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e low-temperature solid oxide fuel
cells with atomic layer deposited-yttria stabilized
zirconia embedded thin film electrolyte†
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We report the design and the fabrication of a sandwich-structured thin-film composite electrolyte for low-

temperature solid oxide fuel cells supported by a nanoporous anodized aluminum oxide (AAO) substrate.

We adopt an extremely thin (25 nm) atomic-layer-deposited (ALD) yttria-stabilized zirconia (YSZ) layer

embedded in highly ionic-conductive sputtered samaria-doped ceria (SDC) electrolytes (360 nm thick)

and systematically vary the position of the YSZ layer to investigate the optimal design of the composite

electrolyte. The cell with a sputtered SDC (180 nm)/ALD YSZ (25 nm)/sputtered SDC (180 nm) sandwich

electrolyte shows a high maximum power density of 562 mW cm�2 at 450 �C, which is the highest

performance at this temperature range for AAO-supported cells to date.
Introduction

Solid oxide fuel cells (SOFCs) have drawn considerable attention
because of their advantages for use as next-generation energy
conversion devices, including high efficiency, environmental
friendliness, and fuel exibility. Conventional SOFCs are
usually operated at high temperatures ranging from 800 to
1000 �C, which poses practical problems regarding thermal
degradation and material selection.1–4 Research on SOFCs
driven in the mid-temperature range (600–800 �C) or the low-
temperature range (<500 �C), therefore, has recently been con-
ducted.3,5–18 However, in the low-temperature region, the ionic
conductivity of the electrolyte drops and the ohmic loss
increases greatly.3,19,20 The electrochemical reaction at the
electrode–electrolyte interface also becomes slow, especially on
the cathode side, owing to the sluggish oxygen reduction reac-
tion; therefore, the activation loss is also increased.

To reduce the ohmic resistance at low temperature, one can
fabricate an SOFC with a thin-lm electrolyte (thickness <1 mm),
that is, a thin-lm SOFC (TF-SOFC).8–18 TF-SOFCs, however, are
known to lack the mechanical strength necessary for stable
operation, so supporting structures are usually necessary. TF-
SOFCs can be categorized into two types depending on the
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supporting structure: Si-based free-standing and porous-
substrate-supported cells. The use of free-standing cells is
benecial for maximizing the power density; for example, a Si-
based free-standing TF-SOFC with a high power density of
1.3 W cm�2 at 450 �C has been reported.9 However, the func-
tioning area of Si-based free-standing cells is generally limited
by the mechanical stability of the membrane during fabrication
and operation despite recent progress in the cell architecture to
improve the mechanical stability.12 The cell fabrication also
requires relatively expensive microfabrication processes such as
dry-etching and photolithography.8–12 In contrast, TF-SOFCs
supported by nanoporous substrates, e.g., anodized aluminum
oxide (AAO), Ni-doped zirconia/doped ceria, Ni foam, and
porous stainless steel, can provide both scalability and
mechanical stability without the need for etching or photoli-
thography processes.13–18 However, the relatively low power
density of these cells compared to that of free-standing ones,
i.e., the best performance of AAO-supported thin lm LT-SOFCs
ever reported is 380 mW cm�2 at 450 �C,18 indicates a need to
optimize the design of the thin-lm membrane–electrode
assembly for smaller losses and thus higher performance.

The optimal design of the electrolyte for a TF-SOFC should
meet the following requirements to minimize the losses.21 First,
thin lms with high ionic conductivity should be used to
minimize the ohmic loss. In addition, the surface of the elec-
trolyte should support a high surface exchange reaction, espe-
cially at the cathode; therefore, materials with high surface
exchange are preferred. Finally, the electrolyte should not be
electrically conductive even at the operating temperature for
a high open-circuit voltage (OCV).

