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Abstract
Solid oxide fuel cell (SOFC) is an all-solid-state ceramic electrochemical device for
converting chemical energy (fuels) to electricity with high energy efficiency and
ultralow harmful emissions. These classes of FCs have received significant attention
by researchers as a potential replacement for petroleum-based energy devices. In
order to broaden the material selection and increase material system durability, the
development of intermediate- or low-temperature SOFC is critical to making their
commercialization viable. Therefore, the SOFC performance at lowered operating
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temperatures must be improved by the innovation of materials and microstructures.
The nanostructure engineering of electrodes has demonstrated their improved
catalytic performance due to minimization of the electrode polarization resistances
for oxygen reduction reaction and fuel oxidation reaction at the nanoscale compared
to the traditional electrode design. The synthesis technique strategy was based on
wet chemistry catalyst infiltration into electrode structure and has been demonstrated
improvements in power density and electrode stability. In this chapter, the technical
process of ion infiltrationmethod is discussed; and the different routes in fabricating
nanostructured electrodes to achieve high-performing SOFC in hydrogen and
hydrocarbon fuels are reviewed. The electrode parameters that lead to improvement
of SOFC performance are also summarized. By fabricating electrodes at the nano-
scale, a significant increase in specific area was obtained that can provide greater
active catalysis sites for electrode reactions, as well as a decrease in the activation
polarization resistance which collectively led to improved SOFC performance.

8.1 Introduction

The solid oxide fuel cell (SOFC) is an attractive technology for chemical-to-electrical
energy conversion due to its advantages such as high efficiency, low operation cost,
and fuel flexibility [1–4]. As a ceramic device, the FC operates at a high temperature
which facilitates its high efficiency when combined with a gas turbine. The absence of
expensive catalyst material and resistance against fuels containing carbon monoxide
contributes to its lower manufacturing cost [5–7]. Investigators have aimed to
increase SOFC power efficiencies from a variety of fuel feedstocks through research
and development of functional materials used in SOFCs. Researchers have focused
on new cell design; fabrication of composite electrode or new electrode structures,
mathematical analysis of gas flow patterns, and thermodynamicmodeling of catalysis
at the electrode surface are examples of areas of research which will lead to improve-
ments in FC electrochemical performance. The higher operating temperature also
requires the FC design to incorporate materials that result in increased physical and
chemical compatibility with other cell components, the capability of system incor-
poration into the stack, which in turn enables the FC to be operated at a lower
temperature increasing long-term FC stability [8–10]. The commercialization trend
of an SOFC system for distributed power sources has become more widespread, due
to improvements in optimized operating conditions, resulting in better longevity and
lower manufacturing costs. At present, while this technology exhibits great promise
to be applied in society, there remain three major engineering and scientific hurdles.
Firstly, the relative high operating temperature requires the SOFCmaterials and other
key components in the stacks such as sealing and interconnecting materials to be
compatible resulting in increased reliability of the stack system [11, 12]; secondly, the
use of petroleum-based fuels faces technical problems such as coking and sulfur
poisoning when nickel-based anode catalysts are used, although researchers have
proposed some strategies to avoid the degradation of FCswhen using fuels containing
carbon and sulfur [13–15]; thirdly, the higher operating temperature leads to a
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degradation in performance over time affecting their longevity, and contributing to
increased manufacturing and maintenance costs, and ultimately FC efficiency [16,
17]. Therefore, researchers have focused efforts on developing materials and struc-
tures and operating conditions that have been made to optimize the performance of
single-cell level and stack compatibility [18, 19]. Since the high operating tempera-
ture restricts potential SOFC material selection and reliability, various technical
routes have been explored to increase FC robustness and performance. The introduc-
tion of more active catalysts, or catalyst with an increased specific surface, and more
conductive materials is shown to contribute to improved FC electrochemical perfor-
mance at lower temperatures.

A typical oxide-ion conducting-based SOFC is composed of two electrodes and
one electrolyte (Fig. 8.1). The oxygen ions are formed by oxygen molecules
associating with two electrons at the cathode compartment that is transported
through the dense electrolyte to reach the anode compartment. The oxygen ions
can react with hydrogen fuel to form the water. During this process, the electrons
released from hydrogen pass through the external circuit to form the electricity. The
SOFC performance is directly determined by the internal resistance which is related
with the overpotential polarization of each component contributed by imperfections
in materials, microstructure, and design of the fuel cell [20]. There are three main
polarization resistances contributed by different physical or electrochemical phe-
nomenon: ohmic resistance, concentration polarization, and activation polarization.

Firstly, the ohmic resistance is determined by the conductivities of these three
components. The resistance is mainly determined by the electrolyte material since
the electronic conductivities of the cathode (usually conductive oxide) and anode
(nickel metal in cermet composite) are several magnitudes higher than that of
electrolyte which is ionic and conductive in nature.

Therefore, the ohmic resistance of electrolyte dominates the total resistance;
consequently, the conductivity and thickness of the electrolyte become two impor-
tant parameters to control the resistance. The electrolyte resistance can be minimized
through the incorporation of high conductive electrolyte materials and techniques for
fabricating thin membranes. Secondly, the concentration polarization resistance
results from limitations on the mass transport within the electrode structure [21, 22].

