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Ni/yttria-stabilized zirconia anodes of solid oxide fuel cells are fabricated by a wet infiltration technique and the
ability of the infiltration technique to control the anode microstructure is quantitatively demonstrated by a de-
tailed three-dimensional microstructural analysis. The microstructural analysis reveals favorable aspects of the
infiltrated anodes, such as larger triple-phase boundary density and sufficiently large pore size, and they are
mostly unachievable by the conventional powder-mixing and sintering approaches. The improved controllability
of the infiltration technique is expected to beuseful to tailor porousmicrostructures tomeet themultiple require-
ments for transport and electrochemical reactions within the anodes.
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It has become a common understanding that the performance and
durability of solid oxide fuel cell (SOFC) electrodes are significantly in-
fluenced by their submicron-scale porous structures. For example, the
phase connectivity and tortuosity factor determine the transport prop-
erties of active species in the electrodes, whereas the triple-phase
boundary (TPB) and double-phase boundary (DPB) densities determine
the electrochemical activity. The recent development of three-dimen-
sional (3D) imaging techniques, such as focused ion beam scanning
electron microscopy (FIB-SEM) and X-ray computed nanotomography,
has enabled imaging of the complex 3D microstructure of electrodes
with nanoscale resolution. This initiated discussion on the quantitative
relationships between the electrode microstructure and performance.
As a result of the extensive investigation of such relationships we can
now begin to correlate the electrode performance with certain micro-
structural properties [1–4], and also understand theperformance degra-
dation of electrodes [5–7].

However, to improve the performance of SOFC electrodes, it is not
sufficient to simply explain the electrode performance in terms of the
electrode microstructures. The next step is to design microstructures
that can meet a variety of requirements for the transport and electro-
chemical reactions within the electrodes and to propose an effective
fabricationmethod that can actually realize suchdesign-optimized elec-
trode microstructures.

Currently, conventional SOFC electrodes are fabricated by mixing
metal and ceramic particles, which is followed by sintering at a high
temperature, typically around 1400 °C for anode materials. This high-

temperature sintering is required to ensure the sufficient mechanical
bonding of the ceramic particles and thus the structural robustness of
the porous electrodes over long-term operation. However, at such a
high temperature, the metal particles tend to agglomerate, reducing
the volumetric density of the reaction sites [8,9]. Therefore, the conven-
tional powder mixing and sintering processes may not be ideal for pre-
cisely controlling electrode microstructures.

From the viewpoint of controlling electrode microstructures, the
nanoparticle infiltration technique is a promising alternative for the fab-
rication of SOFC electrodes [10,11]. An important feature of the infiltra-
tion technique is that the fabrication processes of the ceramic phase and
the metal phase are separated; this may enable independent control of
the fabrication parameters for each constituent phase, which can be a
key to achieving design-optimized electrode microstructures. Although
several studies have reported the improved electrochemical perfor-
mance of infiltrated electrodes [12–27], the reason behind the improved
performance has not been fully investigated in terms of electrode mi-
crostructures. Kishimoto et al. [28] first investigated the microstructure
of an infiltrated Ni-GDC anode at 5 nm resolution using FIB-SEM and
gave a quantitative explanation of the performance of infiltrated elec-
trodes. It was revealed that the infiltrated anode had a smaller Ni parti-
cle size and a one order of magnitude larger TPB density than
conventional anodes, which markedly improved the electrochemical
activity. Also, by performing a numerical simulation, the rate-determin-
ing process in infiltrated electrodes has been identified [29]. However,
there has been few reports on the detailedmicrostructures of infiltrated
Ni-YSZ anodes despite the fact that they are the most commonly used
anode material in the commercial SOFC systems. Although several au-
thors investigated theNi-YSZ anodemicrostructures using conventional
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SEM [23–27], the information obtained were bound to be 2D, and did
not give useful insights on the microstructures, such as the distribution
of TPBs and the interconnectivity of the infiltrated Ni particles.

In this study, therefore, Ni-YSZ anodes are fabricated by the infiltra-
tion process, and their electrochemical and microstructural properties
are analyzed using electrochemical impedance spectroscopy and FIB-
SEM tomography, respectively. The quantified microstructural parame-
ters are compared with those for a conventional composite Ni-YSZ
anode to identify the structural characteristics that are unique to infil-
trated electrodes.

Electrolyte-supported symmetric cells were used for the experi-
ment. First, YSZ powder (YZ-8Y, Tosoh Co.) was mixed with carbon
black (SB220, Asahi Carbon Co.) as a pore former and ball-milled with
ethanol for 12 h. Ethanol was evaporated using a hot stirrer and the re-
sultant powder was mixed with terpineol to form a slurry. The slurry
was then painted on both sides of a YSZ disk electrolyte (24 mm diam-
eter, 0.5 mm thick, Tosoh Co.), and calcined at 1450 °C for 4 h. For the
infiltration of nickel nanoparticles, precursor thermal decomposition
was employed in this study, where nickel nitrate solution (0.5 μL) was
introduced into the scaffold and then thermally decomposed at 550 °C
for 1 h. The precursor solution used in this study was similar to that in
ref. [30]: it was prepared by dissolving nickel nitrate hexahydrate
(Nacalai Tesque) at its solubility limit (~5 mol/L) at room temperature
and then diluted with the same volume of ethanol (Nacalai Tesque) to
decrease viscosity. The aim of this high concentration of nickel ion in
the precursor compared with other studies (e.g. 0.3 mol/L in [24],
0.1 mol/L in [31]) is to infiltrate as much amount of nickel oxide as pos-
sible in a single infiltration process. However, because the amount of
nickel nanoparticles that could be introduced in a single infiltration pro-
cess was still not sufficient for the anode structure to have a percolated
network, the infiltration process was repeated multiple times. In this
study samples infiltrated 10 and 20 times were analyzed.

