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Abstract: Cermet films consisting of Ni, BaCe0.4Zr0.4Y0.2O3−δ (BCZY), and Gd0.1Ce0.9Ox (GDC),
specifically, 60 wt%Ni–BCZY, 60 wt%Ni–BCZY–GDC, and 60 wt%Ni–GDC, were formed on BCZY
electrolyte supports as anodes of proton ceramic fuel cells (PCFCs). The Ni grain size in these films
after sintering at 1450 ◦C was around 2 µm. The GDC addition did not affect the Ni grain size in the
case of the BCZY matrix. The anodic properties greatly depended on the oxide phase composition
and worsened with increasing the GDC content. This probably occurred because of the addition
of GDC, which has low proton conductivity and inhibited the proton conduction path of BCZY,
reducing three-phase boundaries in the anode bulk. Since BCZY has a lower grain growth rate during
sintering than BaCe0.8Y0.2O3−δ, the Ni grain growth was likely suppressed by the surrounding Ni
grains containing small BCZY grains.
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1. Introduction

Achieving carbon neutrality is now one of the global goals, and the use of hydrogen
energy is one of the key technologies. Fuel cells are power generators that can make the most
of hydrogen energy without releasing CO2. Among them, solid oxide fuel cells (SOFCs) are
composed of ceramics, are highly active, and have the highest power generation efficiency
because they can operate at high temperatures (~800 ◦C) [1]. Another advantage of SOFCs
is that platinum used as an electrode material for polymer electrolyte membrane fuel cells
(PEMFCs) is not required. Platinum is extremely scarce and expensive, which drives up the
cost of PEMFCs. Since platinum is deactivated by combining with CO contained in fuel, it
is necessary to remove CO in fuel hydrogen to an extremely low concentration [2]. On the
contrary, CO can be used directly as a fuel in SOFCs, which significantly reduces the cost of
the hydrogen production process [3].

However, operating at high temperatures over 700 ◦C leads to undesired chemical re-
actions between electrode and electrolyte [4] and a decrease in activity due to coarsening of
Ni grains [5], hampering long-term stability. Further, thermally durable metallic parts such
as Ni-alloys should be used, which increases the cost of the cell module. For these reasons,
extensive research has been recently conducted on the intermediate-temperature operation
of fuel cells at 500~600 ◦C. It is, however, difficult for the conventional yttria-stabilized
zirconia (YSZ) electrolyte-based SOFCs to operate stably at such low temperatures because
the resistance of YSZ is predominantly large at such low temperatures. The electrical
conductivity of 8 mol%YSZ at 600 ◦C is as low as the level of around 10−3 S cm−1 [6].
Gadolinia-doped ceria (GDC) [7] and (La,Sr)(Ga,Mg)O3-based oxides [8] have electrical
conductivity several times higher than that of YSZ, but still the order of 10−2 S cm−1 at
600 ◦C.

In recent years, next-generation ceramic fuel cells using proton-conducting oxides
instead of oxide ion conductors as electrolytes, i.e., proton ceramic fuel cells (PCFCs), are
being developed [9,10]. For example, proton-conducting perovskite-type oxides such as
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yttrium-doped barium cerates (BaCe0.8Y0.2O3−δ (BCY)) [11,12] and zirconates (BZY) [13]
have a low activation energy and high proton conductivity even at ~600 ◦C; conductivity
of BCY with 97% density at 600 ◦C is about 2 × 10−2 S cm−1 [14], one order of magnitude
greater than that of YSZ at the same temperature. PCFCs using proton conducting oxides,
therefore, have a great potential to operate at below 600 ◦C. Operating a cell at below
600 ◦C allows us to use cheaper metal materials, such as stainless steel. Another advantage
of PCFC is that no water is, in principle, generated at the fuel electrode, so the hydrogen
fuel can keep its high concentration.