SOFC working principal

Cathode
Electrolyte

Anode
Load

+

–

Air

O2+4e� → 2O2–

2H2+2O2– → 2H2O+4e�

H2

Fig. 8.1 The working
principle of a solid oxide fuel
cell (SOFC)
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The reactants may be consumed by the electrochemical reaction faster than they can
diffuse into the reaction boundaries, which causes the reactant concentration to be
lower than required for optimal performance. The concentration polarization occurs
in both the anode and cathode compartments. This polarization is in part due to
electrode design that is very thin and highly porous. The reaction products of steam
can dilute the fuel stream which must transport through the whole anode substrate to
the three-phase boundary. The relevant optimization strategies of anode microstruc-
ture such as increasing porosity and grade electrode can decrease this polarization
resistance significantly with the compromise of other properties. Lastly, the activa-
tion polarization is the result of catalytic activity toward oxygen reduction reaction
(ORR) and fuel oxidation reaction, which is closely related to the catalytic activity of
the employed materials and microstructure [23].

In a typical anode-supported SOFC with electrolyte thin membrane operated in
hydrogen, the cell performance is affected by the ohmic resistance of electrolyte film
and activation resistance from cathode material. The electrolyte resistance can be
significantly reduced by using very thin film, and concentration polarization can be
decreased by optimizing the microstructure for improved gas diffusion; the cathode
activation polarization is the dominant factor in the total cell resistance. Therefore,
the development of highly active materials and optimal electrode morphology is
critical to improving the FC performance. Therefore the relationship of good mate-
rial candidates to improved electrochemical catalysis requires improvements in
oxygen diffusion efficiency and increased surface exchange kinetics, which are
empirically or experimentally associated with mixed electrical conductivity.
Researchers have significant efforts in developing newer cathode materials with
high catalytic activity for oxygen reduction reaction (ORR) [24–26]. Many types of
materials such as perovskite, spinel, and layered perovskite have been demonstrated
as promising cathodes for high-performing SOFC [27–30]. In direct hydrocarbon-
fueled SOFC with ceramic oxide anode, performance is constrained by the degree of
electrode polarization resistance arising from both the cathode in the oxidizing
condition and anode in the reducing atmosphere. Therefore, the propensity of
ceramic oxide anode as a catalyst under complex gaseous conditions requires a
greater understanding of catalyst kinetics, materials engineering, and electrode
design for enhanced catalysis. There are several material candidates that are being
developed for stable operation SOFC in hydrogen, methane, and other hydrocarbon
fuels in the form of nanostructured catalysts [31–33].

Nano-engineering of the cathode electrode to form nano-network has been shown
to significantly increase the ORR through the availability of more active sites at the
electrode surface that in turn lead to increased SOFC performance. The conventional
cathode layer is prepared by sintering the ceramic particles to form a porous electrode
microstructure for gaseous diffusion and reaction. The length of three-phase bound-
aries for ORR reaction is closely related to electrochemical performance. To maxi-
mize the three-phase boundaries (TPBs) for high-performing SOFC, a new cathode
structure with the higher specific surface area can be achieved by various technique
routes, which enable nanostructured catalyst to be fabricated. The introduction of the
nano-sized catalyst into the cathode backbone has been regarded as an effective way
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to increase the surface area and ultimately FC performance [34–37]. There are many
methods to embed the catalyst metal into the nano-network for increased SOFC
performance [38–40]. The ion filtration or impregnation method via metal salt
solution implanting into electrode structure attracts increasing attention and becomes
the most effective way to develop a catalytic nano-network for extremely extended
reaction sites. The ion filtration method can not only increase the specific surface area
but also effectively avoid thermal or chemical compatibility problems between
cathode and electrolyte. The technique of ion infiltration and development status, as
well as perspective, is introduced and reviewed [41–44]. The significant increase of
active sites for ORR or fuel oxidation in SOFC nanostructured electrodes can enhance
catalytic activity with decreased electrode polarization resistance. The development
status of nanostructured electrodes for high-performing SOFC operated in various
fuels is discussed in this chapter.

8.2 Nanostructured Cathode for High-Performing Solid Oxide
Fuel Cell (SOFC)

8.2.1 Embedding of Catalyst Nano-network into Cathode
by Infiltration Method

Conventional cathode sintering requires high temperature to facilitate good mechan-
ical bonding and necking between cathode and electrolyte, which cause rough
microstructure with large particle size. The basic process of ion infiltration method
is to deposit two-dimensional or three-dimensional catalysts into cathode layer by
firing aqueous metal ion solution with fast ramping rate to control nuclei rate. The
nano-network is vulnerable to the high temperature; therefore, it demands a new
route to obtaining nano-sized catalyst in the cathode: (a) the conducting electrolyte
or electrode backbone/framework is sintered onto electrolyte at normal sintering
temperature; and (b) nano-sized catalysts are impregnated into the rigid electrode
structure at low temperatures afterward. The nanostructured cathode is formed after
this two-step preparation (Fig. 8.2). For yttria-stabilized zirconia (YSZ)-based cell,

Fig. 8.2 The typical process of infiltration method: (a) YSZ backbone; (b) dropping solution onto
particle surface; (c) formation of catalyst particles
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for example, (a) the pure and porous YSZ structure with thickness about 10–30 μm
was firstly deposited onto YSZ electrolyte after sintering at 1100–1200 �C; (b) the
prepared solution with stoichiometric amount of metal salts for a specific chemical
composition (e.g., lanthanum strontium manganite, LSM) is dipped into the YSZ
backbone and then fired at relatively low temperature of 700 �C to form the LSM
nanoparticles; and (c) the loading of LSM cathode particles is controlled by the
infiltration cycling times.

