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ABSTRACT: Enhancing the density of catalytic sites is crucial
for improving the performance of energy conversion devices.
This work demonstrates the kinetic role of 2 nm thin YSZ/Pt
cermet layers on enhancing the oxygen reduction kinetics for
low temperature solid oxide fuel cells. Cermet layers were
deposited between the porous Pt cathode and the dense YSZ
electrolyte wafer using atomic layer deposition (ALD). Not only
the catalytic role of the cermet layer itself but the mixing effect
in the cermet was explored. For cells with unmixed and fully
mixed cermet interlayers, the maximum power density was
enhanced by a factor of 1.5 and 1.8 at 400 °C, and by 2.3 and 2.7 at 450 °C, respectively, when compared to control cells with no
cermet interlayer. The observed enhancement in cell performance is believed to be due to the increased triple phase boundary
(TPB) density in the cermet interlayer. We also believe that the sustained kinetics for the fully mixed cermet layer sample stems
from better thermal stability of Pt islands separated by the ALD YSZ matrix, which helped to maintain the high-density TPBs
even at elevated temperature.
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■ INTRODUCTION

There is great interest in solid oxide fuel cells (SOFCs) as
sustainable energy conversion devices because of their high
conversion efficiency and fuel flexibility. They usually operate at
the high-temperature regime of 700−1000 °C due to relatively
low ionic conductivity of solid oxide electrolytes, which poses
practical problems such as thermal stress or rapid material
degradation.1 Therefore, extensive research has been done to
lower the operating temperature by fabricating cell that employ
thin film materials and architecture.5,17 However, lowering the
operating temperature significantly increases activation losses,
especially at the cathode side because of the sluggish kinetics of
the oxygen reduction reaction (ORR).2−4

There have been efforts to reduce the activation loss at the
cathode side for low-temperature SOFC (LT-SOFC).5−8,15,16

One of those include the use of an catalytic interlayer such as
doped ceria, e.g., gadolinia-doped ceria (GDC) or yttria-doped
ceria (YDC), between the electrode and the yttria-stabilized
zirconia (YSZ) electrolyte.5−8 These interlayers were shown to
reduce cathodic activation loss because they have better
catalytic activity and enhanced kinetics for ORR because of
the significantly lower activation energy (0.07 eV for Pt/YDC)
compared to doped zirconia (0.38 eV for Pt/YSZ).7

An alternative approach involves increasing the density of the
triple phase boundary (TPB), where the electrode, the
electrolyte and the gas meet. Microscale porous Pt electrode
fabrication by dc magnetron sputtering has been an easy and
common way to fabricate high TPB density, and e-beam or

nanosphere lithography have also produced well-defined
catalyst structure on the scale of a few hundred nanometers
to a few micrometers.5,9 Moreover, the possibility of using
metal/ion-conducting oxide composites as electrodes has been
explored to utilize the mixed electronic-ionic conduction. Ni-
YSZ cermet anode is one of the most widely used anode
materials for SOFCs.10,11 For cathode materials, various kinds
of cermet materials have been studied, e.g., Ag-YSZ,12 Ag-
perovskite,13 and Pt-YSZ.14 They are mostly fabricated by
cosintering or cosputtering, which have limitations in assuring
homogeneous intermixing of the deposited materials.
Atomic layer deposition (ALD) is an ideal technique for

depositing thin film interlayers because it can easily deposit not
only conformal films but films with varying stoichiometry by
controlling the pulse ratio of individual components. For
example, optimized doping of ALD YSZ15 and YDC16

interlayers showed an enhancement in the measured power
density by a factor of 1.5 and 3.5, respectively, compared to that
of the reference fuel cell membrane-electrode-assembly (MEA).
Furthermore, a mixture of different phase materials, e.g., metal
and oxide, can be easily fabricated using ALD by alternating the
individual ALD processes for each material.
In this paper, we present the effect of ALD deposited

ultrathin (<2 nm) YSZ/Pt cermet layers on kinetic activity at
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the cathode and on the overall fuel cell performance measured
between 350 and 450 °C. Even though the Pt content on the
interlayer surface was small, i.e., less than 2%, the introduction
of the ALD YSZ/Pt cermet layer between the YSZ electrolyte
and the porous Pt catalytic cathode enhanced the exchange
current density up to by a factor of 2 and 3 and the maximum
power density by a factor of 2.3 and 2.7 at 450 °C for nonmixed
and fully mixed cermet layers, respectively. We also show that
the fully mixed cermet layer produces dispersed Pt nano-
particles with smaller sizes and higher density than the
nonmixed cermet layer even after annealing, which helps to
form high density TPB at the electrode/electrolyte interface.

