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ABSTRACT: We report the electrochemical performance and structural
characteristics of porous nanostructured ceramic cathodes for thin-film solid
oxide fuel cells (TF-SOFCs) based on yttria-stabilized zirconia (YSZ)
electrolytes. The nanostructured cathode is obtained through magnetron co-
sputtering of gadolinium−cerium (Gd−Ce) alloy and lanthanum strontium
cobaltite perovskite targets. The resultant nanostructure and composition of
the ceramic cathode are controlled by adjusting the co-sputtering conditions.
The peak power densities in our fabricated TF-SOFCs are the highest
reported values for YSZ-based electrolyte SOFCs, showing 0.14, 0.48, 1.21,
2.56, and 3.01 W/cm2 at 450, 500, 550, 600, and 650 °C, respectively,
operating under air and pure hydrogen fuel. The results show that the
porosity and composition of the cathode greatly affect the resulting peak
power densities. This work illustrates the capability of sputtering to produce
stable, scalable, nano-ceramic cathodes with superb peak power densities
when integrated in TF-SOFCs.

KEYWORDS: thin film, SOFC, magnetron sputtering, nanoporous structure, electrochemical impedance, cell power density,
low temperature

■ INTRODUCTION

Solid oxide fuel cells (SOFCs) are being considered and
developed for a variety of power generation uses, ranging from
watt- to megawatt-sized power systems.1 Current SOFCs
typically operate between 650 and 950 °C. High operating
temperatures present several technical challenges, such as a
more limited materials selection, an increased chance of
undesirable chemical interactions between the cell compo-
nents, and other operational restrictions (e.g., slow startup and
thermal cycling). To mitigate these issues, it is desirable to
lower the operating temperature of SOFCs while maintaining
high performance. Since the conductivity of the electrolyte
largely determines the fuel cell operating temperature, reducing
the electrolyte thickness by fabricating thin-film SOFCs (TF-
SOFCs) is one avenue toward lowering the operating
temperature. There are several different approaches that have
been evaluated for fabricating TF-SOFCs: chemical vapor
deposition (CVD) techniques such as aerosol-assisted CVD
(AACVD),2,3 metal−organic CVD (MOCVD),4 atomic layer
deposition (ALD),5,6 or physical vapor deposition (PVD)
techniques such as electron beam PVD (EB-PVD),7,8 pulsed
laser deposition (PLD),9−11 and sputtering.12−14

Among the various TF-SOFC PVD fabrication methods,
magnetron sputtering allows for better control of the
morphology of the deposited thin films (whether it is a
dense electrolyte or porous electrodes) by modifying the
sputtering conditions. Apart from that, magnetron sputtering
has the advantage of room-temperature deposition and has the
potential for large-area deposition, enabling fabrication scale-
up. Fabrication of TF-SOFCs with magnetron-sputtered yttria-
stabilized zirconia (YSZ) has been previously demonstra-
ted.14,15 By adjusting the sputtering pressure, target-to-sample
distance, and sputtering power, the energy and direction of the
sputtered materials can be controlled, allowing the nanostruc-
ture of the deposited layers to be tuned.16 As for the cathode,
sputtered metallic porous cathodes such as Pt and Ag are
commonly used for low-temperature (<500 °C) operation in
TF-SOFCs, but these tend to degrade after long-term
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operation at higher temperatures (500−700 °C) due to severe
metal agglomeration that irreversibly destroys the nanostruc-
ture of the cathode.17−19 To improve thermal stability and
maintain catalytic activity at high temperatures, ceramic mixed
ionic and electronic conducting (MIEC) perovskite cathodes
are commonly used.20 Direct sputtering of ceramic materials
usually results in dense films (independent of sputtering
conditions) owing to the amorphous state in the as-deposited
film. In previous studies of dense MIEC cathodes,21−24 the
ultrathin and dense cathode degraded over time and further
increasing the thickness of the cathode did not improve the
performance or stability. It is therefore beneficial to develop a
sputtering process that can result in porous ceramic cathode
films for TF-SOFCs. In previous works, there have been
attempts to co-sputter or decorate noble metals with ceramics
to form mixed cathodes.25,26 However, the morphology of the
nanostructure of the mixed cathode still changed over the
course of operation, resulting in performance degradation.
In this work, we report the results of our study on YSZ-