There are several technical advantages for this infiltration method: (a) the gener-
ated nano-network can be well maintained at the relatively low formation tempera-
ture, while good mechanical strength between electrode and electrolyte is reached by
the backbone layer; (b) the form of nano-network can be differentiated by various
preparation conditions, such as heating/cooling rate and concentration of the metal
nitrate solution, and (c) diverse materials with compositional complexity can be in
situ synthesis and sintered in the electrode. For the different conducting interface
required for ORR, two kinds of electrode structures are fabricated. If the cathode is
composed of a pure electronic conductive material, a porous electrolyte scaffold/
skeleton is fabricated on the dense electrolyte first to form oxide-ion conducting
path, and then the cathode catalyst of nano-sized particles or wires is deposited
onto the surface to extend the reaction TPB to the whole surface of electrolyte/
electrode interface.

If the cathode is a mixed ionic-electronic conductor, there are two possible ways
to fabricate the cathode. First, the scaffold can be the electrolyte for conducting only
oxygen ions or mixed ionic-electronic conductors (MIEC) cathode for conducting
both ions and electrons. The second step is to infiltrate the cathode catalyst onto the
scaffold so that both backbone and surface catalyst can conduct electrons and ions
simultaneously while ORR takes place on the nanoparticles.

8.2.2 Performance Improvements by Infiltrated Cathode

Many catalytically active oxides have been developed as the cathode materials for
SOFC, in which perovskite structure is commonly used due to the capability of
accepting oxygen vacancies readily and electronic conductivity by multivalent
transition metals. Examples of perovskite-based cathode materials include lantha-
num strontium manganite (LSM, La0.8Sr0.2MnO3) [45], lanthanum strontium cobalt-
ite (LSC, La0.6Sr0.4CoO3) [46], samaria strontium cobaltite (SSC, Sm0.5Sr0.5CoO3)
[47], and barium strontium cobalt ferrite (BSCF, Ba0.5Sr0.5Co0.8Fe0.2O3) [48]. The
electrode backbone can be electrolyte material with ionic conduction or mixed ionic
and electronic conductor.

In the conventional LSM-based cathode, the fluorite-structured yttrium-stabilized
zirconia YSZ is introduced to the LSM nanoparticles by impregnation. The fabrica-
tion of such composite cathode can not only increase the reaction sites for oxygen
reduction, but the materials also enhance the mechanical adhesion between electrode
and electrolyte since the YSZ backbone is sintered at high temperature to easily form
the good ceramic necking. Furthermore, the low-phase formation temperature can
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also avoid the potential chemical reaction of LSM and YSZ in the case of direct
sintering of composite electrode. He and Gorte et al. prepared LSM with perovskite
phase by infiltrating mixed nitrate solution into a porous YSZ matrix, followed by a
sintering process at various temperatures [49]. With uniform fine LSM particles, the
electrical conductivity at 700 �C in the air with a porosity of 28% reached 3.16 S/cm.
The cathode polarization resistance can be decreased to 0.5 Ω�cm2 [50]. The anode-
supported single cell with such fabricated cathode exhibited about 360 mW�cm�2 at
700 �C in humidified H2. Armstrong and Virkar et al. also prepared infiltrated LSM
electrode using nitrate-salt solution and achieved power density as high as
1.2 W�cm�2 for a cell operating in hydrogen at 800 �C [51]. Jiang et al. found that
a proper chelating agent should be added to the nitrate solution to avoid segregation
of individual metal ions during firing process to form pure LSM phase structure
[52]. Because the infiltration process is an in situ wet chemistry method, the mobility
of different metal ions can be reduced by encircling stable metal-chelate complexes
steadily into the backbone by growing polymer network. For example, by using
Triton X-100 as a chelating agent and one-step infiltration process, the LSM particles
with a size of 30–100 nm were deposited on the outer wall of the pre-sintered
porous YSZ, which provided a high density of active sites for oxygen reduction
reaction [53]. A power density of 0.3 W�cm�2 at a low temperature of 650 �C was
obtained. Furthermore, the infiltrated LSM nanoparticles were demonstrated to
be electrochemically stable for 500 h at 650 �C when the cell was discharged at
150 mA�cm�2 [54].

As a mixed ionic and electronic conductor (MIEC), lanthanum strontium cobalt-
ite (LSC) is a highly conductive perovskite material that has been used as a cathode
material. To increase catalysis, the specific area of the catalyst area was increased by
the design of a tubular structure. The LSC cathode was synthesized by using a pore-
wetting technique [55]. The LSC nanotube yielded low electrode polarization
resistance of 0.21 Ω�cm2 at 700 �C measured from the prepared symmetric cell.
However, the LSC cathode was not very stable under cathodic conditions. Huang
et al. proved that the high ORR activity could be retained by coating the surface
with a conformal layer of nanoscale zirconia (ZrO2) film by atomic layer deposition
(ALD) method [56]. The nanostructured LSC cathode showed the low resistance of
0.04 Ω�cm2 at 700 �C in the air for 4000 h. However, the LSC perovskite-based
cathode material cannot be widely used because it reacts rapidly with YSZ at
1000 �C, the required minimum sintering temperature to get ceramic bonding, to
form insulating phases of lanthanum zirconia (La2Zr2O7) and strontium zirconia
(SrZrO3) that in turn lower catalysis efficiency [57]. Therefore, infiltrating the LSC
electrode can avoid this problem by decreasing the temperature of forming perov-
skite phase. The cell with a cathode composed of 30 vol. % LSC in a YSZ scaffold
exhibited a peak power density of 2.1 W�cm�2 at 800 �C in hydrogen (H2) [58].

