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ABSTRACT: We present a novel cathode fabrication
technique for improved performance and production efficiency
of SOFCs based on an infiltration method assisted by layer-by-
layer (LbL) assembly of polyelectrolytes. Preparation of the
electrode with LbL-assisted infiltration leads to a 6.5-fold
reduction in the electrode fabrication time while providing
uniform and small formation of Pr0.7Sr0.3CoO3‑δ (PSC)
particles on the electrode. The increased surface area by
24.5% and number of active sites of the prepared electrode exhibits superior electrochemical performance up to 36.1% while
preserving the electrical properties of the electrode. Because of its versatility and tenability, the LbL-assisted infiltration process
may become a new route for fabrication of composite electrodes for other energy storage and conversion devices.
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Solid oxide fuel cells (SOFCs) are considered promising
electrochemical devices for direct conversion of chemical

energy to electricity with high efficiency, high power density,
low emission, and excellent fuel flexibility.1,2 However,
commercialization of SOFC technologies is hindered by the
high cost and the problems associated with the high operating
temperature of SOFCs (>800 °C), including degradation of cell
components because of corrosion, interdiffusion, and structural
failure. To overcome these issues, the operating temperature
must be significantly reduced. Unfortunately, however, the
polarization loss at the cathode increases rapidly as the working
temperature is lowered, leading to dramatically reduced fuel cell
performance.3,4 The development of appropriate cathode
materials with high electrocatalytic activity for oxygen reduction
reaction (ORR) at lower temperatures is thus considered
imperative.5,6 In addition, the development of a new process for
cost-effective fabrication of electrodes with controlled micro-
structures is critical to improving both ionic and electronic
conductivity and catalytic activity at lower operating temper-
atures.
The conventional approach to fabrication of composite

electrodes involves the deposition of a mixture of electrolyte
and electrode material (such as screen printing and spin
coating) followed by high-temperature sintering. The undesired
reactions between the electrode and electrolyte materials at
high temperatures often impose restrictions on the choice of
materials and processing conditions, greatly limiting the
composition and microstructure and thus the properties of
electrodes.7,8 In order to avoid these difficulties as well as to
separate the sintering of the electrolyte (at high temperatures)

from the firing of the other electrode components (at lower
temperatures), infiltration has recently been used for fabrication
of composite electrodes.9−12 Infiltration is very flexible,
allowing the use of a wide range of anode and cathode
compositions. For example, a porous yttria-stabilized zirconia
(YSZ) scaffold is first co-sintered with a dense YSZ electrolyte
membrane. Then, the precursor solution of an electrode
material is coated on the surface of the porous YSZ by a
solution infiltration process.10,11,13−15 This method produces
electrodes with longer triple-phase-boundaries (TPBs, or the
electrochemical reactive sites), thereby enhancing the perform-
ance of the composite electrode. Furthermore, such a
composite electrode has a uniform structure because a
conducting phase is added to the existing YSZ backbone,
leading to enhanced conductivity.16,17

However, it is necessary to load sufficient amounts of
electronically conductive materials to the scaffold in order to
maintain efficient current collection and minimize sheet
resistance. Thus, repeated cycles of infiltration are often
required (typically more than 50 cycles), which could be
tedious and costly for implementation, especially for
commercialization. To overcome this critical challenge, here
we report a novel fabrication process: infiltration assisted by
layer-by-layer (LbL) assembly. Specifically, we employed an
LbL assembled polyelectrolyte multilayer film on the YSZ
electrolyte scaffold as a matrix to guide the infiltration of
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precursor materials, significantly reducing the number of
repeated cycles of infiltration required to complete the
deposition. The electrode fabricated by this novel LbL-assisted
infiltration method has a conformal coating of the active
electrode materials on the surface of the scaffolds with high
performance.
LbL assembly has been widely used as a versatile method for

fabricating multilayer thin films onto solid surfaces with
controlled structure and composition.18−21 It is typically
based on sequential adsorption of materials with complemen-
tary functional groups employing electrostatic interactions,
hydrogen bonding, or covalent interactions. Because of their
facile, inexpensive, and environmentally friendly nature, LbL
assembled multilayer thin films have found broad applications,
ranging from energy and electrochemical devices to biomedical
materials.22−24 In particular, recent advances in LbL-based
nanostructured electrode formation include direct integration
of active materials into the electrode, surface modification with
polyionic salts into charged multilayers, and the use of metal
complexed polymer electrolytes.25−29 However, here we
employed the polyelectrolyte multilayer formation followed
by infiltration with metal precursors, and to the best of our
knowledge, this is the first report of employing a LbL assembly
in the fabrication of a SOFC electrode.