To elucidate the advantages of the infiltration technique for elec-
trode fabrication, an anode fabricated using the conventional powder
mixing and sintering processes was used for comparison. Its solid vol-
ume fractionwas adjusted to Ni:YSZ= 50:50 and the sintering temper-
ature was 1400 °C.

The electrochemical performance of the anodeswas characterized in
a symmetric electrode setup. A platinummeshwas used for current col-
lection. The cells were held with an alumina fixture and their tempera-
ture was controlled by an electric furnace. 3% humidified hydrogen was
supplied to the cells with a constant flow rate of 100 mL/min on both
sides of the cells. Humidification was performed using a bubbler,
whose temperature was precisely controlled by a constant temperature
bath. Electrochemical impedance measurement was conducted with a
four-electrode configuration using a Solartron 1286 electrochemical in-
terface and a Solartron 1255 frequency analyzer.

The 3D microstructure of the tested Ni-YSZ anodes was imaged
using FIB-SEM to evaluate their microstructural parameters. After the
electrochemical measurements, the Ni-YSZ anodes were cooled to
room temperature in nitrogen, and impregnated with epoxy resin
(Specifix 20, Struers) under vacuum to allow easier identification of
the pore phase in the subsequent FIB-SEM imaging. The 3Dmicrostruc-
ture of the anodes was imaged using an NVision40 (Zeiss) FIB-SEM sys-
tem. The in-lens secondary electron detector was used to distinguish
the two solid phases in the SEM images. Regions were selected for mi-
crostructural analysis and subjected to the following image processing:
(i) alignment of the stack images using the least-squares method, (ii)
noise reduction using an edge-preserving smoothing filter and (iii) seg-
mentation using a 2D histogram segmentation algorithm based on the
watershed algorithm followed by manual correction. As a result, the
3D porous microstructures were virtually reconstructed, from which
microstructural parameters, such as the phase volume fraction, tortuos-
ity factor, phase size and TPB density, were quantified. Volume fraction
was quantified on the basis of the voxel counting method; tortuosity
factor was quantified by random walk simulation [1,32]; phase size

was quantifiedwith the 3D line-interceptmethod [33,34]; and TPB den-
sity was quantified using the volume expansion method [1]. Commer-
cial image processing software (Avizo, Thermo Fisher Scientific) was
used for the alignment, segmentation, 3D reconstruction and part of
the quantification of the microstructural parameters.

It was suggested in ref. [29] that the pore size in anodes after Ni in-
filtration should be no less than ca. 1 μm to avoid Knudsen diffusion be-
coming involved in the gas diffusion process. Therefore, as a preliminary
analysis, we investigated the effect of the amount of pore former on the
resulting porosity and pore size in the scaffold structures. Therefore, YSZ
scaffold structures with different porosities were first fabricated by
changing the weight ratio of carbon black to the YSZ powder, i.e., 20,
30, 40 and 50 wt%. The scaffold structures before nickel infiltration
were analyzed by FIB-SEM and their porosity and pore size were quan-
tified with the same procedures explained above. Fig. 1 shows the po-
rosity and pore size in the scaffold as a function of the amount of
added pore former. It was found that the porosity increased with in-
creasing amount of pore former. According to this result, the weight
ratio of carbon black to YSZ powder in the test cells was determined
as 50:50, which gave ca. 60% porosity and ca. 2.6 μm pore size in the
YSZ scaffold structure before infiltration.

Fig. 2 shows the results of the electrochemical impedance analysis of
the infiltrated and conventional anodes at 800 °C. Bulk electrolyte resis-
tances were removed from the spectra for easier comparison of the po-
larization resistances. As clearly shown, the polarization resistance of
the infiltrated anodes was reduced as the infiltration time, and the
anode with 20 time infiltration exhibited significantly less polarization
resistance than the conventional anode.

To determine the reason for this superior performance of the anode
with 20 time infiltration, the 3D microstructures of the anodes were
characterized by FIB-SEM and reconstructed as shown in Fig. 3. The im-
ages on the top (Fig. 3(a)) show the composite anode microstructures
consisting of Ni and YSZ particles, whereas those on the middle (Fig.
3(b)) show the distribution of the Ni particles with the YSZ particles
shown in transparent gray. The Ni particles shown in red are the isolat-
ed particles that do not contribute to the electronic conduction and
hence the TPBs formed by those particles do not act as effective reaction
sites. The images on the bottom (Fig. 3(c)) show the distribution of the
TPB lines within the anodes, where the effective TPBs are shown in blue
and the isolated and unknown TPBs [4] in red. Clearly, the Ni particles in
the infiltrated anodes appears to have a smaller characteristic scale,
which indicates noticeable differences in the porous microstructure be-
tween the infiltrated and conventional anodes. Also the infiltrated an-
odes have more reaction sites than the conventional anode, although
those in the anode with 10 time infiltration are partly inactive because
large part of the Ni phase is isolated. To explain these differences in a

Fig. 1. Effect of the amount of pore former on the porosity and pore size in the scaffold.
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