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1 | INTRODUCTION

Fuel cells are considered one of the most promising renew-
able energy technologies for addressing the lack of conven-
tional energy resources, such as fossil fuels, in the current
era. Among the various types of fuel cells, solid oxide fuel
cells (SOFCs) are of particular interest due to their high effi-
ciency for energy conversion, lack of pollutant emission, and
fuel flexibility. Typical SOFCs operate at high temperatures
(800-1000°C), which hinders wide range of practical applica-
tions and this high-temperature operation also leads to ther-
mal management problems and high system costs as well as
accelerated performance degradation. In past decades, many
studies were conducted to reduce SOFC operating tempera-
ture, and these efforts succeeded at lowering the operating
temperature to less than 500°C."> However, low-temperature
SOFCs (LT-SOFCs) have several unresolved technological
challenges: (a) sluggish ionic conduction in the solid oxide
electrolyte at low temperature and (b) sluggish surface charge
transfer reactions due to decreased catalytic activity.’
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In this paper, we report successful fabrication of a gadolinia-doped ceria (GDC) thin
film using atomic layer deposition (ALD) for improving the performance of solid
oxide fuel cells (SOFCs). By varying the deposition conditions and adjusting the
configuration of the ALD supercycle, the doping ratio of ALD GDC was controlled.
The morphology, crystallinity, and chemical composition of ALD GDC thin films
were analyzed. ALD GDC showed different surface chemistry, including oxidation
states, at different doping ratios. The application of ALD GDC in a SOFC led to an
output power density enhancement greater than 2.5 times. With an anodic aluminum
oxide (AAQO) porous support structure, an ALD GDC thin film SOFC (TF-SOFC)

showed a high power density of 288.24 mW/cm® at an operating temperature of

atomic layer deposition, functional interlayer, Gadolinia-doped ceria, low-temperature solid oxide
fuel cells, oxide ion incorporation

At low temperatures, ionic conduction through solid
oxide electrolyte becomes sluggish.6 To compensate, there
are two major approaches. One method adopts a highly ox-
ygen-ion-conductive material, such as acceptor doped ceria
(Ce0,), as an electrolyte instead of typical electrolytes, such
as yttrium-stabilized zirconia (YSZ). The other technique en-
tails thin film application of the electrolyte.7'10 Decreasing
electrolyte thickness with thin film fabrication methods results
in shortened ionic conduction path. Thus, a thin electrolyte
minimizes fuel cell loss from ionic conduction in the electro-
lyte. To adopt a thin film electrolyte, a supporting structure
is necessary to provide mechanical strength to the thin film.
For this purpose, anodic support structures, such as Ni-YSZ
(yttria-stabilized zirconia) composite anodes and anodized
aluminum oxides (AAQO), have been widely used.'"'? These
support structures must be porous for fuel permeability, but
this porosity leads to the pin-hole problem in the electrolyte.
The thin electrolyte has to be dense to avoid an electrical short
between the anode and cathode; therefore, vacuum-based thin
film fabrication methods, including sputtering, pulsed laser
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deposition (PLD), and chemical vapor deposition (CVD),
have been widely used to fabricate dense thin films thinner
than a few tens of micrometers. Research and development
efforts using the various thin film fabrication techniques have
yielded TF-SOFC electrolyte thicknesses on the order of a
few tens of nanometers, thereby minimizing loss from ionic
conduction in the electrolyte and improving the performance
of SOFCs at low operating temperature.

Although adoption of thin film electrolytes significantly
reduces ohmic loss, sluggish oxygen reduction reaction
(ORR) kinetics at low temperature remains a challenge that
adversely affects LT-SOFC performance. In the low-tem-
perature regime, a low rate of oxygen ion incorporation into
the surface of the electrolyte slows the ORR kinetics. To se-
cure improved performance of LT-SOFCs, it is important to
promote oxygen ion incorporation and, subsequently, ORR
kinetics. In many studies, a cathodic functional layer (CFL)
has been inserted between the cathode and electrolyte to en-
hance surface ORR kinetics.'*'® As a functional material for
this application, CeO,-based materials have been introduced
for their high rates of oxygen ion incorporation through high
surface exchange kinetics and high oxygen ion conductivity.
In particular, CeO, materials doped with acceptors such as
yttrium (Y), gadolinium (Gd), and samarium (Sm) have been
extensively researched. Studies have demonstrated higher
surface kinetics for these materials than YSZ and enhanced
performance.