based TF-SOFCs with the lanthanum strontium cobaltite
perovskite (LSC)-gadolinium-doped ceria (GDC) cathodes.
Adding GDC into the MIEC perovskite to form a porous
composite cathode greatly improves the performance by
increasing the ionic conductivity of the perovskite cath-
ode27−29 and improves the stability by minimizing micro-
structural changes during operation. To combine the

advantages of sputtering metals and ceramic oxides, as noted
in our previous work,13 we conducted co-sputtering of a metal
alloy target, Gd0.2Ce0.8 (Gd−Ce), with a ceramic LSC target,
(La0.6Sr0.4)0.98CoO3. Figure 1c shows transmission electron
microscopy images (TEM, in scanning mode) of a co-
sputtered nanostructured ceramic cathode. From the image,
we can observe two distinctive porous features: one being
columnar structures with large openings between each
structure and the other being 10 nm diameter nanofibers
which grow a branch-like nanostructure on a large columnar
structure; such columnar structures have been observed
previously and are caused by shadowing effects during
deposition.10,30,31 The nanofiber-like columnar nanostructure
is an ideal structure for the cathode of TF-SOFCs since the
openings ensure sufficient oxygen mass transport while the
nanosized structure increases the effective active area.
Furthermore, the co-sputtered GDC enhances mixed con-
ductivity of the cathode, creating more triple-phase boundaries
(TPBs) for the oxygen reduction reaction (ORR) process. The
configuration of the full TF-SOFCs is illustrated in Figure 1a.
The key to grow a nanoporous structure is to grow the sample
in the zone 1 region of the Thornton diagram, or the so-called
column growth region.16 The growth mechanism, demon-
strated in previous work,13 is shown in Figure 1d. Porous
anodized aluminum oxide (AAO) templates with a nanostruc-
ture of well-defined and uniform pores (100−250 nm) were

Figure 1. (a) Configuration of TF-SOFC. (b) Dark field cross-sectional STEM image of the sputtered TF-SOFC. (c) Dark field cross-sectional
STEM image of the nano-ceramic cathode. (d) Schematic of the co-sputtering process and the deposited nano-ceramic cathode nanostructure and
column growth process.
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used as the substrate. In previous works,13,32,33 porous AAO
templates have been shown to be a suitable substrate for TF-
SOFCs. In our study, 100 μm thick AAO templates with a 120
nm pore size were used as the supporting substrate. For the
anode, Ni and Y−Zr were co-sputtered to form a 900 nm thick
porous anode nanostructure. For the electrolyte, YSZ was used.
To avoid potential chemical reactions between the perovskite
cathode and YSZ electrolyte and reduce the interfacial
transport loss, dense and thin GDC was used as an interlayer
between the cathode and YSZ electrolyte.34−36 The thicknesses
for the GDC and YSZ layers were 500 and 1900 nm,
respectively. For the cathode, a porous ceramic LSC-GDC
cathode was deposited on the GDC by co-sputtering with a
thickness around 800−1000 nm. A 300 nm thick Pt layer was
deposited on the cathode as a current collector. The detailed
experimental methods are given in Section 10 in the
Supporting Information. The STEM image for the full cell is
shown in Figure 1b, which shows the nanostructure for each
layer schematically depicted in Figure 1a. Energy-dispersive X-
ray spectroscopy (EDX) mappings conducted on the sputtered
cathode and anode (shown in Supporting Information Figure
S1), generally indicate the correct distribution of the different
elements. The signal intensities for different elements are
consistent with the ratio of each element.
To systematically study the effects of the deposited cathode