In this regard, doped CeO2 is a promising electrolyte material
with high ionic conductivity as well as a high surface exchange
J. Mater. Chem. A
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Fig. 1 Schematics of (a) sample structures of CZ, CZC, and ZC
samples (the photo of the actual cell is in the inset image) and (b)
operation principle of the CZC sample.
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coefficient; in particular, the ionic conductivity of samaria-
doped ceria (SDC) is superior, i.e., 2 orders higher than that of
yttria-stabilized zirconia (YSZ) at near 500 �C, and SDC also
shows high surface exchange owing to the large size of the
dopant ions (Sm3+, 109.8 pm) compared to other dopant ions
(Gd3+, 107.8 pm; Y3+, 104 pm).22,23 However, due to its chemical
instability, doped ceria such as SDC exhibits electrical conduc-
tivity even at relatively low temperatures of less than 500 �C,
resulting in low OCV values if it is used alone; indeed, Ji et al.
reported that a TF-SOFC with an 850 nm-thick gadolinia-doped
ceria (GDC) electrolyte showed a low OCV of 0.3 V at 450 �C.13

The reduction in the OCV can be effectively prevented by
adopting a pinhole-free blocking layer that is chemically stable
at elevated temperature, such as YSZ;13 however, the ohmic
resistance may signicantly increase if the thickness of the
blocking layer is not minimized. Furthermore, YSZ may impede
the facile charge transfer reaction if it is used at the outermost
surface of the electrolyte owing to its lower surface exchange
coefficient compared to other doped ceria materials.20 A pinhole-
free and conformal YSZ layer can be fabricated by atomic layer
deposition (ALD), a variant of chemical vapor deposition, which
is known to provide pinhole-free, dense, and conformal thin
lms.8–16,18 However, the thickness and location of the atomic-
layer-deposited YSZ layer in previous publications have not
been optimized for the application to a TF-SOFC electrolyte,
resulting in relatively low performance. While the thickness of
the YSZ layer needed for complete electron blocking is much
thinner when fabricated with ALD compared to physical vapor
deposition techniques (e.g., pulsed laser deposition (PLD)), still
relatively thick (total thickness >100 nm) ALD YSZ layers have
been used as sole electrolytes or at the anode/cathode side
surfaces of electrolytes of AAO-based TF-SOFCs, which has led to
relatively large ohmic and activation resistances.13,14,16,18,24

In this paper, we report the design and the fabrication of
a sandwich-structured sputtered SDC/ALD YSZ composite elec-
trolyte for a high-performance AAO-supported TF-SOFC by
a combination of optimal processes and materials. While the
sandwich-structured electrolyte design has been previously re-
ported,26,27 e.g., PLD GDC/YSZ/GDC structure, our electrolyte
design has signicantly helped to improve the cell performance
due to the following advantages: (1) a high OCV is obtained by
using a chemically stable conformal YSZ layer fabricated by ALD,
(2) high surface exchange at the electrode–electrolyte interfaces
is obtained by adopting SDC layers with nanogranular surfaces,
and (3) low ohmic resistance is obtained by using highly ion
conductive SDC and ultrathin YSZ layers. Through a systematic
investigation of the optimal position of the ALD YSZ layer in the
SDC–YSZ composite electrolyte, we report that the cell with the
optimally designed electrolyte, i.e., ALD YSZ embedded in
sputtered SDC, yields the highest maximum power density of
562 mW cm�2 for AAO-supported cells at 450 �C.