In addition, thin film characteristics including surface
grain boundary density are also important for enhancing
ORR kinetics at the cathode/electrolyte interface. Grain
boundary at the surface has been known as a favorable site
for oxygen ion incorporation, and there has been researches
that investigate this characteristic.'*?° Also, Hong et al re-
ported that a grain-controlled layer (GCL), which is a layer
with well-developed grains, enhanced the performance even
when the material for GCL was the same as the main electro-
lyte.”'** These researches demonstrated that it is important
to fabricate thin films with high grain boundary density for
improvement of the functional layer characteristics.

Atomic layer deposition (ALD) is a vacuum-based, state-
of-art thin film fabrication technique. It is capable of depos-
iting thin films composed of various materials, precisely
controlling film composition and thickness, and obtaining
conformal thin films with superior density even on complex
structures (ie 3-D structures).>*>** Atomic layer deposition
has been applied to surface modification of electrolyte inter-
face which contacts with the cathode for enhancing the ORR
kinetics.'>'>* Fan et al used ALD to obtain conformal thin
films of yttria-doped ceria (YDC) with thicknesses of tens
of nanometers."” In addition, Y,05 doping ratio in the YDC
thin film could be controlled by adjusting ALD deposition
recipe.l4 Thus, the ALD technique can be leveraged for im-
proving surface oxygen kinetics through its ability to deposit
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thin and conformal films on the entire surface of an electro-
lyte and its ability to control film composition to optimize its
characteristics for ORR. However, there is limited research
regarding ALD fabrication of other ceria-based materials.

In this study, we report ALD fabrication of gadolin-
ia-doped ceria (GDC) thin films and their application to ca-
thodic functional layer of LT-SOFCs. In addition, optimal
doping ratio of gadolinia was also investigated coupled with
the surface kinetics improvement. GDC has both high ionic
conductivity and superior ORR kinetics than YSZ. Despite the
beneficial characteristics of GDC for application in SOFCs,
there have been few attempts reported to fabricate GDC using
ALD. To the best of our knowledge, this is the first practical
study of ALD GDC fabrication for application to SOFCs. We
successfully fabricated GDC thin films via ALD and evalu-
ated their material characteristics, including micro-structure,
crystallinity, and electrochemical performances. By adjust-
ing the deposition cycle configuration of the ALD process,
we varied the composition of ALD GDC to find the opti-
mal composition for SOFC functional interlayer applications.
Finally, we adopted ALD GDC in a membrane-electrode-as-
sembly (MEA), composed of an anode support structure and
YSZ electrolyte, and demonstrated enhanced ORR kinetics
with high fuel cell performance in terms of power density.
The results in this study may provide implications not only in
designing TF-SOFC structure for enhanced performance but
also for other energy conversion and storage devices using

thin films.

2 | MATERIALS AND METHODS
2.1 | Synthesis of atomic layer deposited
GDC

For ALD GDC thin film fabrication, a flow-type ALD sys-
tem with a quartz tubular chamber (IH-10, I TECH U Co.,
Itd) was used. The chamber was heated by a tube furnace
to maintain constant temperature. During the deposition pro-
cess, the working pressure of the chamber was maintained at
0.450 Torr with a mechanical rotary pump. The precursors
and oxidant were delivered to the chamber by argon carrier
gas (99.999% purity) supplied to the chamber at a constant
flow rate. Tris(2,2,6,6-tetramethyl-3,5-heptanedionato)gado-
linium [Gd(TMHD);] and tetrakis(2,2,6,6-tetramethyl-3,5-
heptanedionato)cerium [Ce(TMHD),] (Strem Chemicals,
Inc) were used for deposition of Gd,05; and CeO,, respec-
tively. Ozone, which is highly reactive, was used as the oxi-
dant due to the low reactivity of Gd and Ce precursors at the
ALD process temperature and was generated and controlled
using a pure O, gas (99.995% purity) ATLAS ozone gen-
erator (AbsoluteOzone®). The concentration of generated
ozone was maintained at 20 wt%, which was monitored by a
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TABLE 1
supercycle, and deposition cycles

