Ω); and the DC electrical conductivity,
σDC (S/cm) [26].

Rave =
R12 + R23 + R34 + R41

4
(6)

Rs =
( π

ln2

)
(Rave) (7)

σDC =
1

Rsl
(8)

where R12, R23, R34 and R41 are the values of resistances calculated from the measured
voltages at 0.10 A current through the four probes. l is the thickness of the film (cm).

2.4.2. Electrochemical Performance Measurement

The electrochemical performance of the symmetrical cell was analysed via electro-
chemical impedance spectroscopy (EIS) under a flow of humidified (3% H2O) gas mixture
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of H2 (10%) and N2 (90%) from 800 ◦C down to 500 ◦C using a home-built test rig. The
EIS was measured with a potentiostat (Autolab PGSTAT302N, Eco Chemie, Utrecht, The
Netherlands) combined with a frequency response analyser (FRA). In addition, the EIS was
measured in the frequency range of 0.1–1 MHz at an applied voltage amplitude of 20 mV.
Finally, the data collected from the testing were analysed and plotted as Nyquist plots
using Nova 2.1.4 software. Moreover, the polarization resistance (Rp) of the anode was
analysed using an electrical circuit fitting.

3. Results and Discussion
3.1. Physicochemical Characterisation

Figure 1 shows the thermogravimetric (TG) and derivative thermogravimetric (DTG)
curves of the as-synthesised NiO–BCZY powder. The TG/DTG curve represents the
multistage thermal decomposition behaviour of the powder with three stages of weight
loss. Initial weight loss is observed at stage 1 accompanied by an endothermic peak in
the DTG plot in the temperature region between 31 ◦C and 206 ◦C with a weight loss of
~5.5% because of dehydration of the adsorbed water and loss of volatile components [27].
In stage 2, which is in the region between 206 ◦C and 757 ◦C, major weight loss is observed
at ~41.7%, and this is supported by endothermic peaks in the DTG plot. A slight artifact
(circled in green) is expected because of a mechanical shock. This major loss is observed as
a result of the decomposition of nitrates and organic compounds such as citric acid (CA) in
the powder [28]. Moreover, the third stage shows a minimal weight loss, which is ~7.0%,
with one endothermic peak in the DTG curve. This is because of the combustion of the
carbon residue. However, almost no weight loss was observed in the DTG plot after stage
3, and the line became plateau, thus indicating the beginning process of crystallization
and phase formation. The TG machine can only be operated up to 1000 ◦C, and thus we
decided to refer to a study reported by [18] to determine any other losses beyond 1000 ◦C.
No further losses were detected based on the study; therefore, 1100 ◦C was chosen as the
calcination temperature for NiO–BCZY powder.
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Figure 2 illustrates the differential scanning calorimetry (DSC) plot. Therein, DSC was
carried out to ascertain the calcination temperature. Based on the figure, the transition
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shows a discontinuity in the baseline. As the temperature increases, the composite might
correspond to the heat of melting and come out with an endothermic peak before the
crystallization process [29]. The exothermic peak at ~291 ◦C correlates with the gaining
of energy by the system for decomposition to take place [30]. The melting process occurs
again and repeats the crystallization process between 500 ◦C and 750 ◦C, as shown by the
exothermic peak. The DSC plot also shows that there is no significant weight loss occurred
above 850 ◦C.
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Figure 2. Differential scanning calorimetry (DSC) plot of as-synthesised NiO–BCZY powder.

Figure 3 shows the XRD pattern of NiO–BCZY powder calcined at 1100 ◦C. No
impurities were observed, and other phases were in the obtained data, thus proving that
the powder is high in purity. The pattern shows a face-centred cubic (FCC) structure
with a space group of Fm-3m. The BCZY pronounced peaks were indexed using the
following Miller indices: (110), (111), (200), (211), (220), (222) and (300) using the Joint
Committee on Powder Diffraction Standards (JCPDS) card of Ba(Ce,Zr)O3 as reference
(card no. 010892485 [18]). Moreover, pronounced peaks for NiO were (111), (200) and
(220) based on the JCPDS card of nickel oxide (card no. 010780643 [18]). The calculated
lattice parameter (a) of NiO–BCZY is 4.332 Å, which is comparable to the reference value
of 4.335 Å [18]. The estimated density (ρ) of the anode powder is 7.696 gcm−3, while the
estimated crystallite size (Dxrd) for NiO and BCZY based on the XRD peaks are 10.04 nm
and 47.67 nm, respectively. The lattice parameter and density of NiO, BCZY and JCPDS
reference are summarised in Table 2.
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Table 2. Values of lattice parameter (a) and density (ρ) of NiO and BCZY.