■ EXPERIMENTAL SECTION
The precursors used for ALD fabrication of YSZ were tetrakis-
(dimethylamido) zirconium (Zr(NMe2)4) (Sigma Aldrich) for
depositing zirconia and tris-(methylcyclopentadienyl) yttrium (Y-
(MeCp)3) (Strem Chemical) for yttria. Water was used as the oxidant
for both precursors. Six zirconia deposition cycles and one yttria cycle
constitute one super cycle, whose growth rate is ∼7 Å/supercycle and
the resulting composition is determined to be 8 mol % yttria doped
zirconia.17 For ALD of Pt, trimethyl(methylcyclopentadienyl)
platinum(IV) (99%, Strem Chemicals) was used as the precursor
and air as the oxidant. The growth rate for Pt was 0.5−0.6 Å/cycle.18,26
The substrate temperature was maintained at 250 °C for both of YSZ
and Pt deposition. We fabricated three different MEA samples, namely,
the reference, nonmixed, and fully mixed cermet interlayer structures.
For all of them, we used single crystalline YSZ substrates (Marketek, 1
cm × 1 cm, 300 μm thick) containing 8 mol % of yttria doping. Then
7 nm of ALD YSZ was deposited on top of the substrates to ensure
similar surface roughness for the samples. One of these samples was
employed as the “reference” MEA. Subsequently, 14 cycles of ALD
YSZ followed by 14 cycles of ALD Pt were deposited on top of sample
2 to fabricate the nonmixed cermet sample. For making the fully mixed
cermet, we mixed the same number of ALD YSZ and Pt cycles, i.e.,
(one zirconia or yttria layer and one Pt layer) × 14 cycles, on top of
sample 3 as the functional interlayer. The functional layer was not
deposited on sample 1, which served as the reference sample (Figure
1d, e). After this operation, conventional porous Pt layer of 80 nm was
deposited on both sides of the all samples using dc sputtering under 50
W of plasma power at an Ar pressure of 10 Pa at room temperature
(Figure 1).
For fuel cell performance measurements, a customized test station

developed in our laboratory was used as described in the earlier
publication.5 Pure hydrogen was used as fuel on the anode side, and
the cathode side was exposed to ambient air. The temperature was
controlled by an embedded heater placed under the chamber.
Measurements were done at 350, 400, and 450 °C. A Gamry
Potentiostat (FAS2, Gamry Instruments, Inc.) unit was used for the
acquisition of current−voltage data, and electrochemical impedance
spectroscopy (EIS) was used in the frequency range of 300 kHz to 0.1
Hz with an a.c. signal amplitude of 100 mV. EIS results were analyzed
by Z-plot software based on the complex nonlinear least-squares fitting
method.
For the compositional analysis of the sample surface, we used XPS

(PHI VersaProbe Scanning XPS Microprobe) with Al (Kα) radiation
(1486 eV). To minimize the sampling depth, we used angle-resolved
XPS (ARXPS) technique with a takeoff angle of 15 0, whose analyzing
depth is approximately 2−3 nm. The surface survey scan was run from
a binding energy of 0 eV up to 800 eV with a step size of 0.5 eV. The
high-resolution scan was run with a step size of 0.05 eV.
For morphological characterization, transmission electron micros-

copy (TEM, FEI Tecnai G2 F20 X-TWIN) was utilized. ALD Pt and
ALD Pt/YSZ cermet layers were deposited on TEM grid with 8 nm
freestanding amorphous SiO2 membrane (Ted Pella, Inc.). For surface
topography analysis, we used AFM (Park Systems XE-70 model) with
the scanning window size of 500 nm × 500 nm in noncontact mode.

The root-mean-square (RMS) roughness was analyzed by XEI
software.

■ RESULTS AND DISCUSSION
Fuel cell current−voltage (i.e., I−V) performance and power
densities of the MEAs were measured at 350, 400, and 450 °C
using pure hydrogen fuel at 20 sccm on the anode and air on
the cathode as shown in Figure 2. Open circuit voltages
(OCVs) ranged between 1.04 and 1.10 V at 450 °C, between
1.01 and 1.07 V at 400 °C and between 1.02 and 1.05 V at 350
°C. OCV values were less than the theoretical value by the
Nernst equation (1.20 V at 450 °C).19 This is possibly due to a
slight leak of hydrogen through the gold ring seal. Even though
the power density enhancement was not significant at 350 °C,
the introduction of the nonmixed and fully mixed ALD YSZ/Pt
cermet interlayer increased the maximum power density by a
factor of 1.5 and 1.8 at 400 °C, and 2.3 and 2.7 at 450 °C
(Figure 2). The maximum power densities at these temper-
atures are summarized in Figure 3.
As shown in Figure 2, no significant voltage drop is observed

near the low voltage region. As expected with the 300 mm thick
YSZ electrolyte, ohmic losses seem to dominate the I−V
behavior. The activation loss, in which the cathodic
contribution is dominant,2−4 can be expressed as follows8