Recipe Supercycle configuration

GDC 2:1 Ce Ce Gd

GDC 3:1 Ce Ce Ce Gd

GDC 4:1 Ce Ce Ce Ce Gd
GDC 5:1 Ce Ce Ce Ce Ce

full flow ozone sensor (IN USA, Inc). The temperature of the
chamber was varied from 250 to 300°C to achieve the desired
deposition rate of each material. The precursor containers
were heated to 190 and 230°C for the Gd and Ce precursors,
respectively. A deposition cycle of Gd,0O; and CeO, consists
of four steps: a precursor pulse [3 seconds for GA(TMHD);
and 2 seconds for Ce(TMHD),], Ar purging (30 seconds),
an oxidant pulse (5 seconds), and Ar purging (30 seconds).
The deposition rate at 250°C is 0.255 /&/cycle for Gd,05 and
0.75 A/cycle for CeO,. For deposition of GDC, individual
cycles were performed at various ratios to form a super-cycle
for GDC. Approximately 30-nm-thick ALD GDC thin films
were controllably synthesized by adjusting the number of
super-cycles used in the fabrication process.

2.2 | Thin film characterization and
electrochemical analysis

ALD GDC was coated onto a single crystalline (100) sili-
con wafer substrate for thin film characterization. Micro-
structural analysis of the thin film was performed with a field
emission-scanning electron microscope (FE-SEM, S-4800,
Hitachi) and an atomic force microscope (AFM, XE-70,
Park Systems). Chemical composition and crystallinity were
analyzed using an X-ray photoelectron spectrometer (XPS,
Theta Probe, Thermo Fisher Scientific Co.) and an X-ray dif-
fractometer (XRD, SmartLab, Rigaku).

For evaluation of electrochemical performance, a poly-
crystalline YSZ (yttria-stabilized zirconia, 8 mol%-doped)
substrate with one side polished and 200 pm thickness was
used. ALD GDC was coated onto the polished side of the
YSZ substrate, which is the cathode side. Platinum (Pt) elec-
trodes were fabricated by direct current (DC)-magnetron
sputtering for both the anode and cathode. For high-per-
formance fuel cells fabrication with ultra-thin electrolyte
incorporating ALD GDC functional layer, a porous anodic
aluminum oxide (AAO) substrate with 50 nm pores (InRedox
LLC) was used as a mechanical support membrane. A com-
binatorial Pt anode was deposited on the AAO substrate
and was coated with a sputtered YSZ thin film electrolyte.12
Additional ALD GDC thin film was then deposited on the
YSZ electrolyte. Finally, a porous Pt cathode fabricated by

Gd

Summary of atomic layer deposition (ALD) gadolinia-doped ceria (GDC) parameters: supercycle configuration, deposition rate per

Deposition rate Number of Actual
(A/supercycle) cycles thickness (nm)
1.755 170 26.43

2.505 130 28.15

3.255 100 26.26

4.005 85 29.78

sputtering was placed on the ALD GDC. Detailed micro-
structure of the thin-film SOFC was observed by field emis-
sion transmission electron microscope (FE-TEM). Fuel cell
operating characterization by linear sweep voltammetry
(LSV) and electrochemical impedance spectroscopy (EIS)
were performed with an electrochemical analyzer (reference
600, Gamry Instruments) utilizing a home-made fuel cell test
station. During the fuel cell characterization, the temperature
of the test station was maintained between 350 and 450°C,
and pure H, gas (99.999%) was supplied as a fuel. LSV was
conducted in the voltage range from the open circuit volt-
age to 0.2 V to obtain current-voltage behavior, and EIS was
conducted in the frequency range from 1 MHz to 1 Hz. The
obtained data from EIS were fitted and analyzed by an equiv-
alent circuit model.

3 | RESULTS AND DISCUSSION
Table 1 summarizes the supercycle configurations used for
ALD GDC deposition. The recipes for ALD GDC films con-
sisted of 2 to 5 cycles of CeO, deposition combined with 1
cycle of Gd,O5 deposition. Using the measured individual
deposition rates of CeO, and Gd,O;, the deposition rate
per supercycle was calculated. Z. Fan et al reported that a
functional layer fabricated with ALD covers the entire sur-
face and shows optimal performance when its thickness is
>10 nm.”® The number of deposition cycles was adjusted to
obtain a thickness exceeding the critical thickness, and the
actual thicknesses of the ALD GDC thin films were meas-
ured. The thickness of each sample was about 30 nm, enough
to cover the surface of YSZ substrate for characterization of
SOFC performance (Figure 1).