The LbL-assembled polyelectrolyte multilayer on a
Gd0.1Ce0.9O2−δ (GDC)-YSZ electrolyte substrate was prepared
by sequential LbL assembly between positively charged
poly(allylamine hydrochloride) (PAH) and negatively charged
poly(acrylic acid) (PAA), as illustrated in Figure 1. As-prepared
GDC-YSZ was alternately immersed in aqueous solutions of
PAH and PAA at pH 3, with extensive water rinsing between
each deposition. After finishing the LbL assembly process for
the creation of thin multilayer films of PAH/PAA, a precursor
solution of Pr0.7Sr0.3CoO3−δ (PSC) was infiltrated onto the
LbL-multilayer coated YSZ and metal ions were intercalated
into the polyelectrolyte multilayer. Subsequently, the YSZ
substrate underwent calcination in air at 450 °C to decompose
the polyelectrolyte multilayers and nitrate ions. The whole
process was repeated until the final loading reached 45 wt %,
and the composite was finally fired at 850 °C in air for 4 h to
form the desired perovskite structure. A control experiment
using the conventional infiltration method was performed
under identical reaction conditions without the use of LbL
assembly on a GDC-YSZ electrolyte substrate.
Figure 2a shows the weight changes of a single cell with the

number of infiltration cycles of conventional and LbL-assisted
infiltration, respectively. The time necessary for LbL-assisted
infiltration is significantly shorter than that of the conventional
infiltration, by a factor of 6.5 times (11.8 wt % vs 1.82 wt %

Figure 1. Schematic representation of (top) conventional infiltration method and (bottom) layer-by-layer (LbL) assembled polyelectrolyte
multilayer-assisted infiltration for a SOFC electrode.

Figure 2. (a) Weight changes of a single cell with the number of infiltration cycles. (b−d) Comparison of (left) conventional infiltration and (right)
LbL-assisted infiltration. (b) Optical images after dropping 5 μL of water onto a plain PSC substrate, (c) corresponding contact angle images, and
(d) AFM images after calcination clearly depicting the more uniform coating obtained with the LbL-assisted infiltration method due to enhanced
wetting on PSC.
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loading per cycle). As expected, metal ions are well intercalated
into the polyelectrolyte multilayer in a single infiltration step
and large amounts of PSC particles can coat the porous
structure of the substrate after the calcination process. To prove
that the reduced processing time is due to the enhanced surface
wetting effects, we performed a water drop test and contact
angle measurement (Figure 2b, c). The surface of the GDC-
YSZ becomes considerably more hydrophilic after the LbL
assembly step, which clearly demonstrates that the polyelec-
trolyte multilayer enhances the wettability of the matrix with
regard to the infiltration solution, similar to typical LbL
assembly reported previously.30 Additionally, these results
confirm that the LbL assembly facilitates the adsorption and
formation of PSC particles in porous GDC-YSZ during
infiltration and calcination. We found that other polyelectrolyte
multilayers such as a multilayer composed of poly-
(dimethyldiallyl ammonium chloride) and poly(styrene 4-

sulfonate) also assisted in loading PSC particles onto GDC-
YSZ with significantly fewer infiltration cycles than required in
the conventional method (see Figure S1 in the Supporting
Information).
Atomic force microscopy (AFM) images and line scan

profiles further support the differences in morphologies of each
substrate after the deposition of PSC nanoparticles (Figure 2d).
As a model system, we employed a flat PSC substrate, as
particle growth mainly occurs on the surface of PSC after the
initial deposition on the GDC-YSZ layer. As demonstrated in
the AFM images, PSC particles partially covered the PSC
substrate in the case of conventional infiltration, whereas metal
nanoparticles uniformly cover a large fraction of PSC in the
case of LbL-assisted infiltration. Surface root-mean-square
roughness (Rrms) values of conventional and LbL-assisted
infiltration are determined to be 64.7 and 42.3 nm, respectively.
The reduced surface roughness is ascribed to the uniform and