Material a (Å) ρ (g cm−3)

NiO (this work) 4.1768 6.63
NiO (JCPDS card 010780643) 4.1760 6.81

BCZY (this work) 4.3315 6.12
Ba(Ce,Zr)O3 (JCPDS card 010892485) 4.3436 6.30

Figure 4 depicts the morphology of the NiO–BCZY composite powder after calcining
at 1100 ◦C for 6 h. The morphology of the powder was referred to in previous studies
that used the same material but with higher calcination temperatures [18,31]. The average
particle size measured from the FESEM images (DFESEM) is 51 ± 16 nm. Based on the
images, the powder showed a homogenous distribution with a slight agglomeration (in red
dotted circles) caused by high calcination temperature. Figure 5 shows the EDX spectrum
with information on the weight percentage (wt%) and the mole ratio of each element.
The spectrum shows the presence of nickel (Ni), barium (Ba), cerium (Ce), zirconium (Zr)
and yttrium (Y) in the powder. This indicates that the synthesised powder by the citrate
sol–gel method is pure without any impurities. Table 3 displays the estimated elemental
composition of NiO–BCZY powder calculated using the EDX data. The mole ratio of the
powder was slightly different compared to the nominal mole ratio. It was because the
analysis was performed in a small coverage area, and the composition might not be the
same everywhere [32]. Hence, this analysis was conducted in five different areas to obtain
an average composition for each element with reduced deviation. Based on the EDX and
XRD results, no foreign peak exists in both analyses, thus proving that the citrate sol–gel
method can produce a high-purity powder. The mapping analysis was also conducted
to support the result of powder homogeneity. The result is shown in Figure 6. From the
mapping, purple, blue, yellow, green and red indicate the presence of Ni, Ba, Ce, Zr and Y
elements, respectively. The mapping shows that all elements in the synthesised powder are
homogeneously dispersed. The homogeneity of the elemental distribution is very critical
to produce a high–performance anode.

Table 3. Elemental composition of NiO–BCZY powder after calcining at 1100 ◦C.

Element Mass Percentage from
EDX (wt%)

Calculated Mass
Percentage (wt%) Nominal Mole Ratio Calculated Mole Ratio

Ni 21.40 18.73 1.00 1.00
Ba 35.60 40.11 1.00 1.00
Ce 19.10 22.10 0.54 0.60
Zr 6.20 9.59 0.36 0.30
Y 2.10 2.60 0.10 0.10
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Figure 5. EDX spectrum of the NiO–BCZY powder after calcining at 1100 ◦C.

The particle size distribution of the calcined NiO–BCZY anode composite powder is
shown in Figure 7. The distribution shows a single mode distribution with the particle
distribution in the range of 200–1000 nm and an average particle size of ~501.2 nm. The
distribution of the synthesised powder is narrower and finer compared to the anode powder
synthesised by other conventional methods in the literature [33]. The narrow unimodal
distribution can be attributed to a homogenous powder with reduced agglomeration [34].
This result is also in agreement with the morphology of the powder shown in Figure 4. This
result further supports that the citrate sol–gel method is a potential method to produce
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a homogeneous anode power. The BET surface area (SBET) of the calcined powder was
6.25 m2/g, while the corresponding average particle size (DBET) was 124.74 nm. However,
there are no current data on the BET surface area of this specific material (NiO–BCZY) to
compare with.
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3.2. Characterisation of Anode Film

The FESEM images of the surface and cross-section of the reduced Ni–BCZY anode
films sintered at different temperatures are presented in Figure 8. The thickness and
porosity of the films after reduction are tabulated in Table 4. The films are uniformly
printed onto the electrolyte pellets, and no delamination is observed. Moreover, the surface
porosity for the samples is in the acceptable range of 20–40%. As expected, the porosity of
films decreases because of increasing grain growth as the sintering temperature increases.
The film thickness also decreases as the sintering temperature increases, as demonstrated
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in cross-sectional micrographs. This is attributed to the densification process [35]. The
densification affects the electrical conductivity and electrochemical performance of the
anode through the improved Ni–Ni and BCZY–BCZY network in anode films. Thus,
an appropriate sintering temperature should be determined based on the electrical and
electrochemical performance.
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Table 4. Thickness and porosity of the reduced Ni–BCZY anode films sintered at different temperatures.