However, despite its high proton conductivity, BCY is chemically unstable at high
temperatures, mainly because of its reaction with CO2 [15,16]. BZY is more chemically
stable, but it has low sinterability and requires high-temperature sintering (>1600 ◦C) to
turn into dense bodies [17,18]. BaCe0.4Zr0.4Y0.2O3−δ (BCZY), which has both Ce and Zr at
the B-site of the perovskite structure (ABO3), is expected to be a proton-conducting oxide
combining the high proton conductivity of BCY and the high chemical stability of BZY [19].

Cermets consisting of Ni and a proton-conducting oxide, such as Ni–BCY [20] and
Ni–BCZY [21], are frequently used as the anode materials in PCFCs. Studies on PCFC
anodes have demonstrated that the proton conductivity of the proton-conducting oxide
phase strongly affects the anodic properties. An anode-supported PCFC consisting of
thin proton-conducting film attached to an anode support is a low-resistance cell struc-
ture [22]. We previously succeeded in fabricating a dense ~10 µm-thick BCY film on a
Ni–BCY anode support via electrophoretic deposition followed by sintering at 1450 ◦C [23];
the area specific resistance of the BCY film was as low as 0.58 Ω cm2. However, the co-
sintering of the anode support with the electrolyte film resulted in Ni grain coarsening in
the anode and/or excessive densification of its support, which increased the polarization
resistance of the anode. Microstructure, such as porosity, is the factor that can determine
the electrode properties [24–27]. So far, many studies have been performed to derive
an optimal structure for Ni-cermet anodes of PCFC. Several studies have investigated
the polarization resistance of anodes porosity-controlled by adding a porogen, such as
starch. Nasani et al. [26] investigated the influence of the porosity of the anode on the
polarization resistance of the Ni–BZY anode. Taillades et al., [27] controlled the porosity
and microstructure of Ni–BCY anode using a gelled starch as a pore former. They revealed
that the use of gelling starch gives rise to homogeneous open pores and higher metallic
conductivity. Ni grain size distribution is also a decisive factor for anode catalytic activity.
Thus, proper porosity control is an essential factor for high anode activity. Moreover,
since Ni-cermets containing the proton conducting oxides mentioned above are generally
sintered at high temperatures, it is concerning that Ni grain growth after the sintering
reduces the catalytic activity. Infiltration of Ni solution into a pre-sintered oxide scaffold
has been elaborated [28–30]. This technique allows the sintering of the impregnated Ni
or other catalyst precursors at low temperatures to achieve a homogeneous distribution
of Ni nanoparticles and to suppress NiO diffusion into the oxide phase. Fine particles
dispersed may exhibit high initial catalytic properties, but the concern of Ni agglomeration
during long-term operation cannot be eliminated. We previously found that the grain
growth in a BCY-dense sinter was significantly suppressed by adding GDC [31]. Moreover,
the addition of Gd0.1Ce0.9Ox (GDC) as a third component in Ni–BCY sintering, yielding
Ni–BCY–GDC, remarkably suppresses the growth of Ni grains after sintering at 1450 ◦C,
and this phenomenon is related to the volume fraction and grain size of the surround-
ing oxide matrix [32]. NiO is frequently used as a sintering aid of proton-conducting
oxides [33,34]; therefore, its presence may promote the sintering of the BCY phase, re-
sulting in NiO grain growth as well. The reduction of Ni grain size by GDC addition
significantly improves the electronic conductivity of the Ni metal phases. Furthermore, the
addition of GDC significantly enhances the CO2 resistance of BCY [31], and it also reduces
the BCY grain size, having a positive effect on the Ni grain size after the high-temperature
sintering and the CO2 resistance.
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GDC is a good oxide ion conductor and exhibits electron conduction associated with
the reduction of Ce4+ to Ce3+ in a reducing atmosphere [35]. Nonetheless, since its proton
conductivity is extremely low [36], adding GDC to Ni–BCY may decrease the proton
transference number of the oxide phase. The addition of GDC, therefore, can have the effect
of both refinements of Ni and a decrease in proton conductivity of the anode of PCFC. In
this study, we investigated the effects of GDC addition on the anode activity of Ni-anode
films of an electrolyte-supported PCFC.