Figure 3. SEM images of (a) plain YSZ scaffold, (b) GDC-YSZ composites with 15 wt % GDC sintered at 1200 °C, (c) LbL treated GDC-YSZ, (d)
conventional infiltrated PSC, and (e) LbL-assisted infiltrated PSC. Energy-dispersive spectroscopy (EDS) spectrum and elemental mapping of the
PSC-YSZ sintered at 850 °C. (f) Scanning TEM (STEM) high-angle annular dark-field (HAADF) image and (g−m) elemental mapping of Pr, Sr,
Co, Y, Zr, Gd, and Ce, respectively.

ACS Applied Materials & Interfaces Letter

dx.doi.org/10.1021/am5048834 | ACS Appl. Mater. Interfaces 2014, 6, 17352−1735717354



regular distribution of metal ions achieved in the polyelectrolyte
during the infiltration process due to the improved wettability
of GDC-YSZ. This observation is consistent with an increased
amount of PSC particles onto LbL-treated GDC-YSZ, as
suggested by the weight changes. As a control, we performed
only oxygen plasma before the infiltration to isolate the role of
the polyelectrolytes. Even though the treatment improved the
initial wettability of the metal precursor as observed in the
reduced contact angle, it was still hard to reduce the precursor
film preparation time due to the limited sites for metal ion
complexation compared to LbL-assisted infiltration. Further-
more, relatively large and aggregated metal nanoparticles were
covered widely over the electrode as observed in AFM and
SEM images (see Figure S2 in the Supporting Information).
This evidence clearly supports that the polyelectrolyte
multilayer played a critical role in improving both the loading
of metal precursors and fine distribution over the entire
electrode through the selective complexations of metal ion
precursors.
SEM images of the PSC-GDC-YSZ composite are displayed

to evaluate the microstructures of the electrode (Figure 3a−e).
Figure 3a shows the empty porous YSZ scaffold prior to the
addition of the oxide. The appearance of the porous structure is
similar to that of a sponge with the pore size ranging between 1
and 3 μm. The presence of a conformal GDC layer coating
onto the porous YSZ scaffold is confirmed in Figure 3b. As
shown in Figure 3c, the polyelectrolyte multilayer uniformly
covers the GDC-YSZ after LbL assembly without blocking the
innate porous electrode structure. After the conventional
infiltration procedure followed by firing at 850 °C, PSC
particles of roughly 150 nm diameter are uniformly coated on
the surfaces of the GDC-YSZ scaffold (Figure 3d). Meanwhile,
the microstructure of composite electrodes prepared by LbL-

assisted infiltration as indicated in Figure 3e reveals more
uniform coating of the PSC particles on the GDC-YSZ scaffold
with a relatively smaller grain size (70 nm), probably stemming
from the good wettability of the LbL procedure. This uniform
coating leads to enhanced interconnection between PSC and
YSZ scaffold and thus improves electrochemical performances.
The electrode surface of the PSC-GDC-YSZ composite is
entirely composed of electrochemical reaction sites due to the
mixed ionic and electronic conducting (MIEC) property of
PSC. For more concise identification of the electrochemical
reaction sites for both procedures, the surface areas of each
material are determined using BET measurement. It is revealed
that LbL-assisted electrode presented higher surface area of
5.14 m2 g−1, whereas a conventionally infiltrated electrode
showed relatively lower value of 3.88 m2 g−1. The higher surface
area of LbL-assisted electrode could contribute to the expanded
electrochemically active sites that consequently lead to the
improved electrochemical performances of the material.
A scanning TEM (STEM) high-angle annular dark-field

(HAADF) image of a cross-section of the PSC-GDC-YSZ
composite is presented in Figure 3f, showing a 100 nm GDC
film uniformly coated on the YSZ substrate and PSC particles
on the GDC-YSZ layer. Elements distribution mapping images
of the PSC-GDC-YSZ composite obtained by energy dispersive
spectroscopy support the presence of all associated elements in
the formation of the composite electrode (Figure 3g−m). On
the basis of XRD, the pure PSC exhibits a single-phase
perovskite structure without any impurity phase (see Figure S3
in the Supporting Information).
The temperature dependence of the electrical conductivity

for the 45 wt % PSC-GDC-YSZ composite is presented in
Figure 4a. Both samples show an increase in electrical
conductivity with increasing temperature, representing typical