Experiments
Cell fabrication

To make AAO-based TF-SOFCs, commercially available AAO
substrates were used as supports (InRedox, 1 cm � 1 cm and
J. Mater. Chem. A
100 mm in thickness, with a 55 nm-diameter pore size) (Fig.-
S1(a)†). A 300 nm-thick Pt anode was deposited by DC magne-
tron sputtering under an Ar atmosphere with a pressure of 5
mTorr and a DC power of 400 W. The surface of the Pt anode
shows a porous structure stemming from the underlying AAO
substrate's pores (Fig. S1(b)†). SDC and YSZ were used as elec-
trolyte materials. The SDC electrolyte was deposited by RF
sputtering under a mixed Ar and O2 atmosphere (4 : 1) at
a pressure of 5 mTorr and a RF power of 200 W (SRN-110, Sor-
ona). The growth rate of the SDC lm was 1.5 nmmin�1. Atomic
layer deposition (ALD) was used to deposit the thin-lm YSZ
layer. Tris(methylcyclopentadienyl)yttrium ((CpCH3)3Y) and
tetrakismethylethylamino zirconium (TEMA Zr) were used as
precursors for Y2O3 and ZrO2, respectively. The Zr and Y
precursors were maintained at 190 �C and 75 �C, respectively,
and the deposition temperature was maintained at 225 �C. H2O
and N2 gases were used as the oxygen source and the carrier gas,
respectively. Both the ZrO2 and Y2O3 processes show a growth
rate per cycle (GPC) of�1.0�A per cycle. To dope ZrO2 with Y2O3,
the ZrO2–Y2O3 composite lm was deposited with a cycle ratio
of 5 : 1 (ZrO2 : Y2O3). The growth rate per supercycle (5 ZrO2

cycles + 1 Y2O3 cycle) was �6 �A per supercycle.
Four samples were prepared with different combinations of

ALD YSZ and sputtered SDC layers. ALD YSZ layers (25 nm thick)
were located at the anode-side surface, at the cathode-side
surface, and in the middle of the 360 nm-thick SDC electrolyte
(namely, the ZC, CZ, and CZC samples, respectively) (Fig. 1). The
sample without an ALD YSZ layer (360 nm-thick SDC only) was set
as the reference. An 80 nm-thick porous Pt cathode was deposited
This journal is © The Royal Society of Chemistry 2018
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by DC sputtering in an Ar atmosphere with a pressure of 40
mTorr and a sputtering power of 300 W on the electrolyte surface
of all four samples (Fig. S1(c)†). A physical mask with a 1 mm �
1 mm window was used to dene the area of the cathode.
Electrochemical analysis

Electrochemical performances of the SOFC samples were
analyzed in a customized test station built on a temperature-
controllable heater (Fig. S2†). Dry hydrogen gas (20 sccm) was
supplied to the anode through the pores of the AAO template,
and the cathode was exposed to ambient air. Electrochemical
Fig. 2 XPS spectra of (a) SDC and (b) YSZ films.

Fig. 3 Cross-sectional TEM images and EDS mapping of Ce, Zr, and Pt: (

This journal is © The Royal Society of Chemistry 2018
analysis such as OCV characterization, linear sweep voltam-
metry (LSV) (for current–voltage measurement), and electro-
chemical impedance spectroscopy (EIS) were performed at
450 �C using a potentiostat (Sp-200, Bio-logic). LSV analysis
started 5 s aer OCV measurement at a scan rate of 20 mV s�1

from the OCV to 0.1 V. EIS analysis was conducted at cell volt-
ages of 0.8 V and 0.6 V in the frequency range of 100 kHz to 1 Hz
with a sinusoidal AC voltage perturbation of 50 mV in
amplitude.
Chemical and morphological analysis

X-ray photoelectron spectroscopy (XPS) was used for composi-
tional analysis (K-Alpha+, ThermoFisher Scientic) with an Al Ka
source gun, a spot size of 400 nm2, a step size of 1 eV per step,
and a binding energy range of 0–1000 eV. The surface
morphology of the composite electrode was investigated using
a eld emission scanning electronmicroscope (FE-SEM, SU8010,
Hitachi). To observe the cross-sectional morphology and
composition, a transmission electron microscope (TEM, FEI
Tecnai G2 F20 X-TWIN), a scanning transmission electron
microscope (STEM, HP Lab, FEI double-corrected Titan), and
energy-dispersive spectrometer (EDS, Super EDS, 20 kV disper-
sion, Bruker) were used. Samples for TEM/STEM characteriza-
tion were prepared by using a focused ion beam (FIB, FET Strata
235DB dual-beam FIB/SEM) li-out technique. The TEM was
operated in a bright eld mode at an acceleration voltage of 80
kV. The STEM was operated in a dark eld mode at an acceler-
ation voltage of 200 kV, a spot size of 7 nm, and a screen current
of�500 pA. Atomic force microscopy (AFM, SPM-1000, AIST-NT)
was also used for surface morphology characterization.
Results and discussion