nanostructure and composition over the performance of TF-
SOFCs, a series of cells with different cathode compositions
were fabricated via controlling the sputtering conditions. The
cathodes were co-sputtered by using a constant power of 200
W for the LSC target and varying the power of the Gd−Ce
alloy target (0, 10, 20, 30, and 50 W). The cathodes are
denoted as pure LSC, GdCe10LSC, GdCe20LSC,
GdCe30LSC, and GdCe50LSC, respectively. The active area
in our cells is 1 mm2, and the configuration of the cell and the
test setup are provided in Figure S2 of the Supporting
Information. Potentiostatic, galvanostatic, and power polar-
ization modes for the Gamry Reference 3000 were used to
measure the electrochemical properties of the fabricated TF-
SOFCs. To minimize damage from high current densities and
overpotentials, the measurements limited the maximum
current density and minimum voltage to 7 A/cm2 and 0.3 V,
respectively. The current density−voltage (I−V) curves and
power density (PD)−current density curves (measured at 550

°C) are shown in Figure 2a for the different sputtered cells.
Measurements conducted at 450, 500, 600, and 650 °C are
shown in Figure S3. It was observed that the PD at 600 and
650 °C increased with increasing current density without
showing a peak at high current densities. This was most likely a
result of the cell heating up due to the high current density.
This only happens when current density rises above a certain
threshold due to the limitation of heat dissipation in small
cells. The peak PD at these temperatures was thus determined
by fitting the power density data at lower current densities to a
parabolic curve; the methodology is shown in Figure S4.
Table 1 summarizes the open-circuit voltages (OCVs) and

peak PDs measured at different temperatures for the sputtered

cells. All of the OCV values are close to the theoretical values.
The OCV of a commercial cell mounted on the same test
station was about 1.06 V, similar to our TF-SOFC cells,
indicating insignificant gas cross-leakage and proper sealing for
the measurement setup. Compared to the pure LSC cathode
(dense), the co-sputtered, porous cathodes show significantly
higher power densities at all of the measured temperatures.
Among the samples, GdCe20LSC shows the best performance,
with peak PDs of 0.14, 0.48, 1.19, 2.56, and 3.01 W/cm2

obtained at 450, 500, 550, 600, and 650 °C, respectively, the
highest PD values that have been observed for YSZ-based TF-
SOFCs.
To test reproducibility, multiple GdCe20LSC samples (5 in

total) were tested at 550 and 600 °C and the error bars were
obtained and shown in Figure S5. It can be seen from Figure
S5 that in spite of some performance variation commonly
observed in SOFC cell testing, the experimental data show

Figure 2. (a) Current density vs voltage and power density characteristics for LSC-GDC/GDC/YSZ/Ni-YSZ at 550 °C. (b) Durability test
measured at 650 °C at a constant current density of 300 mA/cm2.

Table 1. Summary of the OCV and Peak Power Density at
Various Temperature for Cells with Different LSC-GDC
Cathodes

OCV (V) peak PD (W/cm2)

temp 500 °C 450 °C 500 °C 550 °C 600 °C 650 °C

pure LSC 1.02 0.01 0.07 0.14 0.23 0.23
GdCe10LSC 1.10 0.08 0.26 0.83 1.86 2.31
GdCe20LSC 1.12 0.14 0.48 1.19 2.56 3.01
GdCe30LSC 1.10 0.12 0.32 0.81 2.16 3.37
GdCe50LSC 1.08 0.04 0.17 0.53 0.81 1.68
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consistent performance. Notably, the peak PD for
GdCe20LSC is slightly lower than that for GdCe30LSC at
650 °C and a comparison of different power densities of
SOFCs measured at several different temperatures are shown
in Figure S6. Overall, this comparison shows the superior
power density for TF-SOFC with the nano-ceramic LSC-GDC
cathode.
For durability testing, a co-sputtered cell was operated at