η = − −V jOCV ASRact meas e (1)

In eq 1, OCV is the open circuit voltage, Vmeas is the measured
voltage, j is the current density, and ASRe is the area specific
resistance of the electrolyte. When j is larger than jo, the ηact
yields

Figure 1. Schematic of sample structures: (a) reference (without
cermet interlayer), (b) nonmixed cermet interlayer, and (c) mixed
cermet interlayer samples. TEM cross-sectional images of the (d)
nonmixed cermet interlayer and (e) mixed cermet interlayer.
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The Tafel plot of the activation loss vs ln(j), when fitted to a
straight line in the high overvoltage region, provides the
exchange current density j0 obtained from the y-axis intercept.19

The Tafel plots with representing fitting lines are shown in
Figure 4. The calculated j0 values were 0.064, 0.128, and 0.188
mA/cm2 with fitting errors of 3.4, 3.7, and 1.6% for the
reference, nonmixed, and fully mixed samples, respectively.
These results indicate that the power density enhancement in
MEAs with ALD YSZ/Pt layers are likely due to the enhanced
rates at the cathodes.

For further investigation of the sources of the observed
losses, we performed EIS analysis between the frequency range
of 300kHz and 0.1 Hz (Figure 5). The EIS spectra consisted of
2 semicircles: One is due to the electrolyte impedance in the
high frequency range and is independent of the cell voltage.
The other is due to the electrode impedance at the low
frequency range and is affected by cell voltage as shown in
Figure 5a. The electrode impedance is mainly from the cathode
side in LT-SOFC. As shown in b and c in Figure 5, the
electrode resistance is the biggest in the reference sample
(sample 1), becomes smaller in the nonmixed cermet sample
(sample 2), and shows the minimum in the fully mixed cermet
sample (sample 3). This implies that oxygen reduction rates at
the cathode are enhanced in samples with cermet interlayers,
and the enhancement was most significant in the fully mixed
sample.
These results support the conclusion that the higher power

density of MEAs with ALD YSZ/Pt cermet layers is due to
enhanced oxide ion kinetics at the cathode side. To provide
further microscopic evidence about this enhancement, we
employed ARXPS to investigate the chemical composition and
the valence states of the elements near the surface (<3 nm).
Figure 6 shows the XPS spectra of the MEA surfaces. In the
survey scan shown in the bigger window, Zr, Y and Pt peaks are
clearly visible. Quantification of elemental composition showed
that the Pt content was 0, 1.6 and 1.8% at the surface and the
Pt-to-Zr ratio was 0, 7.1 ± 0.03 and 7.3 ± 0.25% for the
reference, nonmixed, and fully mixed samples, respectively. The
significant difference between Zr and Pt ratio can be explained
by the previous reports which studied the different growth rate
of ALD in mixed material compared to binary oxides.20,21 This
shows that the impregnation of the YSZ surface layer with only
a very small amount of Pt led to a large improvement in power
density. Also it implies that the enhanced oxide ion kinetics in
the fully mixed sample, compared to that in the nonmixed one,
is not merely the result of the difference in Pt content.
Moreover, the HRXPS spectrum in the vicinity of Pt 4f5 (74
eV) and 4f7 (71 eV) shows that Pt 4f5 and 4f7peaks for
nonmixed and fully mixed samples are 73.8, 70.7 eV and 74.1,
70.9 eV, respectively. This suggests that the Pt in both samples
exists as elemental Pt, and is not involved in the formation of
second phase compounds such as PtZr, etc.22

To investigate the surface morphology in microscopic scale,
we took TEM images of samples as shown in Figure 7. Both in
ALD Pt only and fully mixed cermet samples, Pt islands are

Figure 2. Current−voltage and power density curves of samples at (a)
450 °C and (b) 400 °C.

Figure 3. Maximum power densities of the samples according to the
measuring temperature.

Figure 4. Tafel plot of the three samples.
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clearly visible in darker contrast because of stronger scattering
of the electrons.. It is notable that there are still Pt islands in the
fully mixed sample even though we alternated YSZ cycles and
Pt cycles, one after another. After annealing at 450 °C for 30
min, the Pt islands in ALD Pt only samples undergo severe
morphological changes, e.g., the deviation in particle sizes
increases by 2-fold, the average number of particles decreases
by 14% and the resulting TPB density decreases by 30%. This
phenomenon, which also has been reported in previous
papers,23,24 may be due to surface diffusion of Pt islands or
Oswald ripening. By contrast, the morphology of Pt particles in
the fully mixed cermet layer changes only slightly upon
annealing, thus preserving the TPB density (Table 1).