In this study, BCZY instead of BCY was used as the electrolyte and secondary phase
of the Ni-anode of PCFC, and the effect of GDC addition on the anode morphology and
electrode properties was investigated for Ni–BCZY–GDC with a weight ratio of 6:2:2 and
compared to Ni–BCZY and Ni–GDC. BCZY–GDC composites have been examined as a
dual-phase hydrogen separation membrane where GDC acted as an electronic conduction
phase in the reducing atmosphere [37]. It is anticipated that the reduction of Ce4+ to Ce3+

causes lattice expansion and mechanical instability of the film. Mortalò et al. [38], however,
revealed by the phase analysis in the operating temperature that GDC is less reducible in
the presence of BCZY, resulting in high mechanical stability under reducing conditions
at high temperatures. Therefore, Ni-BCZY-GDC is also expected to be a promising anode
material for PCFC, which has high Ni dispersion and chemical and mechanical stability
even at high temperatures.

2. Experimental Section
2.1. Sample Preparation
2.1.1. Ceramic Phase

First, BCZY was prepared through a solid-state reaction between the following starting
materials at the stoichiometric amounts: BaCO3 (>99.9%), CeO2 (>99.9%), ZrO2 (>99%),
and Y2O3 (>99.9%) powders (Kojundo Kagaku, Sakado, Japan). These chemicals were all
used without further purification. First, the mixed powders were pressed into a disk at
15 MPa for 30 s using a uniaxial pressure molding apparatus and then fired at 1200 ◦C in
air for 4 h. The disk was crashed coarsely and balled-milled in ethanol for 2 h using Nylon
pot and zirconia balls with a diameter of ~5 mm.

2.1.2. NiO Cermet Anodes

As anode materials, NiO–BCZY, NiO–BCZY–GDC, and NiO–GDC mixtures were
first prepared. The NiO amount was adjusted to obtain 60 wt% Ni metal after the reduc-
tion process. First, the powders of NiO (d = 0.5 µm, Sumitomo Metal Mining Co., Ltd.,
Tokyo, Japan) and BCZY or GDC (AGC Seimi Chemical, Chigasaki, Japan) were weighed
with a weight ratio of 66:34 for NiO–BCZY, 66:17:17 for NiO–BCZY–GDC and 66:34 for
NiO–GDC. These weight ratios correspond to those of 60:40, 60:20:20, and 60:40 for
Ni–BCZY, Ni–BCZY–GDC, and Ni–GDC, respectively. The weighed powders and zir-
conia balls with a diameter of 10 mm were placed in a Nylon pot and mixed by the ball
milling in dry for 2 h. The mixed powders were calcined in air at 1000 ◦C for 5 h. The
product was crushed via ball milling in ethanol, and then the dried powders were pressed
into a pellet by a uniaxial press at a pressure of 20 MPa. The obtained pellets were calcined
in the air at 1300 ◦C for 4 h, and the resulting solid was again crushed by the ball milling
for 24 h.

2.1.3. Test Cells

First, a BCZY powder was pressed into pellets at 20 MPa, calcined in air at 1500 ◦C for
4 h, and used as the proton-conducting electrolyte support having a diameter of 10 mm and
a thickness of 0.6 mm. In order to avoid the evaporation of Ba element, the BCZY disks were
calcined while immersed in a BCZY powder having an identical elemental composition.

The anode powders were mixed with α-terpineol (Kanto Chemical, Tokyo, Japan)
to form a slurry and printed on one surface of the prepared electrolyte pellets by using
a table coater (TC-3, Mitsui Electric, Fukuoka, Japan). The thickness of the anode films
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was adjusted with the variable applicator (AP-150d, Mitsui Electric) to 20 µm; the printed
anodes were sintered at 1450 ◦C for 4 h. Next, counter and reference electrodes were formed
with platinum paste (TR-7907, Tanaka Precious Metal, Tokyo, Japan) on the opposite surface
of the pellets and fired at 1000 ◦C for 1 h. The areas of the anode, counter electrode, and
reference electrode were 0.28, 0.28, and 0.03 cm2, respectively. Pt paste was further applied
over the anode surface as a current collector.