From the X-ray photoelectron spectroscopy (XPS) measurement,
the doping ratios of sputtered SDC (Sm 10.5 at%, Ce 29.2 at%,
and O 59.9 at%) and ALD YSZ (Y 6.3 at%, Zr 26.8 at%, and O 65.0
at%) were conrmed to be 15.2 mol% and 10.5 mol%, respec-
tively, with negligible impurity content (C < 2 at%) (Fig. 2). TEM
a) reference sample, (b) ZC sample, (c) CZC sample and (d) CZ sample.

J. Mater. Chem. A
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Fig. 4 Electrochemical characterization results of the reference, CZ,
ZC, and CZC samples: (a) OCV values (red line is theoretical OCV, i.e.,
1.1 V at 450 �C), (b) OCV of the CZC sample for 15 h, and (c) polari-
zation curves of CZ, ZC, and CZC samples.
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imaging and EDS mapping techniques were used to analyze the
cross-sectional structure and the composition of the reference,
ZC, CZC, and CZ samples (Fig. 3). The total thickness of the SDC
layer was 360 nm in all the samples. The sputtered SDC layers of
all the samples showed columnar grain structures with verti-
cally aligned grain boundaries (dark region inside the SDC
layer). In the ZC, CZC, and CZ samples, the ALD YSZ layers were
inserted on the anode side, in the middle, and on the cathode
side of the electrolyte, respectively. The ALD YSZ layers are
dense and cover the underlying structures conformally in all the
samples owing to the nature of the atomic layer deposition
process, as was previously mentioned.8–14 The thickness of the
ALD YSZ layer in the ZC sample, however, is slightly thinner
than those in CZC and CZ samples (20.9 � 0.2 nm (ZC sample),
26.8 � 0.3 nm (CZC sample), and 26.4 � 0.5 nm (CZ sample));
this could be because the oxide formation on the Pt surface is
thermodynamically unfavorable, which leads to the delay of
ALD lm nucleation due to the absence of hydroxyl groups.28

The Pt top cathode and bottom anode have thicknesses of
80 nm and 300 nm, respectively, and exhibit porous structures
with columnar grains, which are benecial for facilitating
electrochemical reactions (see also Fig. S1(b) and S1(c)†).

Fig. 4(a) shows the OCV values of the four samples. The
reference sample without an ALD YSZ layer recorded a low OCV
of 0.37 V. This low OCV may be the result of a partial chemical
short caused by pinholes in the sputtered SDC layer (Fig. 4(a)) or
an electrical short between the anode and the cathode due to
reduction of the SDC electrolyte at the operating temperature
(450 �C).17,21 On the other hand, the CZ, CZC, and ZC samples
with ALD YSZ layers showed high OCVs of 1.05 V, 1.04 V, and
1.04 V, respectively, which are close to the OCVs of other
H2(dry)-O2 TF-SOFCs reported elsewhere (1.05–1.1 V).16,18,24–26

The CZC sample also maintained its OCV for an extended
operating time of over 15 h (Fig. 4(b)) because the possible
shorting is prevented by the pinhole-free nature and chemical
stability of the ALD YSZ lm. To function as an effective
blocking layer for electrical and chemical shorts, the ALD YSZ
layer has to satisfy two requirements:13,29,30 (1) the YSZ–to–SDC
thickness ratio should meet the minimum limit to prevent
electrical conduction, and (2) the ALD YSZ layer should form
a complete (i.e., pinhole-free) conformal lm to block chemical
conduction. Kwon et al. reported that the thickness ratio of the
YSZ layer to the doped ceria layer should be $10�4 at 800 �C to
prevent reduction of the ceria, and the minimum ratio
decreases as the temperature decreases. Therefore, the required
minimum thickness of the YSZ layer for electron blockage at
450 �C, if the thickness of the SDC layer is 360 nm, is only
<0.1 nm.13,29 A thicker lm, however, is usually needed for
conformal coverage of substrates; on rough substrates such as
a Pt anode on an AAO substrate (Fig. S1(b)†), for example, even
a 35 nm-thick YSZ thin lm deposited by plasma-enhanced
atomic layer deposition was not sufficient to completely cover
the substrates, which led to a relatively low OCV (�0.8 V)
because of uneven coverage of the YSZ layer on the Pt anode.14