Figure 2 shows the surface morphology of the GDC 3:1
sample. All of the ALD GDC samples possess similar sur-
face characteristics. As shown in Figure 2A, the ALD GDC
thin film had nano grains that resulted in determination diffi-
culty of exact grain sizes. For detailed analysis of the surface,
AFM measurement was conducted. The AFM topography
(Figure 2B) results support the SEM data and reveal the
roughness of the surface. The RMS surface roughness (R,)
was measured as 0.420 nm indicating a surface area increase
rate of only 0.1235%. These data show that the surfaces of
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FIGURE 1 (A) Atomic layer (A)
deposition of gadolinia-doped ceria (GDC).
Schematics of a fuel cell with an ALD GDC
functional layer on (B) yttrium-stabilized

zirconia substrate and (C) anodized
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substrate [Color figure can be viewed at Substrate Ce0, deposition Gd, 0, deposition
wileyonlinelibrary.com]

(B) Pt cathode

FIGURE 2
microscope image of atomic layer

(A) Scanning electron

deposition gadolinia-doped ceria (GDC)
deposited on a Si substrate. (B) Surface
topography image (2.5 pm X 2.5 pm) by
atomic force microscope. The images were
acquired from the GDC 3:1 sample [Color
figure can be viewed at wileyonlinelibrary.
com]

the ALD GDC thin films are essentially flat and it also can
be suggested that the SOFC performance enhancement via
ALD GDC functional layer is due to the material properties
of ALD GDC, not the geometric effect which means the ac-
tive area enhancement by roughness.

The crystalline phases of the thin film by XRD measure-
ment are shown in Figure 3. From the XRD spectrum ob-
tained from the ALD GDC 3:1 sample, several peaks that
correspond to cubic fluorite phase of GDC were observed.
The predominant peaks exhibited by the ALD GDC thin film
correspond to the (111), (200), (220), and (311) planes, and
minor peaks corresponding to the (222), (400), (331), and
(420) planes were also observed. There was no Si(100) sub-
strate peak because the XRD measurement was conducted
under grazing incidence XRD (GI-XRD) mode. When the
ALD deposition temperature was relatively high (>100-
200°C), crystalline peaks were observed in XRD spectrum of
the ALD thin film.?” Also, for CeO, deposition, a cubic crys-
talline structure develops when fabricated at 175-250°C. %

AAO porous supporting substrate
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FIGURE 3 Representative x-ray diffractometer spectrum of
atomic layer deposition (ALD) gadolinia-doped ceria (GDC) thin
film on Si substrate. The data were obtained from the ALD GDC 3:1
sample [Color figure can be viewed at wileyonlinelibrary.com]
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Deposition of ALD GDC was conducted at a substrate tem-
perature of 250°C; thus, the ALD GDC thin films developed
a crystalline structure. The characterization data showed that
the ALD GDC thin films were composed of small grains of
cubic fluorite phase.

Diverse doping level of gadolinium oxide into ceria pro-
vides different surface activity for oxygen incorporation.
Figure 4 shows doping ratios of ALD GDC resulting from
different CeO, and Gd,O; cycle ratios. As summarized in
Table 1, the ALD cycle ratios between CeO, and Gd,0O5 were
adjusted from 5:1 to 2:1 in this experiment. The doping ratio
for each cycle ratio was estimated using the deposition rate of
each material and the rule of mixture (ROM), which is used
for calculating the composition of compound materials.”’
The estimated value of Gd,03; mol% for the ALD GDC sam-
ples ranged from 10 to 25 mol%. Doped-ceria materials show
optimal characteristics for SOFC at doping ratios from 12 to
17 mol%."* Thus, the ALD cycle ratio was set from 5:1 to 2:1
to obtain a thin film with a composition in this range. Using
the atomic composition of each element from the XPS mea-
surements, the experimental Gd,0; mol% was determined.
The measured Gd,O; doping ratios were 11.9, 13.9, 18.8,
and 25.2 mol% for the GDC 5:1, 4:1, 3:1, and 2:1 samples,
respectively. As shown in Figure 4, the measured values well
followed the trend of the estimated values. Thus, the compo-
sition of GDC was well-controlled by the ALD process.