2.2. Measurements
2.2.1. Anode Characterization

The cermet powders and sintered pellets were characterized with an X-ray diffractom-
etry (XRD, X’Pert Pro MPD, PANalytical, Malvern, UK) system using Cu Kα X-ray. The
morphology and elemental composition of the anode surfaces were evaluated via scanning
electron microscopy and energy-dispersive X-ray spectroscopy (SEM-EDS, JSM-6510LA,
JEOL, Tokyo, Japan). Anode pellets for XRD and SEM-EDS analysis were sintered in air
and then subjected to hydrogen reduction to reduce NiO into Ni at 800 ◦C for 2 h under a
4% H2/N2 flow.

2.2.2. Impedance Analysis

Three-terminal cells were prepared based on yttrium-stabilized zirconia and BCZY
support disks. Ni cermet films were deposited by slurry coating on the disks, and Pt counter
and reference electrodes were formed on the other side of the disks with Pt paste. Prior to
the impedance test, 4% H2/N2 gas was passed through the anode side with a flow rate of
50 mL min−1 at 800 ◦C for 2 h to reduce NiO. For the impedance tests, the anode side was
exposed to 4% H2/N2 fuel gas after passing through a water reservoir at room temperature,
with a flow rate of 50 mL min−1, while the reference and counter electrodes were exposed
to compressed air with the identical flow rate. Impedance spectra were recorded under an
open-circuit voltage with an AC amplitude of 50 mV in the frequency range between 1 × 106

and 1 × 10−2 Hz using the impedance analyzer (SI 1260, Solartron Analytical, Farnborough,
UK) connected with the potentiostat/galvanostat (SI 1287, Solartron Analytical).

3. Results and Discussion
3.1. XRD Analysis of Ni–BCZY–GDC

The Ni cermet powders were characterized by XRD. Figure 1 shows the XRD patterns
of the cermet disks sintered at 1450 ◦C followed by the H2 reduction. The XRD pattern of
BCZY revealed cubic symmetry and a Pm-3 m space group, as reported elsewhere [39]. The
Ni–BCZY and Ni–BCZY–GDC and Ni–GDC powders were identified as simple mixtures
of Ni metal, the constituent oxides. Very weak peaks for NiO were observed, but almost all
Ni was reduced under the given conditions.

3.2. Anode Surface Morphology

Figure 2 shows the SEM images and corresponding EDS elemental maps of the
anode surfaces. Micrometer-sized pores are scattered on the surface of Ni–BCZY and
Ni–BCZY–GDC films, and pores are particularly conspicuous in Ni–BCZY. Ni–GDC film
showed a relatively dense phase on its surface. Since pore size tends to be small with an
increase in GDC content, GDC probably acts as a sintering aid. In all the films, nano-sized
fine pores were observed in the Ni grains, which can be attributed to a trace of oxygen
dissociation from NiO accompanying the hydrogen reduction. According to the EDS anal-
ysis, Ni grains with a grain size of a few micrometers were connected and surrounded
by the oxide phases. The mean size of Ni grains was evaluated from the EDS images
for the randomly selected 30 grains; the size of an ellipsoidal grain was defined as the
average of the short and long diameters. Table 1 lists the mean sizes of the Ni grains in the
anodes derived from the elemental mapping, which had similar values (~2 µm) among
the three anodes. In the previous study [32] on Ni grain growth in sintered Ni–BCY and
Ni–BCY–GDC disks, the mean Ni grain sizes in those containing 60 wt% Ni after sintering
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at 1450 ◦C were 6.4 and 3 µm, respectively. In the present study, porous anode films of
Ni–BCZY and Ni–BCZY–GDC exhibited smaller Ni grain size after sintering at 1450 ◦C
than the dense Ni-cermets with or without adding GDC. Figure 3 displays the EDS Ni
elemental maps of the surface of the Ni–BCZY, Ni–BCZY–GDC, and Ni–GDC disks sintered
at 1450 ◦C. Despite being sintered at the same temperature as the slurry-coated films in
Figure 2, the disk compact had a denser form than the slurry-coated anode membranes.
This probably occurred because the bulk density of the disk molding was increased by the
uniaxial pressing process. The Ni–BCZY sintered disk apparently has a larger grain size
than the porous film, suggesting that the small size of Ni grains in the Ni–BCZY anode
film is affected by the existence of pores. On the other hand, Ni grain growth is highly
suppressed in the case of Ni–BCZY–GDC and Ni–GDC. Therefore, the slurry-coated films
of Ni–BCZY–GDC and GDC are affected in their Ni grain sizes by pores and/or GDC phase.
Grain growth suppression by a secondary phase, that is, solid particles and/or pores, has
been interpreted as the pinning effect retarding grain boundary migration of the matrix
phase. In general, there is the following relationship between grain size and pinning as the
Zener Equation (1).