Expectedly, the ALD YSZ matrix filling in the spaces among
the Pt particles (Figure 7d, red inset) inhibit surface diffusion of
Pt islands so that the coarsening effect is significantly reduced.
In fact, surface morphology of the substrate is known to affect
the movement of the surface atoms,24 but further investigation
is necessary to fully understand this phenomenon.
Surface morphologies of the nonmixed and fully mixed Pt

particles indicate different coarsening effects. This is shown in
AFM images of Figure 8, which are taken from the actual
samples after fuel cell operation. The RMS value of surface
roughness for the reference sample was 4.20 ± 0.45 Å, which
implies that the nanogranular surface of ALD YSZ is quite
smooth. The RMS roughness of the nonmixed cermet layer was

Figure 5. (a) Example of EIS spectra of the sample with fully mixed cermet layer at 450 °C at OCV and 0.8 V cell voltages. Similarly, electrode
resistances of the samples at 400 °C are provided at (b) OCV and (c) 0.8 V. Samples 1, 2, and 3 denote the reference, nonmixed, and fully mixed
MEAs, respectively.

Figure 6. XPS spectra of the three MEA samples. Inset image is the HRXPS spectrum near Pt 4f peaks.
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significantly larger as 14.28 ± 1.06 Å due to the Pt particle
coarsening effect upon annealing. The coarsened, and therefore
grown-in-size Pt particles are shown in bright contrast in the
image. On the contrary, the RMS roughness of the fully mixed
cermet layer was 4.58 ± 0.36 Å, which is quite comparable to
that of the reference sample.
On the basis of these results, we think that Pt particles in the

fully mixed cermet layer were not fully covered by overlaying
YSZ layer, but still in contact with the gas, i.e, air in this case,
preserving the density of TPBs. Notably, enhanced cathode
kinetics was observed in samples with cermet interlayers even
when Pt particles are not connected to each other and to the
current collector, i.e., when percolation among Pt particles is
lacking. Even though the exact mechanistic model of oxygen
reduction at Pt/YSZ interface has not been fully developed and
agreed,27 we speculate that the adsorbed oxygen on the surface
of gas-exposed Pt particles diffuse to the Pt particle/YSZ
interface, and further to the interface between porous Pt/YSZ
interface along the YSZ surface. The oxygen is then reduced
along the porous Pt/YSZ interface by accepting electrons and
incorporates into the electrolyte. We believe that further
investigation of the individual process steps of the incorpo-
ration reaction is necessary to elucidate the mechanistic details
of its elementary steps more thoroughly.

■ CONCLUSION
MEAs with ultrathin ALD YSZ/Pt cermet interlayers were
fabricated and tested for their fuel cell performances. The MEA
with a fully mixed cermet layer showed higher power densities
than the reference MEA or the MEA with a nonmixed cermet
layer. The analysis by Tafel plot and EIS implied that this
improvement stems from the enhancement in the surface
exchange current, and the decrease in the activation loss is due
to the enhanced rate at the cathode. Moreover, TEM and AFM
results suggested that the fully mixed cermet provides thermal
stability of the Pt particles, which preserved the TPB density at
elevated operating temperature. We expect that these thermally
stable cermet layers can potentially be used not only for fuel
cell applications but also for other energy conversion devices
that need large density of catalytically active sites, such as
electrolyzers, catalytic converters for emission gas, etc.
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Figure 7. Bright-field TEM images of (a) as-deposited and (b)
annealed samples of 14 cycles of ALD Pt only, and (c) as-deposited
and (d) annealed samples of ALD YSZ/Pt fully mixed cermet. The
inset in d is the zoomed-in image of the red-dotted circle area, which is
the YSZ matrix. The lattice parameter measured in ALD YSZ matrix
(5.12 Å) matches well to the reported value.o.

Table 1. Statistics of Pt Islands in TEM Images

avg diameter
(nm)

avg number (in
40 × 40 nm2)

TPB density
(nm/nm2)

nonmixed as-
deposited

1.62 ± 0.07 50.7 0.153

annealed 1.50 ± 0.15 43.3 0.104
fully mixed as-

deposited
1.13 ± 0.05 83 0.175

annealed 1.11 ± 0.04 80.3 0.169 Figure 8. AFM surface images of the MEA samples ((a) reference, (b)
non-mixed, and (c) fully mixed cermet layers) after fuel cell operation.
All images were taken in 500 nm × 500 nm windows. Z-scales are
identical.
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