650 °C under a current density of 300 mA/cm2. The test
results are shown in Figure 2b, indicating that the cell was
relatively stable over 20 h; it decayed less than 15%.
To verify the scalability of our fabrication method, cells with

an active area of 5 × 4 mm2 were fabricated. The peak PD and
IV curves are shown in Figure S7 and compared to the same
cell configuration that had a 1 mm2 active area. There is no
significant discrepancy between the small cell and the larger
cell, which indicates the validity of our transport measurement
and the scalability of the sputtering method.
The cells were characterized using cross-sectional SEM

images, and X-ray diffraction (XRD) patterns were obtained
for each different cathode. The SEM images are shown in
Figure 3a−d for pure LSC, GdCe10LSC, GdCe40LSC, and
Pure GdCe. SEM images of the tested cell are also included in
Figure S8. There is insignificant change of morphology before
and after testing. From these images, there is a clear transition
from a completely dense structure (pure LSC) to a porous
structure once co-sputtering of LSC with Gd−Ce was
conducted. Using a higher sputtering power of the Gd−Ce
target (a higher GDC content in the layer) resulted in a
composite with a higher porosity and increased ionic
conductivity. In principle, with higher porosity and increased
ionic conductivity in electrodes, the PD will be higher due to a
larger active surface area and a lower cathodic polarization
resistance. This trend was observed experimentally; however,
once the Gd−Ce power exceeded 20 W, the PD decreased.
This phenomenon indicates that the cathode composition, not
just the morphology, also plays an important role.
To understand structural effects from the compositional

changes of the co-sputtered cathode, the same cathodes

previously mentioned were sputtered on Si/SiO2 wafers and
annealed at the typical operation temperature (600 °C) for 2 h
before being measured by XRD. The resulting XRD patterns
are shown in Figure 3e−h, and the peaks for LSC and GDC
are labeled with blue squares and red circles, respectively. The
sharp peak at 2θ = 33° corresponds to the Si(200) peak from
the Si/SiO2 substrate. The XRD pattern in Figure 3e
corresponds to the sputtered pure dense LSC cathode as
shown in the SEM image in Figure 3a; this XRD pattern only
shows the peaks for LSC without any peaks from GDC, as
expected. With co-sputtering of LSC with 10 W Gd−Ce, GDC
peaks start to appear, while LSC peaks become less intense. As
the sputtering power of GDC was gradually increased from 10
to 40 W, the GDC peaks become more prominent and the
LSC peaks continue to decrease in intensity until virtually only
the GDC peaks are seen (with pure Gd−Ce). Assuming the
strain and stress in the thin films are negligible after annealing,
by fitting the peak widths with the Scherrer equation, we obtain
the crystallite size (coherence length) for each phase, which is
a measure of the size of the nanoparticles. The extracted
crystallite sizes for LSC are 105.8 nm (pure LSC) and 165.9
nm (GdCe10LSC), and the crystallite sizes for GDC are 52.4
nm (GdCe10LSC), 80.8 nm (GdCe40LSC), and 169 nm
(pure GdCe); both increase proportionally to the GDC ratio.
In general, the larger the crystallite size is, the smaller the TPB
will be. This change of composition and crystallite size in the
cathodes decreases the TPB length, resulting in lowered power
densities. The characterization results seem to reinforce that
the nanostructure and composition of the cathode are the two
main factors that impact the performance in our TF-SOFCs.
The two competing mechanisms appear to be as follows: (1) a
higher Gd−Ce ratio will dramatically enhance the porosity and
ionic conductivity of the mixed conductivity in the cathode,
but (2) a lower ratio of LSC will yield a shorter TPB length in
the cathode and decrease catalytic activity. Among all of the
fabricated cathodes, the peak performance was obtained when
co-sputtering the Gd−Ce target at a power of 20 W.
Compared to the sample after annealing (similar conditions
as after testing), the as-deposited sample shows a similar XRD