D = α
( p

r

)−1
(1)

where D is crystal grain size, r is the diameter of the secondary phase, p is the volume
fraction of the secondary phase, and α is a geometric factor. In our previous study [32], a
linear relationship was obtained between D (Ni grain size in Ni–BCY–GDC) and r/p (grain
size of GDC over volume fraction of GDC) as predicted in Equation (1). This could be due
to the pinning force by the GDC phase. If the secondary phase involved in Equation (1)
is pore, p is porosity, and r is pore size. If Ni grain growth in Ni–BCZY is inhibited by
pores, the Ni grain size should depend on the parameter p/r of the pores. A quantitative
discussion on porosity and Ni grain size is necessary in the future.
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Figure 1. X-ray diffractograms of the Ni–BaCe0.4Zr0.4Y0.2O3−δ (BCZY), Ni–BCZY–Gd0.1Ce0.9Ox
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The XRD peaks marked by N, B and G are attributed to those of Ni, BCZY and GDC, respectively.
Asterisks are those from the unreduced NiO component.
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Liu et al. [40] developed a model for pore-controlled inhibition of grain growth and
applied it to grain sizes in alumina, tungsten, and uranium oxide porous media. They
obtained a linear relationship between pore surface area per unit volume and inverse
particle size. In a similar mechanism, Ni grain growth, in this study, is possibly inhibited by
the pores. In the case of Ni–GDC, the morphology is denser than the other two, so Ni/GDC
grain boundary contacts could act as the inhibitor of Ni grain growth.
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3.3. Anodic Properties

Figure 4 displays the Nyquist plots of the half-cells based on the fabricated anode
films on a BCZY electrolyte substrate in a three-terminal configuration. Each plot had an
ohmic component and a flattened arc; the flattened arcs likely consisted of overlapping
arc components. Since the separation of the arc components was unclear, the entire arc
components were evaluated as the electrode resistance. The ohmic component on the
high-frequency side, instead, was attributed to the resistance from the electrolyte and
lead wires of the cell holder. The ohmic resistance was in the range of 2.5–3.5 Ω cm2 and
decreased with increasing the temperature. Since the thickness of the BCZY electrolyte disk
was 0.06 cm, the apparent resistivity of the ohmic components was around 41.7–58.3 Ω cm2,
which is comparable with the values reported for BCZY in a wet H2 atmosphere [41].
Moreover, the resistance values of the arc component attributed to the anode resistance
decreased with increasing the temperature. However, regardless of the temperature, the
anode resistance followed this order: Ni–GDC > Ni–BCZY–GDC > Ni–BCZY. The anode
resistance of Ni–GDC was the largest by far.
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Figure 4. Nyquist plots of the (a) Ni−BCZY, (b) Ni−BCZY−GDC, and (c) Ni−GDC anode films on
the BCZY electrolyte, measured at different temperatures in a three-terminal configuration with Pt
counter and reference electrodes.