Another promising material for high-performing cathode is rare earth element-
based oxides such as barium strontium cobalt ferrite (BSCF) developed by Shao and
Haile et al. Incorporated into a thin-film doped ceria single fuel cell, the electrode
exhibited high power densities in the FC of 1010 mW�cm�2 at 600 �C and
402 mW�cm�2 at 500 �C when operated in humidified hydrogen and air [48]. The
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area-specific resistance (ASR) was determined from the symmetric cell as remark-
ably as low between 0.055 and 0.071 Ω�cm2 at 600 �C and between 0.51 and
0.6 Ω�cm2 at 500 �C. The mechanism responsible for the increased performance
was hypothesized from the oxygen permeation measurement. The high oxygen
diffusivity through BSCF bulk yields its high rate of oxygen electrooxidation,
while oxygen surface exchange process is the rate limiting step at low operating
temperatures. Therefore, the superior high-performing SOFC at low temperatures
can be possible after implementing the nanostructured BSCF cathode. There are two
general strategies to achieve the nanostructured BSCF electrodes based upon pulse
laser deposition (PLD) and wet chemistry ion infiltration method. Because of the low
electrical conductivity of BSCF limiting the cathode catalysis activity, the thin
catalyst layer is believed to enhance the ORR. Liu and Cheng et al. fabricated
800-nm-thick BSCF layer consisted of small nanoparticles with average particle
size of about 40 nm onto YSZ/nickel oxide (NiO)-YSZ composite substrate with
increased FC performance [59].

The nanoparticles grow to a dense layer on the YSZ electrolyte with agglomer-
ated grains with characteristic diffraction peaks representing the {110}, {211},
{220}, and {310} crystal planes. The maximum power density with PLD-prepared
BSCF cathode was 1.12 W�cm�2 in H2 at 800 �C, compared with 0.45 W�cm�2 for
conventional screen-printing BSCF cathode. With the infiltration of the stoichiomet-
ric metal salt solution, ~20 wt % BSCF nanoparticles with size about ~30 nm were
formed on the surface of scaffold particles [60]. For the infiltrated composite
cathode, the ORR occurred not only at the TPB but also at the prolonged cathode
surface. It is found that electrode polarization resistance (Rp) reached the minimum
value when the backbone is infiltrated with 16.2 wt % BSCF, e.g., 0.043 Ω�cm2

at 700 �C.
The nanostructured BSCF electrode was also achieved by depositing other kinds

of nanoparticles such as LSM or Ag onto the BSCF backbone [61, 62]. For example,
the Rp of 1.8 mg�cm�2 BSCF-impregnated LSM cathode was 0.18 Ω�cm2 at 800 �C,
which its resistance was about 12 times lower than that of pure LSM, leading to
increased FC performance. The YSZ electrolyte-based single cell with the nano-
structured BSCF/LSM cathode exhibited maximum power densities of 1.21 and
0.32 W�cm�2 at 800 and 650 �C, respectively.

Strontium-doped samarium cobaltite (SSC) as a compositional cathode material
has been extensively investigated by researchers for SOFC with different electrolytes
[63–65]. Xia et al. found that the composite cathode of SSC and samarium-doped
ceria (SDC, 10 wt %) significantly reduced the interfacial resistance from 2.0 Ω�cm2

for pure SSC to less than 0.18 Ω�cm2 at 600 �C under open circuit potential (OCP)
condition. With combustion chemical vapor deposition (CVD) method, the compos-
ite cathode particles (70 wt % SSC and 30 wt % SDC) were about 50 nm in diameter.
The electrode/electrolyte interfacial resistance is about 0.17 Ω�cm2 at 600 �C. The
maximum power densities were 60, 108, 159, 202, and 243 mW�cm�2 at 500, 550,
600, 650, and 700 �C, respectively [66]. Xia et al. also fabricated a nano-network of
SSC by infiltration method for low-temperature SOFC. The nano-network consisted
of well-connected SSC nanowires serving as conducting path for oxygen ion and
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electron conduction and catalysis sites, respectively [67]. The morphology was
found to closely relate to a process of nucleation and growth affected by the heating
rate (Fig. 8.3).

At a low heating rate, more time for solid nucleation and growth resulted in the
formation of particles of large diameter that were distributed randomly on the outer
surface of the SDC backbone frame, whereas with the higher heating rate, smaller
diameter particles were generated due to the faster nucleation reaction, increased
nucleation, and smaller nuclei nanoparticle clustering. The SSC nanoparticle formed
a network as a cathode; the single cell with a nickel (Ni)-SDC anode and a 10-μm-
thick SDC electrolyte showed peak power density of 0.44 W�cm�2 at 500 �C and
0.81 W�cm�2 at 600 �C.

8.3 Nanostructured Anode for Solid Oxide Fuel Cell (SOFC)

The SOFC anode is where the fuel (H2, CxHyOz, or NH3) is oxidized by oxygen
ions after electrons are released to pass the external circuit to form the electricity.
In terms of fuel flexibility of SOFC, it is critical to developing a well-defined
anode structure for high-performing SOFC. For over four decades, nickel-zirconia
dual-phase cermet has been regarded as the dominant anode material. Nickel is an
excellent metal catalyst for fuel oxidation, and Ni possesses a high degree of
electronic conductance as an anode material. The reduction of NiO to Ni also
produces a considerable amount of porosity for fuel gas diffusion. The use of
zirconia is to provide ion conduction for extending sites of HOR and also to
mechanically support the whole fuel cell. The importance of anode functioning as
fuel oxidation chamber is mainly summarized in two aspects. Firstly, the anode
performance using hydrogen fuel can be effectively improved by minimizing the
polarization resistance when the microstructure of the anode is optimized because
concentration polarization basically dominates the anode polarization. Meanwhile,
as a place where the internal reforming takes place when the anode is fed with
hydrocarbon fuels, the choice of anode material and decoration of microstructure
with metals are critical to developing stable and high-performing anode in such
fuels. Secondly, nickel-free ceramic oxides have also been studied as alternative
anode materials. Due to low electrical conductivity and sluggish catalytic activity,