The better conformability of the thermal ALD YSZ lm
compared to the plasma-enhanced ALD lm, as shown in many
reports previously, seems to have improved the blocking effect
J. Mater. Chem. A
in our samples. Fig. 4(c) shows the polarization curves of the ZC,
CZC, and CZ samples at 450 �C, which showed maximum power
densities of 398, 562, and 80 mW cm�2, respectively. The
highest performance was achieved when the extremely thin ALD
YSZ layer was located in the middle of the SDC-based electro-
lyte. Compared to the best performance of AAO-supported TF-
SOFCs ever reported (380 mW cm�2 at 450 �C by Hong
et al.),18 our SOFC (CZC sample) shows �50% higher maximum
power density at the same operating temperature.

EIS was performed to investigate the effect of the individual
resistances on the overall performance of the fuel cell (Fig. 5).
Fig. 5(a)–(c) show the Nyquist plots at 0.8 V and 0.6 V of the ZC,
CZC, and CZ samples, respectively. All the spectra start from
0.22 � 0.02 U cm2 at high frequency (100 kHz), regardless of the
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 EIS results of the ZC, CZC, and CZ samples: EIS spectra at 0.8 V (filled) and 0.6 V (hollow) of (a) ZC, (b) CZC, and (c) CZ samples. (d) EIS
spectra of the samples in one plot at 0.6 V. (e) Summary of area-specific resistances (ASRs) for ohmic, anodic activation, and cathodic activation
resistances.
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bias voltage, and two semicircles whose magnitudes change
with the bias voltage are observed. Therefore, the resistance of
0.22 � 0.02 U cm2 can be regarded as the ohmic resistance.21

The two semicircles in the lower-frequency region seem to
correspond to the activation resistances stemming from the
anode (100–1 kHz) and cathode (<1 kHz).21 While various elec-
trode reactions such as the surface reaction or charge transfer
could contribute to the size of each of these semicircles, it is
generally accepted that the corresponding frequency of the
overall anode reaction is much larger than that of overall
cathode reactions (�2 orders of magnitude).31 In the previous
literature on AAO-based TF-SOFCs, a clear distinction between
anode and cathode semicircles was also reported in similar
frequency ranges.16,17 As shown in the I–V plot (Fig. 4(c)), no
discernible mass transport loss is observed in the high-current-
density region; therefore, the semicircle associated with mass
transport loss does not appear in the EIS spectrum. This seems
to be due to the nanoscale thickness of the cathode (80 nm) as
well as facile transport of extremely small H2 molecules through
the AAO pores.14,18 Interestingly, the anode activation resistance,
which is usually known to be much smaller than the cathode
activation resistance in symmetrically structured low-
temperature SOFCs,9 is clearly visible. We think that this is
because the relatively thick (300 nm) Pt anode structure used to
block the propagation of AAO pores to the electrolyte decreased
the density of the triple phase boundary, where the electrode,
electrolyte, and gas meet and electrochemical reactions prefer-
entially occur, at the anode–electrolyte interface.21,32