Figure 5 shows the temperature dependences of the anode resistances evaluated from
the total width of arcs in the Nyquist plots in the range of 500–600 ◦C, along with the derived
activation energies. Compared the activation energies of Ni–BCZY and Ni–BCZY–GDC to
that of Ni–GDC, the latter value is much larger than those of formers. Since the Ni grain size
was about the same for the three anodes, the anode resistance likely reflects the difference
in their oxide phases as it increases along with the GDC content in them. In the Ni–BCZY
and Ni–BCZY–GDC anodes, the BCZY phase probably contributed to the anode resistance
reduction as a proton-conducting phase because its presence expanded the reaction field
within the electrode bulk. GDC is a good oxide ion conductor, but it can be a minor electric
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carrier in wet-condition protons formed by water dissociation. Zhu et al. [35] investigated
proton conduction in wet conditions. According to their report, the conductivity at 700 ◦C
in 81%RH is ~2.7 × 10−2 S cm−1; however, the transport number of proton conduction
does not exceed 2.63%. Their results suggest that the protonic conductivity of GDC at
700 ◦C is much smaller than that of BCZY. Therefore, we can assume that the GDC phase
hardly contributed to proton conduction in Ni–BCZY–GDC, and, thus, the GDC addition
apparently inhibited the proton conduction of the anode. In Ni–BCZY–GDC, the volume
fractions of the BCZY and GDC phases were about 0.32 and 0.20, respectively. According
to the Ba elemental maps shown in Figure 2, the Ba distribution intensity was smaller
in Ni–BCZY–GDC than in Ni–BCZY. Nonetheless, the spots of Ba (as detected via EDS)
originated from the BCZY grains apparently aggregated to form grain chains in the anode.
This is probably why the anode characteristics of Ni–BCZY–GDC were inferior but close
to those of Ni–BCZY. The activation energies of Ni–BCZY and Ni–BCZY–GDC anodes
are 0.30 and 0.40 eV, respectively, and those values are close to that of proton conduction
in BCZY [41]. We tentatively consider that those two values are significantly different.
Baral [42] reported the proton conductivity of BCZY. The activation energy for the total
conductivity of BCZY was evaluated as 0.48 eV in a temperature range of 250–320 ◦C
and 0.30 eV in 400–600 ◦C. Proton conductivity in the former range is governed by the
conduction in grain boundary, and the latter is in bulk. The volume fractions of BCZY
in the cermets are 40 and 20% in Ni–BCZY and Ni–BCZY–GDC, respectively. The higher
activation energy in Ni–BCZY–GDC is probably due to the fact that proton conduction
at the grain boundaries contributes to the total conductivity more than that in Ni–BCZY.
It is deduced that proton conduction in the anode layer is a rate-determining process in
Ni–BCZY and Ni–BCZY–GDC anodes. On the other hand, a three-phase boundary is
confined to the interface between the electrode and electrolyte layers in the case of Ni-GDC
because proton conductivity in the electrode layer is negligibly small. The activation energy
of Ni–GDC is 0.85 eV, significantly higher than those of the other two anodes. A possible
rate-determining process is hydrogen transfer to the three-phase boundary via surface
and/or bulk diffusion of a hydrogen atom and gas diffusion through the pores.

Ceramics 2023, 6, FOR PEER REVIEW  9 
 

 

activation energy for the total conductivity of BCZY was evaluated as 0.48 eV in a temper-
ature range of 250–320 °C and 0.30 eV in 400–600 °C. Proton conductivity in the former 
range is governed by the conduction in grain boundary, and the latter is in bulk. The vol-
ume fractions of BCZY in the cermets are 40 and 20% in Ni–BCZY and Ni–BCZY–GDC, 
respectively. The higher activation energy in Ni–BCZY–GDC is probably due to the fact 
that proton conduction at the grain boundaries contributes to the total conductivity more 
than that in Ni–BCZY. It is deduced that proton conduction in the anode layer is a rate-
determining process in Ni–BCZY and Ni–BCZY–GDC anodes. On the other hand, a three-
phase boundary is confined to the interface between the electrode and electrolyte layers 
in the case of Ni-GDC because proton conductivity in the electrode layer is negligibly 
small. The activation energy of Ni–GDC is 0.85 eV, significantly higher than those of the 
other two anodes. A possible rate-determining process is hydrogen transfer to the three-
phase boundary via surface and/or bulk diffusion of a hydrogen atom and gas diffusion 
through the pores. 