Fig. 8.3 Morphology of cathodes with impregnated SSC nanoparticles fired at different heating
rates: (a) 5 �C min�1; (b) 10 �C min�1; (c) 30 �C min�1 [67]
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the optimization of anode property and morphology is necessary to improve the
anode performance. Therefore, the nanostructured anode for SOFC is discussed for
nickel-based and nickel-free-based anode, respectively.

8.3.1 Nanostructured Nickel-Based Anode

Since nickel is the sole catalyst for fuel oxidation while the ceramic phase provides
only mechanical support for the fuel cell, decreasing the anode particle size can
significantly improve the electrochemical performance due to increased availability
of reaction active sites. The effect of anode microstructure on SOFC performance
has been studied by many researchers. Suzuki et al. correlated the microstructure of
anode with electrochemical performance on a tubular SOFC design. With a conven-
tional preparation method, the NiO-YSZ anode tube was prepared with high-
porosity and nano-sized NiO particles (Fig. 8.4) [68]. Meanwhile, the YSZ electro-
lyte membrane was sintered on with a thickness only about 3 μm to minimize the
ohmic resistance of the whole cell. The SOFC had a peak power density of more than
1 W�cm�2 at 600 �C.

The investigation of the hydrogen fuel flow rate affecting performance was
performed to better understand the relationship between structure and SOFC
power output. Zhan and Barnett et al. fabricated a thin LSGM electrolyte-based
SOFC with nanostructured nickel oxide using a three-step procedure which
employed (1) ion impregnation method to generate nano-catalyst [69], (2) depositing
of a 30 μm LSGM layer onto LSGM dense pellet to form bilayer electrolyte/support

Fig. 8.4 Scanning electron microscopy images of Ni-YSZ anode microstructure before and after
test [68]
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structure and sintering cathode and current collector layers, and (3) impregnation of
the nickel nitrate solution into the porous LSGM structure and calcination at 700 �C
in the air to generate a thin layer of NiO nanoparticles on the LSGM structure
surface. The Ni loading was controlled by varying the impregnation cycles and
solution concentration. The nanostructured SOFC showed high power densities of
1.20 W�cm�2 at 650 �C and 0.39 W�cm�2 at 550 �C when operated using humidified
hydrogen as a fuel and air as an oxidant. The average diameters of synthesized Ni
particles varied from ~30 nm when Ni volume loading is about 0.84% to ~90 nm at
2.51 vol. %. The increase in particle size was caused by repeated calcination cycles;
therefore, it was a compromise between Ni loading and thermal cycle to yield the
optimal performance. Some more dedicated studies further clarified the role of the
nanostructured anode in the high-performance fuel cell by comparing the effect of
anode functional layer located at TPB active area on decreasing cell polarization
resistance. Park and Son et al. investigated the impact of a nanostructured Ni-YSZ
anode on low-temperature SOFC performance by modifying the processing (ALD)
technique to fabricate an anode-supported cells based on thin-film (~1 μm) electro-
lyte with and without the nanostructured Ni-YSZ anode. The Ni-YSZ anode func-
tional layer with grain size about ~100 nm was fabricated [70]. It was determined
that the anode with functional nano-sized particles increased FC significantly per-
formance, particularly at a low temperature of 500 �C. The electrochemical analysis
also revealed that the TPB density was increased near the electrolyte/anode interface
because of increased number of active sites for charge transfer and fuel oxidation
reaction. Their work also demonstrated that while cathode resistance was considered
as the main factor in determining whole cell resistance, the anode structure could
also affect the low-temperature performance. Yamaguchi and Barnett et al. also
studied the nanostructured anode functional layer thickness playing a role in gaining
better contact resistance [71]. With a thicker functional layer, the power density was
gradually improved; and it was expected that the porosity of the catalytic layer
started to be a negative effect on FC performance when the layer thickness was
further increased to some threshold value, which has not been optimized.

8.3.2 Nanostructured Cu-Based Anode

As conventional nickel anode are vulnerable to hydrocarbon fuels when fuels are not
reformed either internally or externally, alternative anode materials are proposed to
replace potential problems such as coking and/or sulfur poisoning. One method
proved to be an effective anode was anode containing copper due to the metals high
electronic conductivity for fuel oxidation reaction and is inertness to coking. There-
fore, a Cu anode can effectively inhibit carbon deposition and minimize degradation
in catalysis. However, Cu anode is not active toward fuel catalysis; therefore, other
forms of catalyst should be implemented into anode structure. Gorte et al. proposed a
Cu-based anode with ceria nanoparticles for a direct-methane SOFC [72]. Because
the melting temperature of CuO is as low as 1235 �C, the anode cermet co-sintering
method cannot be used to prepare CuO-ceria composite anode at high sintering
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temperature for densifying the electrolyte membrane [73,74]. Therefore, the YSZ
anode backbone was prepared by tape casting to form the porous structure after
pre-sintering, and then Cu was added by aqueous impregnation with a concentrated
solution of Cu(NO3)2, followed by firing in the air to form the nanoparticles
(Fig. 8.5).