Sintering Temperature (◦C) Film Thickness (µm) Porosity (%)

1200 28.95 ± 2.34 33.98 ± 0.52
1300 27.29 ± 2.53 29.47 ± 0.62
1400 26.18 ± 1.20 26.93 ± 0.65

3.2.1. Electrical Conductivity of the Anode

The DC electrical conductivity, σDC of the reduced Ni–BCZY anode films sintered at
1200 ◦C, 1300 ◦C and 1400 ◦C is presented in Figure 9. Based on the figure, the electrical
conductivity decreases with increasing temperature. This indicates that the conductivity
of the anode is dominated by electronic conductivity and consistent with the metallic
behaviour [36]. The conductivity of the anodes sintered at 1200 ◦C, 1300 ◦C and 1400 ◦C
are 443 S/cm, 633 S/cm and 1124 S/cm at 800 ◦C, respectively. These conductivities met
the general requirement of conductivity for an anode (>100 S/cm). It is clear that the anode
sintered at a higher temperature has a higher conductivity because of the increased Ni–Ni
particle connectivity resulting from grain growth, as confirmed in Figure 8. The improved
particle connectivity is very important to improve the electrochemically active sites in the
anode. All the anodes fulfilled the minimum required electrical conductivity of 100 S/cm
at 800 ◦C and, therefore, are suitable for PCFC application. Sawant et al. [36] reported
the conductivity of porous Ni–BCY (~40%) as 745 S/cm at 700 ◦C. This conductivity
was different from the conductivity of the Ni–BCZY anode reported in this study. This
difference indicates that the anode powder preparation method, Ni content, quality of the
fabricated anode and sintering condition affect the overall properties of an anode. The
anode films fabricated by the screen-printing technique in this study showed a uniform
surface morphology and are consistent with several reported studies [25,37,38]. It is worth
noting that an anode with a higher porosity may have a lower conductivity as a result of
reduced Ni–Ni particle networks within the fabricated anode [39]. Thus, it is important to
consider both electrical conductivity and electrochemical performance to determine the
best fabrication condition for an anode.
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Figure 8. FESEM images of (a–c) surface and (d–f) cross section of reduced Ni–BCZY anode films
after sintering at (a,d) 1200 ◦C, (b,e) 1300 ◦C and (c,f) 1400 ◦C for 3 h.
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3.2.2. Electrochemical Performance of Anode

Figure 10 shows the fitted electrochemical impedance spectra (EIS) of the Ni–BCZY/BCY/Ni–
BCZY symmetrical cell measured at 800 ◦C under a humidified (3% H2O) gas mixture of H2
(10%) and N2 (90%). The fitting was performed based on the equivalent electrical circuit
that consists of resistance (R) and constant phase element (CPE), as illustrated in Figure 11.
The total electrode polarization resistance, Rp (Ω), and the area–specific resistance (ASR)
can be calculated from the spectra by the following equations [40]:

Rp = R1 + R2 (9)

ASR = Rp A/2 (10)

where R1 and R2 are the polarisation resistances when the process of charge transfer and
gas diffusion occurs [41,42]. In this equation, A represents the active working area of
the anode (1 cm2). The impedance spectra contained two arcs in which the capacitances
were >10−5 F and <10−6 F, related to the reaction of the anode and the reaction of the
electrolyte, respectively [43]. Therefore, only resistance from the response of the electrode
was used to calculate the ASR from Equation (10). Hence, for the anodes that sintered at
1200 ◦C and 1300 ◦C, only R2 was used to calculate the ASR, while for the anode sintered
at 1400 ◦C, both R1 and R2 were used to calculate the ASR. The pattern observed in the
plot was identical to that of the previous studies [41,44]. Based on the fitting process,
the characteristic frequency (fmax) and capacitance (C) were calculated by the following
equations [45]:

C = Y
1
n ·R

1
n−1 (11)

fmax =
1

2π·R·C (12)

where Y and n are the parameters related to the CPEs while R is the resistance. The
calculated values of C, fmax, R1, R2 and ASR are tabulated in Table 5. Rs is referred to the
resistance of connecting wire or noise, while Rp is identified as electrode response with a
capacitance value of <10−6 F [46].
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Figure 10. Electrochemical impedance spectra and fitted results of the Ni–BCZY/BCY/Ni–BCZY
symmetrical cell operated at 800 ◦C under a humidified gas mixture of H2 (10%) and N2 (90%)
sintered at 1200 ◦C, 1300 ◦C and 1400 ◦C.
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The ASR value of the anode sintered at 1400 ◦C is 1.165 Ω cm2, which is in close prox-
imity to the generally recommended value for an electrode (<1.0 Ω cm2). It is noteworthy
that this value is significantly influenced by the properties of the screen-printing ink used
in the screen-printing process. According to several studies [24,25], the ASR value of the
anode can be further decreased by enhancing the ingredients and rheology of the ink. This
may be a plausible explanation for the marginally elevated ASR values obtained in this
study. Thus, improving the ink’s characteristics could lead to a reduction in the ASR value
of the anode. However, the ASR values for the anode sintered at 1200 ◦C and 1300 ◦C are
higher than the anode sintered at 1400 ◦C. This result indicates that the anodes sintered at
low sintering temperatures possessed poor particle connectivity and were consistent with
their microstructure shown in Figure 8. As a result, the anodes sintered at 1200 ◦C and
1300 ◦C exhibited a high polarisation resistance. According to Jais et al. [37], the thickness
of the anode layer must not exceed 35 µm to avoid high polarization resistance due to
difficulty in the gas transportation to the electrochemically active sites. However, all the
anode films in this study have a thickness less than the suggested thickness. The anode was
not sintered at a temperature above 1400 ◦C to avoid Ba evaporation and grain growth [47].
Based on its electrical and electrochemical performance, the anode sintered at 1400 ◦C is
expected to be acceptable for PCFC application, which is consistent with several previous
studies, as shown in Table 6. However, the anode’s performance requires further improve-
ment, which could be achieved by enhancing the properties of the prepared ink. It is worth
noting that the anode’s performance depends on various factors, including the powder
preparation method, anode preparation technique, fabrication conditions and reducing
conditions. This explains why the anode prepared by the screen-printing technique in this
study exhibited a slightly higher ASR value compared to other anodes in Table 6.
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Table 5. Capacitance, resistance, characteristic frequency and area-specific resistance for the equivalent circuit of the cells.

Sintering Temperature
(◦C)

Resistance 1, R1
(Ω cm2)

Resistance 2, R2
(Ω cm2)

Area Specific Resistance ASR,
(Ω cm2)

Capacitance, C (F) Frequency, fmax (Hz)
CPE1 CPE2 f CPE1 f CPE2

1200 55.827 32.668 16.334 9.00 × 10−8 7.92 × 10−4 3.17 × 104 6.15
1300 19.978 10.692 5.346 2.25 × 10−7 4.12 × 10−3 3.53 × 104 3.61
1400 1.982 0.348 1.165 1.62 × 10−5 3.78 × 10−2 4.97 × 103 12.1

Table 6. List of studies on PCFC anode materials.

Anode Powder Preparation
Method

Anode Preparation
Technique Electrolyte Sintering Condition Reducing Condition Activation Energy (eV) ASR (Ω cm2) Reference

1 Ni–BCZY Sol–gel Screen–printing 2 BCY 1400 (3 h)
Humidified (3%H2O)

10%H2–90%N2,
800 ◦C (2 h)

_ 1.165 (800 ◦C,
10%H2–90%N2, 3%H2O) In this work

3 Ni–BCY Ball milling Brush–Painting 4 BCY 1200 (2 h) Wet H2, 900 ◦C (1 h) 0.26 1.06–0.39
(600–900 ◦C, wet H2) [10]

5 Ni–BCGC Ball milling Brush–Painting 6 BCGC 1200 (2 h) Wet H2, 900 ◦C (1 h) 0.46 0.7–0.15
(600–900 ◦C, wet H2) [10]

7 Ni–BZCYYb Ball milling Dry pressing 8 BZCYYb-ZnO 1300 (4 h) 5%H2 in N2,
700 (2 h) 0.52 0.0245 (600 ◦C, pure H2) [48]

9 Ni–BZCYYb Ball milling Dry pressing 10 BZCYYb 1450 (5 h) Humidified H2
(~3% H2O) 0.82

0.31 (550 ◦C),
0.23 (600 ◦C),

0.19 (650 ◦C) (~3% H2O)
[49]