Figure 3. Cross-sectional SEM images and corresponding XRD patterns for (a and e) pure LSC cathode, (b and f) co-sputtered GdCe10LSC
cathode, (c and g) co-sputtered GdCe40LSC cathode, and (d and h) pure GdCe cathode. Intensities are presented in log-scale.
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pattern but with less-intense LSC peaks. We believe this is due
to grain growth of the LSC phase and thus an increase in the
crystallinity of LSC during the annealing process.
Electrochemical impedance spectroscopy (EIS) was con-

ducted during cell operation. To get quantitatively reliable data
for cathode and anode separately, the distributed function of
relaxation time (DFRT) method was conducted on the EIS
data. DFRT characterization of EIS data is a convenient
method to distinguish the different impedance contributions in
TF-SOFCs.37 DFRT transforms EIS data from the frequency
domain to the time domain to distinguish contributions from
different processes more clearly. In general, these processes are
made up of a series of reaction steps: (i) adsorption of
electroactive gaseous species (hydrogen or oxygen), (ii)
dissociation of electroactive species on the electrode surface,
(iii) diffusion of adsorbed species on the electrode surface to
TPB sites, (iv) diffusion of oxygen ions to/from TPBs, and (v)
charge transfer reactions. To investigate the high performance
in our sputtered cathodes, galvanostatic EIS and DFRT were
conducted for pure LSC cathode and co-sputtered
GdCe10LSC cathode at 550 °C and the data are shown in
Figure 4a,b. The AC frequency range was from 1 MHz to 0.1
Hz, and the impedance was measured at OCV. The DRT tool
software was used to transform EIS data into the time domain
for analysis,38,39 and a Gaussian distribution was used in the
fitting. As shown in the EIS data in Figure 4a, the Ohmic
resistances in two samples are close to each other, indicating
the YSZ electrolyte and GDC interlayer are properly
deposited. The small difference in each sample might be
from variations in the Ohmic resistance of the electrolyte.
From the DFRT data in Figure 4b, 5 main peaks were
observed, located at 1 MHz (Pe), 14.0−11.8 kHz (Pi), 3.2−2.2
kHz (Pa1), 137−136 Hz (Pa2), and 18.3−0.187 Hz (Pc1 + Pc2 =
Pc). Here Pc1 and Pc2 can be treated as a combined Pc since the

gas diffusion, adsorption, and charge transfer reaction are
coupled (and difficult to deconvolute) in MIEC cathodes.
The polarization resistances for each peak vary for each

sample. To separate the polarization loss from the anode and
cathode, different temperatures and hydrogen partial pressures
were applied by mixing helium gas to the anode. The DFRT
figures for different hydrogen partial pressures and temperature
measured for pure LSC cathode are plotted in Figure 5a,b.
From the DFRT figures, the two peaks around 3.2−2.2 kHz
(Pa1) and 137−136 Hz (Pa2) come from the anode (since it
changes with the hydrogen partial pressure) while the other
three peaks are independent of the hydrogen partial pressure.
These two peaks can be described by a constant phase element
(CPE) in parallel with resistor (R), denoted as CPE//R. The
two peaks above 1 MHz (Pe) and around 14.0−11.8 kHz (Pi)
only change with temperature, and their frequencies increase
with increasing temperature as shown in Figure 5c,d, so we
assume that these come from the ionic transport process in the
bulk electrolytes and the interface polarization resistance
between electrolyte and anode; these two contributions are
defined using a resistor in parallel with pure capacitance (C)
denoted as R//C. The peaks at the lowest frequency from 18.3
to 0.187 Hz (Pc) are independent of the hydrogen partial
pressure but dramatically change with the different cathodes.
This can come from the surface exchange process and ionic
and charge transport processes in the cathode. This peak could
not be simply described by a R//C component as shown in
Figure 4a, since the cathode is a typical MIEC which therefore
does not behave like a pure double layer capacitor due to the
bulk oxygen diffusion.40,41 Here we use the CPE//R
component to represent this composite cathode.42 The
equivalent circuits are shown in Figure 4c, and the fitting
parameters and results are listed in Tables S1 and S2. The
equivalent capacitance C values for all CPE//R components