With a 60-μm-thick YSZ electrolyte and Cu-ceria anode, the cell was demon-
strated to show direct oxidation of various hydrocarbons (methane, ethane, 1-butene,
n-butane, and toluene) with products of carbon dioxide (CO2) and water. The
maximum power densities were 0.34 W�cm�2 for H2 and 0.18 W�cm�2 for
n-butane at 800 �C. Because Cu was used primarily as the current collector and
ceria (CeO2) for catalytic activity for fuel oxidation reaction, the infiltration of ceria
was necessary to construct a catalytically active nanostructured Cu-ceria anode
[75]. Some other metal-phase catalysts were also added into Cu-ceria anode by
infiltration method to show more promise when the anode was operated using
methane as a fuel feedstock [76].

8.3.3 Nanostructured Ceramic Oxide Anode

Several ceramic oxides with a perovskite structure have been extensively studied for
alternative anode materials, which are mixed ionic-electronic conductors in the
anodic conditions and catalytically even more active than ceria for oxidation of
various fuels. Perovskites could readily accept oxygen vacancies and contain
transition-metal cations in the octahedral sites due to their high tolerance against
crystal distortion. Based on these several oxide-based perovskites, such as lantha-
num strontium chromium manganite type (LSCM, La0.75Sr0.25Cr0.5Mn0.5O3) [77]
with other metals such as lanthanum strontium titanium oxide type (LSTO,
La0.33Sr0.67Ti1�xMxO3, where M was either titanium (Ti), iron (Fen+), manganese
(Mnn+), or scandium (Sc)) [78], nonstoichiometric ordered perovskite strontium

Fig. 8.5 SEM images of a Cu-CeO2-YSZ composite (18 vol% Cu, 9 vol% ceria) reduced in H2 at
(a) 700 �C and (b) 900 �C [73]
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molybdate-type transition metal oxides Sr2MMoO6 (SMMO, where M is either
magnesium (Mg), iron (Fe), or cobalt (Co)) [33, 79, 80] and praseodymium
strontium niobium-type oxides (PSNO) with cobalt or iron (Pr0.8Sr1.2(Co,
Fe)0.8Nb0.2O4) [81] have been investigated as the potential anode materials.
These conductive anode materials have high resistance against both coking and
sulfur poisoning and limited stability under reducing condition. However, these
anodes also showed other limitations, such as insufficient electrical conductivity
and low catalytic activity when compared to those of the conventional Ni-YSZ
anode. For instance, pure perovskite lanthanum strontium titanium-type oxide
(LSTO) or lanthanum and strontium chromium-type manganite (LSCM) anode
without a palladium (Pd) or nickel (Ni) catalyst provided lower catalytic perfor-
mance using H2 as a fuel source below 900 �C, and the anode catalytic activity
toward CH4 oxidation was also lower than with the anodes with the Ni catalyst
[82,83]. It was further observed that the catalytic pathways for reforming methane
during the cell operation could be blocked by the residual strontium carbonate
(SrCO3) and strontium molybdate (SrMoO4) on the surface of the SMMO anode
[84]. To enhance the performance of the FC using hydrogen and other fuels, it
was hypothesized that nanostructuring of the ceramic oxide anode was able to
significantly increase the number of active sites on functional nanoparticles cata-
lyst that lead to increased performance.

8.3.3.1 Precious Metal
The impregnation of highly catalytic precious metals can enhance the performance
of ceramic oxide anodes. The commonly used catalysts are a ruthenium (Ru), Pt,
and Pd. The impregnated anodes demonstrate enhanced catalytic activity to fuel
oxidation reaction. S. P. Jiang et al. [85] and Y. Ye et al. [86] both fabricated anodes
with Pd nanoparticles by ion infiltration method, followed by determination of the
electrocatalytic activity of composite LSCM/YSZ anode for the methane and ethanol
oxidation reaction, which was significantly improved. At 800 �C, the electrode
polarization resistance for methane oxidation was reduced by a factor of 3 with
0.1–0.66 mg�cm2 loading of Pd. Kinetic analyses indicated that the oxygen transfer
and methane decomposition processes were also promoted. It was determined that
impregnation of Pd had a negligible effect on hydrogen oxidation using wet H2. The
study reported by R. J. Gorte et al. also investigated the improvement of catalysis by
LSCM/YSZ anode by infiltrating different catalysts of Pt, Ni, Pd, and ceria [82]. For
comparison, the electrode impedance (e.g., 1.5Ω�cm2) was measured for a variety of
anode materials without and with a metal catalyst. The resistance decreased to
0.36 Ω�cm2 with the addition of 5 wt % ceria and to 0.08 Ω�cm2 with 0.5 wt % Pd
and 5 wt % ceria. It is hypothesized that the metals Pd or Pt primarily enhance the
diffusion and dissociation related with electrode processes at low frequencies in
impedance spectra, which facilitates the mass transfer of reaction species. The
combination of ceria and Pd or Pt nanoparticles can further enhance the performance
of the anode. For example, Ru-CeO2 (50%) and YST (Sr0.88Y0.08TiO3) (50%) anode
YSZ (Y0.08Zr0.92O2) electrolyte exhibited peak power densities of 510 mW�cm�2 in
H2 and 470 mW�cm�2 in H2 with 10 ppm H2S at 800 �C [87].
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8.3.3.2 Non-precious Metal
One major drawback of fuel cell-related manufacturing costs is related to the cost of
utilization of precious metal catalysts. The cost could be lowered by substitution
of the precious metals by catalytically active non-precious metal in the electrode as
demonstrated by Liu [88]. Uchida et al. [89] introduced a small amount of Ni catalyst
(6–8 vol. %) into the ceramic frame for increasing the active area for reaction
significantly. Fu and Irvine found that yttrium-substituted SrTiO3 (YST) was a
very good electronic conductor with conductivity about 20–100 S�cm�2 at 800 �C
but showed limited catalytic activity [90]. By implementing the required ionic
conductivity and catalytic activity, YSZ was combined with YST to supply the
ionic conduction path, and the composite material was fabricated as the ceramic
frame. A small amount of Ni catalyst was incorporated into the two-phase ceramic
network to enhance the reaction activity. The Rp with 0%, 5%, and 10% Ni loaded
into YST/YSZ anodes in wet 5% hydrogen (H2)/balanced by argon (Ar) at 850 �C
was determined, and the anode showed a decreasing trend in ohmic resistance from
0.49 to 0.17 and then 0.13Ω�cm2, respectively [90]. The Ni nanoparticles with a size
of 50–100 nm were fabricated to potentially offer a large number of active sites
for the HOR, and it was determined that the nanoparticles were effectively separated
by strontium yttria titania (SYT)/yttria-stabilized zirconia (YSZ) particles with a
minor degree of grain coarsening. The Ni nanoparticles were also employed into
different ceramic anodes. Boulfrad and Irvine et al. coated 5 wt % nickel onto
lanthanum strontium chromium manganese oxide-type (LSCM,
La0.75Sr0.25Cr0.5Mn0.5O3-δ) perovskite particles to form the nanostructured ceramic
oxide particles which are then mixed with different amounts of gadolinium-doped
ceria (CGO, Ce0.9Gd0.1O1.95-δ) material as the anode [91]. Under examinations of
scanning transmission electron microscopy (STEM) and X-ray energy dispersive
spectroscopy (EDS), nickel was observed to be precipitated in the form of nano-
particles under reducing condition. The Ni nanoparticles led to a decrease in anodic
activation energy by half, and the electrode polarization resistance also dropped
by 60% at 800 �C. Yoo et al. reported a maximum power density of ~0.63 W�cm�2