Fig. 5(d), which shows the EIS spectra at a cell voltage of 0.6 V
for all the samples, is presented for comparison. The activation
resistance of the CZ sample is considerably larger than those of
This journal is © The Royal Society of Chemistry 2018
the ZC and CZC samples, and that of the CZC sample is the
smallest. Fig. 5(e) summarizes the ohmic, anodic activation,
and cathodic activation resistances of the samples from the EIS
measurement. On the basis of the previously reported ionic
conductivity data of ALD YSZ (3.47 � 10�5 S cm�1 at 450 �C)33

and sputtered polycrystalline SDC (3 � 10�3 S cm�1 at 450
�C),22,34 an area-specic resistance (ASR) of 0.08 U cm2 can be
obtained for the electrolytes in the ZC, CZC, and CZ samples,
which is much smaller than the measured ohmic resistance
(0.22� 0.02U cm2). The observed difference could be due to the
sheet resistance of the porous Pt electrodes or the contact
resistance between the microprobes and the electrodes.9,14 The
SDC layer may have been partially reduced and become more
conductive near the anode side during operation in CZC and CZ
samples,25 which, however, will not signicantly affect the size
of the total ohmic resistance due to the much higher conduc-
tivity of SDC, i.e., much smaller contribution to the ohmic
resistance, than YSZ. The anodic activation resistance is about
50% lower in the CZC and CZ samples (0.10 and 0.11 U cm2,
respectively) than in the ZC sample (0.22 U cm2) due to the
presence of the catalytically active SDC–Pt interface.14,35,36

Similarly, the cathodic activation resistances of the samples
with the SDC–Pt cathodic interface (the ZC and CZC samples,
0.10 and 0.17 U cm2, respectively) are remarkably lower than
that of the sample with the YSZ–Pt cathodic interface (the CZ
sample, 2.9 U cm2). The difference in the cathodic activation
resistance between the two groups (12–30 times) is similar in
magnitude to that in the exchange current density (j0) for oxygen
surface exchange; i.e., the j0 value for oxygen surface exchange
of the YSZ–Pt interface is smaller than that of the doped ceria–Pt
interface with an identical microstructure by 1–2 orders of
J. Mater. Chem. A
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magnitude.14,35,36 In summary, the CZC sample shows mini-
mized activation loss at the cathode as well as at the anode.

More morphological details of the samples at the nanoscale
are shown in Fig. 6, which summarizes cross-sectional STEM
images and top-view FE-SEM images of the sputtered SDC and
ALD YSZ surfaces of the samples, as well as high resolution TEM
images. Several important observations that are closely relevant
to the cell performance, i.e., OCV, ohmic loss, and activation
loss, can be made.

First, pinhole propagation in the Pt anode (Fig. 6(a)) or at
grain boundaries (dark lines) in the SDC layer (Fig. 6(b) and (c))
is clearly blocked by the dense ALD YSZ layer without visible
grain boundaries that covers the underlying rough surfaces in
all the samples. In the CZ sample, for example, the surface of
the sputtered SDC deposited directly on the Pt anode (Fig. 6(c-
2)) initially has many surface defects, e.g., pinholes (dark spots),
which are largely covered by the ALD YSZ layer (Fig. 6(c-1)). The
surface image of the ALD YSZ layer conrms the ne granular
structure with grains �10 nm in size (Fig. 6(a-2), (b-2), and (c-
1)). Conformal deposition of ALD YSZ on SDC grains is more
clearly shown in Fig. 6(d) and (d-1): physical trench due to the
surface grain-boundary between two SDC grains is completely
lled with the dense ALD YSZ layer. Both SDC and YSZ layers are
Fig. 6 (a–c) Cross-sectional STEM and top view FE-SEM images of the s
of the (a-1) SDC surface and (a-2) YSZ surface of the ZC sample. (b) Cros
surface and (b-2) YSZ surface of the CZC sample. (c) Cross-sectional STEM
SDC surface of the CZ sample. Scale bars are identical for all images. (d
image of the yellow-dotted box in (d) (white-dotted lines represent the b
TEM images of SDC and YSZ regions, which show the SDC (110) and YS

J. Mater. Chem. A
also well-crystallized: the calculated lattice constants for SDC
and YSZ are 0.544 � 0.004 nm and 0.513 � 0.004 nm, respec-
tively. Considering the compositions of SDC (15.2 mol%) and
YSZ (10.5 mol%) lms deduced from the XPS analysis (Fig. 2),
the measured lattice constants correspond well to the reported
values for 15 mol% doped SDC (a¼ 0.544 nm) and 10mol% YSZ
(a ¼ 0.514 nm) (Fig. 6(d-2) and (d-3)).6,22 As a result, such
a conformal and dense ALD YSZ layer seems to have helped
achieve a high OCV of >1 V even with the chemically unstable
SDC electrolyte.