11 Ni–BZCY Sol–gel Dry pressing 12 BZCY 1400 (5 h) _ _ _ [11]
13 Ni–BZCYYb Ball milling Dry pressing 14 BZCYYb 1450 (10 h) 10% H2–90%N2 0.85 0.15 (600 ◦C) [50]

15 Ni–BZCYYb Ball milling Extrusion 16 BZCYYb
900 (1 h)

1350 (3 h)
950 (1 h)

Humidified H2
(3%H2O) 1.18 _ [51]

17 Ni–BSCZY Ball milling Tape casting 18 BSCIY 1450 (4 h) 95%Ar–5%H2,
800 ◦C (4 h) 0.74 _ [52]

Notes: 1 Ni–BaCe0.54Zr0.36Y0.1O3-δ; 2 BaCe0.9Y0.1O3-δ; 3 Ni–BaCe0.8Y0.2O3-δ; 4 BaCe0.8Y0.2O3-δ; 5 Ni–BaCe0.89Gd0.1Cu0.01O3-δ; 6 BaCe0.89Gd0.1Cu0.01O3-δ; 7 Ni–BaZr0.1Ce0.7Y0.1Yb0.1O3-δ;
8 BaZr0.1Ce0.7Y0.1Yb0.1O3-δ; 9 Ni–BaZr0.1Ce0.7Y0.1Yb0.1O3-δ; 10 BaZr0.1Ce0.7Y0.1Yb0.1O3-δ; 11 Ni–BaZr0.3Ce0.5Y0.2O3-δ; 12 BaZr0.3Ce0.5Y0.2O3-δ; 13 Ni–Ba(Zr0.1Ce0.7Y0.1Yb0.1)0.95O3-δ;
14 Ba(Zr0.1Ce0.7Y0.1Yb0.1)0.95O3-δ; 15 Ni–BaZr0.1Ce0.7Y0.1Yb0.1O3-δ; 16 BaZr0.1Ce0.7Y0.1Yb0.1O3-δ; 17 Ni–Ba0.8Sr0.2Ce0.6Zr0.2Y0.2O3-δ; 18 Ba0.8Sr0.2Ce0.6Zr0.2Y0.2O3-δ.
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4. Conclusions

Composite anode powder of NiO–BaCe0.54Zr0.36Y0.1O3-δ (NiO–BCZY) was success-
fully prepared through the citrate sol–gel method. TGA analysis suggested the appropriate
calcination temperature of the powder as 1100 ◦C to obtain a high purity power. The sizes
of particles calculated by XRD, FESEM, PSA and BET analyses were 47.67 nm, 51 ± 16 nm,
~501.2 nm and 124.74 nm, respectively. The distribution of the elements in the powder
was homogenous, as confirmed by EDX mapping. The porosities of reduced Ni–BCZY
anodes sintered at 1200 ◦C, 1300 ◦C and 1400 ◦C were 33.98% ± 0.52, 29.47% ± 0.62 and
26.93% ± 0.65, respectively. Moreover, the conductivities of the anode sintered at 1200 ◦C,
1300 ◦C and 1400 ◦C were 443 S/cm, 663 S/cm and 1124 S/cm at 800 ◦C, respectively. The
anode sintered at 1400 ◦C exhibited the lowest ASR of 1.165 Ωcm2 in a humidified (3%
H2O) gas mixture of H2 (10%) and N2 (90%). Based on the electrical and electrochemical
performance, the anode sintered at 1400 ◦C in this study is acceptable for PCFC application
by considering the Ni growth and evaporation of Ba at high temperatures (>1500 ◦C).
Further improvement of the anode’s performance can be achieved by considering the
properties of the screen-printing ink used for its preparation. Additionally, investigating
the anode’s tolerance towards carbon deposition and sulphur poisoning in hydrocarbon
fuel is recommended.
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