in H2 at 800 �C for a lanthanum strontium gallium magnesium oxide (LSGM)-
type (~250 μm) electrolyte-supported SOFC with Ni-impregnated lanthanum
gallate, strontium, and titanium cobaltite-gadolinium-doped ceria-type
((La0.2Sr0.8Ti0.98Co0.02O3)-Ni-GDC) composite anode [92].

Xiao and Chen et al. used temperature-programed reduction (TPR) technique
to study the promotion effect of Ni (~2 wt %) on hydrogen oxidation when it
is infiltrated onto a double perovskite strontium ferrite molybdate (SFM,
Sr2Fe1.5Mo0.5O6) ceramic anode [93]. With the Ni-modified SFM anode, the
metal reduction signal starts to shift toward lower temperature, indicating the
interaction between Ni hydrogen increased. The scanning electron microscopy
(SEM) analyses during the reduction process indicated that the oxidation of
hydrogen was more facile. A cell with nickel-strontium ferrite molybdate
(Ni-SFM) as the anode, lanthanum strontium gallium magnesium oxide type
(LSGM, La0.8Sr0.2Ga0.83Mg0.17O3) as the electrolyte, and lanthanum strontium
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cobalt ferrite type (LSCF, La0.6Sr0.4Co0.2Fe0.8O3) as the cathode showed a high peak
power density of 1166 mW�cm�2 at 800 �C using H2 as the fuel and ambient air as
the oxidant. The cell polarization resistance is only about 0.145 Ω�cm2 at 800 �C
which was much lower than that of the cell with pure SFM anode (0.243 Ω�cm2)
under the same testing conditions. However, it was also found that SFM anode with
dispersive Ni on the surface could be poisoned by trace levels of hydrogen sulfide
(H2S) in the fuel. The current density of the cell operated at a constant voltage of
0.7 Vat 800 �C in H2 with 100 parts-per-million (ppm) H2S dropped from 1.34 to 1.1
A�cm�2 after 20 h continuous operation. Such as fast degradation rate was much
higher than that observed in SFM without Ni coating. Therefore, there modified
Ni-modified SFM anode demonstrated limitations on the Ni before the H2S-poison-
ing problem was solved.

Some other transition metals such as Co, Fe, or Co-Fe were also reported to be
used in enhancing the SOFC anode performance by infiltration and in situ precipi-
tation from the surface. For example, Yang and Chen et al. reported a composite
anode consisting of potassium tetrafluoride nickelate (II) (K2NiF4)-type-structured
praseodymium strontium cobalt iron-doped niobium oxide-type (K-PSCFN,
Pr0.8Sr1.2(Co, Fe)0.8Nb0.2O4+δ) matrix with homogeneously dispersed nano-sized
Co-Fe alloy by annealing the perovskite praseodymium strontium cobalt iron-
doped niobium oxide-type (P-PSCFN, Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3-δ) using H2 at
900 �C [81]. The fabricated Co-Fe nanostructured ceramic anode was demonstrated
to yield comparable performance to the Ni-based cermet anode with enhanced sulfur
tolerance and coking resistance. In pure H2, the electrolyte-supported cell with a
structure of K-PSCFN-cobalt iron alloy (CFA)|LSGM|P-PSCFN electrolyte showed
a maximum power density of 0.96 W�cm�2 at 850 �C, compared with 0.21 W�cm�2