Second, the SDC layer is mostly composed of columnar
grains of tens of nanometers in width in all the samples
(Fig. 6(a)–(c)), which is a well-known characteristic of sputtered
lms.37 Parallel alignment between the directions of the ionic
conduction and the grain boundaries is benecial for fast ionic
conduction because the ionic transport is known to be facili-
tated along grain boundaries but signicantly impeded across
grain boundaries.6,38 The ionic conductivity of ALD YSZ lms
with nanoscale grains is also known to be as high as that of
single-crystalline YSZ.10 This phenomenon stems from the
overlapping of space charge layers near grain boundaries, which
prevents grain-boundary potential buildup and expedites ionic
transport across grain boundaries.39 Overall, we speculate that
amples: (a) Cross-sectional STEM image, and top-view FE-SEM images
s-sectional STEM image and top-view FE-SEM images of the (b-1) SDC
image and top-view FE-SEM images of the (c-1) YSZ surface and (c-2)

) Cross-sectional TEM image of the CZC sample and (d-1) zoomed-in
oundaries between SDC and YSZ). (d-2) and (d-3) are high-resolution
Z (110) crystal planes, respectively.

This journal is © The Royal Society of Chemistry 2018
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the high ionic conductivity of the composite electrolyte has led
to low ohmic loss in the cell operation.

Finally, it is notable that the surface of the SDC layer is also
nanocrystalline, which yields a high surface grain-boundary
density (Fig. 6(a-1) and (b-1)). The average surface grain size
of the SDC layer on the cathode side in the CZC sample is 19 �
4 nm from AFM images (Fig. S3†). Surface grain boundaries
are preferential sites for oxygen ion incorporation, possibly
owing to the large population of oxide-ion vacancies.6,36 Simi-
larly, An et al. reported that the exchange current density at the
nanocrystalline (average grain size of 38 nm) yttria-doped ceria
(YDC) surface is several orders of magnitude higher than that
at the sintered microcrystalline YDC surface in the tempera-
ture range of 350–450 �C.9 Kim et al. also experimentally
showed that the surface grain boundary in the YDC lm is
indeed the preferential location where oxide-ions incorporate
at cathode side using high spatial resolution secondary ion
mass spectrometry (nano-SIMS).40 We speculate that the
nanocrystalline SDC with ne grains and a high grain
boundary density in our sample helped to improve the acti-
vation process and lower the activation loss in combination
with the intrinsically high surface exchange rate of the SDC
surface.

Conclusion

The optimal design and the fabrication of a sandwich-
structured sputtered SDC/ALD YSZ composite electrolyte for
an AAO-supported TF-SOFC operating at low temperature (450
�C) was successfully demonstrated. By investigating the effect of
the location of the extremely thin (25 nm) ALD YSZ layer, we
found that the ALD YSZ layer embedded in the SDC electrolyte
(360 nm) effectively blocks possible electrical/chemical shorts,
enabling a high OCV while maintaining low ohmic and activa-
tion losses. To our knowledge, the power density of our SOFC
(562 mW cm�2 at 450 �C) is the highest among those of nano-
porous substrate-supported thin lm cells reported in this
temperature range (450 �C and below). Considering the scal-
ability of the AAO-supported architecture as well as the depo-
sition techniques, i.e., sputtering and ALD, we think the
implications of this paper will open up a new possibility of low-
temperature SOFCs for wider applications, including portable
power sources, and commercialization.
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