Figure 4. (a) EIS for pure LSC (black), co-sputtered GdCe10LSC cathode (red) and (b) the corresponding data transformed into DFRT curves.
(c) Equivalent circuit used for the EIS fitting.
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are effective capacitances calculated from the fitting parameters
Q and n of the CPE component through the equation C =
(R1−nQ)1/n, where R is the resistance of the parallel resistor, Q
is the value of the admittance, and n is a constant. It is clearly
seen that Pe, Pi, Pa1, and Pa2 in different cells are close to each
other since these have an identical anode and electrolyte. The
only difference in the EIS fitting data comes from the cathode
Pc, intuitive since that was the component that was varied. The
fitted cathodic polarization resistance Rc for pure LSC and co-
sputtered GdCe10LSC cathode are 11.15 and 0.56 Ω·cm2,
respectively. The two-order decrease of cathodic polarization
resistance for the co-sputtered composite cathode results from
the increased porosity and better ionic conductivity in the
composite cathode, which in turn was caused by the superior
porous nanostructure and with the introduction of GDC in the
cathode. Table 2 summarizes the various reaction steps
assigned from the DFRT data analysis.

■ CONCLUSION
In summary, nano-ceramic cathodes for TF-SOFCs were
fabricated by co-sputtering a Gd−Ce alloy with LSC. Cells
containing these composite cathodes showed superior power
density at low temperatures, from 0.14 W/cm2 at 450 °C to
3.01 W/cm2 at 650 °C. Characterizations by TEM, SEM,
XRD, and electrochemical measurements show that the

composition and nanostructure of the cathode are the two
main factors that impact the power density of the TF-SOFCs.
By comparing the EIS data of the deposited pure LSC cathode
with co-sputtered composite cathodes, it can be seen the
cathodic polarization resistance of the composite cathode
dramatically decreased due to the superior nanostructure and
optimized ratio of LSC to Gd−Ce. The peak power densities
observed for sputtered thin-film cells are the highest among
YSZ-based TF-SOFCs in the temperature range of 450−650

Figure 5. DFRT analysis for the pure LSC cathode: (a) overall and (b) zoomed-in view of the DFRT influenced by different hydrogen partial
pressures and (c) overall and (d) zoomed-in view of DFRT influenced by different temperatures.

Table 2. Assigned Reaction Steps for the DFRT Data
Analysis

DFRT
peak frequency reacn step assigned

Pe above 1 MHz diffusion of oxygen ions in the electrolyte to
TPB

Pi 14.0−11.8 kHz transfer of oxygen ions from the bulk electrolyte
to TPB sites

Pa1 3.2−2.2 kHz hydrogen adsorption, dissociation, and diffusion
of adsorbed hydrogen atoms to anode TPB
sites

Pa2 137−136 Hz charge transfer reaction between oxygen ions
and adsorbed hydrogen atoms at TPB sites

Pc 18.3−0.187 Hz oxygen adsorption, dissociation, diffusion of
adsorbed oxygen atoms to cathode TPB sites
and charge transfer reaction of adsorbed
oxygen atoms
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°C. This method of fabricating nanostructured ceramic
composite cathodes by co-sputtering has been successfully
demonstrated with Gd−Ce and LSC. The reproducibility and
scalability of the magnetron sputtering platform have been
illustrated in this letter and can thus be further adapted,
namely, in using a variety of other materials, or for increasing
the active area, to make TF-SOFCs for practical applications.
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