without the Co-Fe catalyst. The cell also exhibited high power density using H2 fuel
containing H2S of 0.92W�cm�2 at 50 ppm H2S and of 0.89W�cm�2 at 100 ppm H2S
operated at 850 �C. The results demonstrate the impact of Co-Fe alloying on the
catalytic activity of ceramic anode. The Co-Fe nanostructured anode also showed
long-term stability in H2S-containing fuel and hydrocarbon fuels (CH4 and C3H8)
when the cell was discharged at different constant voltages. The redox cyclic
stability of the anode was examined by switching the gas at anode side from H2 to
air repeatedly to show the reversibility of the Co-Fe alloy. A study by G. Kim et al.
recently developed a double perovskite material containing praseodymium barium
magnesium oxide type (PBMO, PrBaMn2O5+δ) as a ceramic anode for high-
performing direct hydrocarbon SOFC [94]. The PBMO anode was prepared by in
situ annealing PBMO perovskite under reducing condition. With a 15 wt % Co-Fe
catalyst under humidified H2, C3H8, and CH4 fuels (3% H2O), the single cell
exhibited peak power densities of 1.77, 1.32, and 0.57 W�cm�2 at 850 �C using
humidified hydrogen and propane fuels, respectively.

8.3.3.3 Ceramic Oxides
The incorporation of ceramic anode nanoparticles into the anode is complicated due
to the difficulty of infiltrating multiple metal ions into the ceramic structure and
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forming the correct phase structure after treatment. The fabricated nanostructured
ceramic anodes exhibit a longer TPB length by extending the oxide catalyst
throughout the electrode. Lee and Gorte et al. infiltrated 45 wt % lanthanum
strontium gallium titanium oxide type (LST, La0.3Sr0.7TiO3) into 65% porous YSZ
electrode scaffold to form the composite anode. The microstructure of infiltrated
anode was greatly affected by the calcination temperature [95]. With conductivity of
0.4 S/cm at 900 �C in H2 comparable to traditional anodes, however, the cell
(LST-YSZ anode | YSZ electrolyte ~60 μm | LSF-YSZ cathode) operated in humid-
ified H2 at 800 �C showed only a peak power density of 20 mW�cm�2. With the
addition of 5% ceria and 0.5 wt % Pd, the power density was dramatically increased
to 780 mW�cm�2, indicating the low electrochemical activity for hydrogen oxidation
by LST itself. Lack of catalytic activity after infiltrating the ceramic catalyst nano-
particles also occurred on the LSCM anode, owing to its low electrical conductivity
[96–99]. By infiltrating 45 wt % LSCM into a porous YSZ layer, the power density
of the SOFC with 60-μm-thick YSZ electrolyte reached 500 mW�cm�2 in H2 at
700 �C with the addition of 0.5–1% Pd, rhodium (Rh), or Ni metals as catalysts.
Therefore, the catalytic activity of the ceramic oxide itself was critical in obtaining
comparable performance with Ni-based cermet anode. Recently, Ding and Zhang
et al. reported a highly redox-stable ceramic oxide with an A-site-deficient layered
perovskite structure, praseodymium barium ferrite magnesium oxide type
(PrBa)0.95(Fe0.9Mo0.1)O5+δ (PBFM), as the anode material in a direct methane-
fueled SOFC [100]. Firstly, the selection of this material was based on four general
considerations. (1) Perovskites with high tolerance against crystal structure distor-
tion could fine-tune the material’s chemical stability and also the electrical/catalytic/
mechanical properties through doping strategy; (2) iron-rich perovskite containing
mixed-valence Fe2+/Fe3+ redox couple could provide high electronic conductivity
even though these redox ions only partially occupy the sub-lattice; (3) layered
perovskite structure could be fabricated to yield high electrical conductivity and
the ordered A-cations localizing oxygen vacancies within the rare earth layers, which
could make a contribution to fast oxygen surface exchange/bulk diffusion and
catalytic activity toward both hydrogen and hydrocarbon oxidation processes; and
(4) our experiments lead us to hypothesize that the PBFM perovskites are stable
upon partial removal of lattice oxygen and that the use of sixfold-coordinated Mo
(VI)/Mo(V) couple at the B site could stabilize the material with stronger chemical
bond under crude anodic conditions. The single cell of a lanthanum strontium
gallium magnesium oxide-type (LSGM, La0.8Sr0.2Ga0.8Mg0.2O2.8) electrolyte-
supported SOFC with the configuration of praseodymium barium ferrite magnesium
oxide type (PBFM), LSGM, and praseodymium barium cobaltite type (PBCO,
PrBaCo2O5+δ) [PBFM|LSGM|PBCO] showed maximum power densities of 1.72,
1.05, and 0.56 W�cm�2 at 800, 700, and 600 �C, respectively. The PBFM anode was
nanostructured by infiltrating the nitrates solution with the same stoichiometry as the
prime backbone material. The as-prepared cell showed an enhanced performance,
for example, the power densities of 2.3, 1.5, and 0.8 W�cm�2 at 800, 700, and
600 �C in H2 were achieved, respectively.
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8.4 Conclusion

Nano-engineering electrodes for SOFC operating in various fuels at intermediate
temperatures through ion impregnation method to increase the catalysis active sites
for ORR or fuel oxidation reaction have become a crucial strategy in enhancing FC
performance. The optimization of the electrode microstructure can effectively min-
imize the activation polarization resistance when the nano-sized particles were
incorporated into the electrode scaffold. There have been extensive studies focusing
on the addition of different types of functional catalyst into electrodes. The research
findings indicate that the nano-engineering electrode was a very promising route
to facilitate the intermediate temperature operation of SOFC, while new material
development was also under way.
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