Figure 4. (a) Electrical conductivity of PSC-GDC-YSZ infiltrated on bare YSZ (black square) and on LbL treated YSZ (red circle) in air. (b)
Arrhenius plot of reciprocal area specific resistance (ASR) of PSC-GDC-YSZ composite prepared by each infiltration method. The inset shows the
ASR of the PSC-GDC-YSZ cathode with conventional (black square) and LbL-assisted method (red circle) measured at 700 °C in air under open-
circuit conditions. I−V curves and the corresponding power densities of test cells with a PSC-GDC-YSZ cathode by (c) conventional infiltration and
(d) LbL-assisted infiltration using humidified H2 (3% H2O) as the fuel and ambient air as the oxidant at 600−750 °C.
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semiconductor behavior. The electrical conductivities of PSC-
GDC-YSZ composites prepared by LbL-assisted infiltration are
not substantially different from that of the PSC-GDC-YSZ
composite fabricated by the conventional method.
The electrocatalytic activity for the oxygen reduction reaction

of PSC-GDC-YSZ composites on the YSZ electrolyte is
evaluated in symmetrical cells using impedance spectroscopy.
Typically, the cathodic polarization resistance normalized by
the geometric electrode area, that is the area specific resistance
(ASR), can be calculated from impedance spectra acquired
under open circuit voltage (OCV). When the electronic
conduction in the electrolyte is negligible, the cathodic
polarization resistance can be adequately approximated by the
diameter of the impedance loop or the difference between the
high-frequency and low-frequency intercepts at the real axis.
Figure 4b indicates the temperature dependence of polarization
resistance for the PSC-GDC-YSZ composite electrodes via
both LbL-assisted infiltration and a conventional infiltration
processes. The Nyquist plots of PSC-GDC-YSZ composites at
700 °C using the two different procedures are presented in the
inset of Figure 4b. The ASR values of PSC-GDC-YSZ
composites at 700 °C prepared by conventional and LbL-
assisted infiltrations are 0.083 and 0.054 Ω cm2, respectively.
To study the electrochemical performance of the two types

of PSC-GDC-YSZ composite electrodes in a practical fuel cell,
we used electrolyte-supported cells based on a 120 μm thick
YSZ electrolyte (see Figure S4 in the Supporting Information).
Representative I−V curves and the corresponding power
densities of the cells based on these PSC-GDC-YSZ composite
electrodes at various operating temperatures are shown in
Figure 4c, d. The peak power densities of the cells with the
composite electrodes derived from the LbL-assisted infiltration
are more than 20% higher than those prepared by a studied.
For example, the peak power density of the cell with an
electrode prepared via traditional infiltration reached 0.098,
0.189, 0.349, and 0.604 W cm−2 at 600, 650, 700, and 750 °C,
respectively. Under the same conditions, on the other hand, the
cell with electrode derived from the LbL-assisted infiltration
demonstrated peak power densities of 0.146, 0.296, 0.502, and
0.751 W cm−2 at 600, 650, 700, and 750 °C, as presented in
Figure 4d. The observed enhancement in performance is
attributed to the unique nanostructure, enlarged surface area,
and increased number of active sites for electrochemical
reactions of the composite electrodes derived from the LbL-
assisted infiltration process.
In conclusion, we have developed a novel cathode fabrication

technique for SOFCs based on an infiltration method assisted
by layer-by-layer (LbL) assembly of polyelectrolytes. Prepara-
tion of the electrode with LbL-assisted infiltration not only
leads to a 6.5-fold reduction in the electrode fabrication time
but also ensures more uniform coating of PSC particles on the
electrode. The composite electrode derived from LbL-assisted
infiltration exhibits significantly enhanced electrochemical
performance due to improved microstructure and increased
number of active sites for electrochemical reactions. Because of
the highly versatile and tunable properties of LbL assembly, we
anticipate that the suggested approach will provide a new route
for cost-effective electrode fabrication and microstructural
enhancement for the next generation SOFCs to be operated
at lower temperatures. In addition, the integration of other
electroactive materials on the SOFC electrode may lead to new
possibilities for the fabrication of other hybrid electrodes.
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