Our results demonstrate that the use of BCZY as the oxide phase suppresses Ni grain 
growth after high-temperature sintering compared to BCY. In the case of BCY, the GDC 
addition significantly suppresses Ni grain growth, but such an effect was not observed in 
BCZY, where, instead, the proton conduction was inhibited, lowering the anodic proper-
ties. 

 
Figure 5. Temperature dependence of the resistance of the Ni−BCZY, Ni−BCZY−GDC, and Ni−GDC 
anodes formed on BCZY electrolyte supports with Pt counter and reference electrodes in 4% H2/N2. 

4. Conclusions 
This study aimed to establish a method for preparing a PCFC anode film where Ni 

grain growth after high-temperature sintering is highly suppressed. Ni–BCZY, Ni–BCZY–
GDC, and Ni–GDC films containing 60 wt% Ni were prepared by the solid-state reaction 
process and tested as an anode of a BCZY-electrolyte-supported PCFC by using imped-
ance spectroscopy. Press-formed Ni-cermet discs showed a dense morphology by sinter-
ing at 1450 °C. Remarkable Ni grain growth was observed in Ni–BCZY after the sintering. 
In contrast, grain sizes of Ni and the oxide phases were significantly smaller in the GDC–
added cermets than in Ni–BCZY, suggesting that the addition of GDC to Ni–BCZY has 
the effect of inhibiting the grain growth of the tissue. Ni-cermet films formed with slurry 
coating on a BCZY substrate showed a porous morphology even after sintering at 1450 
°C. In the porous cermet films, the Ni size was approximately 2 µm with or without GDC, 
suggesting that Ni grain growth, in this case, is mainly inhibited by pores. 

Figure 5. Temperature dependence of the resistance of the Ni−BCZY, Ni−BCZY−GDC, and Ni−GDC
anodes formed on BCZY electrolyte supports with Pt counter and reference electrodes in 4% H2/N2.

Our results demonstrate that the use of BCZY as the oxide phase suppresses Ni grain
growth after high-temperature sintering compared to BCY. In the case of BCY, the GDC
addition significantly suppresses Ni grain growth, but such an effect was not observed in
BCZY, where, instead, the proton conduction was inhibited, lowering the anodic properties.
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4. Conclusions

This study aimed to establish a method for preparing a PCFC anode film where Ni grain
growth after high-temperature sintering is highly suppressed. Ni–BCZY, Ni–BCZY–GDC,
and Ni–GDC films containing 60 wt% Ni were prepared by the solid-state reaction pro-
cess and tested as an anode of a BCZY-electrolyte-supported PCFC by using impedance
spectroscopy. Press-formed Ni-cermet discs showed a dense morphology by sintering at
1450 ◦C. Remarkable Ni grain growth was observed in Ni–BCZY after the sintering. In con-
trast, grain sizes of Ni and the oxide phases were significantly smaller in the GDC–added
cermets than in Ni–BCZY, suggesting that the addition of GDC to Ni–BCZY has the effect
of inhibiting the grain growth of the tissue. Ni-cermet films formed with slurry coating
on a BCZY substrate showed a porous morphology even after sintering at 1450 ◦C. In the
porous cermet films, the Ni size was approximately 2 µm with or without GDC, suggesting
that Ni grain growth, in this case, is mainly inhibited by pores.

Anode resistance in 4% H2 was evaluated with the three-terminal impedance analyses
and resulted in the order of Ni–BCZY < Ni–BCZY–GDC << Ni–GDC and GDC addition
rather increases anode resistance. Since the proton conductivity of GDC is much smaller
than that of BCZY, the proton conductivity of the oxide phase greatly contributed to the
properties of the Ni–BCZY system. In this study, the amount of GDC in Ni–BCZY–GDC is
equivalent to that of BCZY, that is 20 wt%. From the viewpoint of anodic property in the
short term, GDC is considered not to be necessary in the porous phase anode. However, in
our previous result, GDC addition to the BCZY phase prevented BaO from carbonization
under the existence of CO2. Therefore, we believe that the effect of adding reduced GDC to
Ni–BCZY–GDC is still worth investigating in terms of short-term and long-term stability.
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