To investigate the characteristics related to the doping
ratio of ALD GDC, detailed XPS spectra were obtained from
the surface of the ALD GDC films (Figure SA-D). The Ols
spectrum provides information about the surface chemistry
of the samples, including oxidation state.’**! The spectra can
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ALD cycle ratio (CeO, : Gd,0,)

FIGURE 4 Doping ratios of atomic layer deposition (ALD)
gadolinia-doped ceria with respect to ALD recipe as measured by
x-ray photoelectron spectrometer (XPS). Red squares represent the
calculated value estimated using the deposition rates of CeO, and

Gd, 03, and blue circles represent the value calculated from the XPS-
measured data [Color figure can be viewed at wileyonlinelibrary.com]

be deconvoluted into three peaks with binding energies at ap-
proximately 529, 531, and 534 eV; these peaks correspond to
oxygen in the lattice oxide (0™, in hydroxyl groups (-OH),
and in adsorbed water, respectively. The peaks near 534 eV
were negligible for all samples, while the other two peaks
were relatively strong. As the CeO, cycle ratio increased, the
intensity of the 0> peak near 529 eV increased, while the in-
tensity of the —OH peak near 531 eV decreased. The intensity
ratios of the O*~ (Tauice) Peak to the —OH (I_qyy) peak for the
different ALD cycle ratios are shown in Figure SE. This inten-
sity ratio decreased as the relative number of CeO, deposition
cycles per supercycle decreased. If the I, ;../I_og ratio is high,
then the oxidation state is high.30’3 "Fora doped-ceria system,
the high oxidation state means that cerium cations exist in
the form of Ce*". As shown in Figure 5E, the surface oxida-
tion state decreases as ALD cycle ratio decreases from 5:1 to
2:1. Ce3d XPS spectra (Figure S2) also provided information
about the redox state of Ce. Reduction of Ce*™ to Ce’* by
gadolinium doping forms oxygen vacancies in the doped-ce-
ria system that act as sites for ion conduction and surface ex-
change reactions. 114 Thus, the lower the CeO, deposition ratio
of the ALD recipe, that is, the larger the amount of gadolinium
doping, the higher the number of sites available for the oxygen
surface exchange reaction. In application of an ALD GDC thin
film as a cathodic functional layer, this capability is one of the
major factors that determine the performance of SOFCs.

Fuel cell performances were measured and compared the
enhancement effects with the different composition ALD
GDC functional layers. Figure 6A shows the current-volt-
age (I-V) behavior of fuel cells at an operating temperature
of 450°C with different electrolyte layers: bare YSZ substrate
electrolyte (w/o GDC) and ALD GDC-applied electrolyte
(ALD GDC 2:1 - 5:1). I-V behavior and power density varied
depending on the ALD recipe used for ALD GDC deposition.
While the bare YSZ substrate sample showed a maximum
power density of 3.92 mW/cm?, the ALD GDC-incorporated
samples showed maximum power densities of 7.21, 9.23, 9.81,
and 9.49 mW/cm? for the GDC 5:1,4:1, 3:1, and 2:1 samples,
respectively, which correspond to performance improvements
by factors of 1.84, 2.35, 2.50, and 2.42. For all samples, the
main electrolyte was a commercial 200-um-thick YSZ sub-
strate, and the ALD GDC layer was only about 30 nm thick.
Therefore, these performance improvements stemmed from
a decrease in electrode interface resistance rather than ionic
transport resistance. Comparing the ALD GDC-incorporated
samples, the power density increased monotonically as the
ratio of CeO, in the ALD recipe decreased from 5:1 to 3:1.
However, power density decreased in the ALD GDC 2:1 sam-
ple compared to the ALD GDC 3:1 sample. Thus, the optimum
deposition recipe for ALD GDC is a CeO, to Gd,Oj; ratio of
3:1, which corresponds to a Gd,O5 doping ratio of 18.8 mol%
(Figure 4). The optimal doping ratio of GDC is slightly higher
than that for YDC, which is about 14 mol%."*"


www.wileyonlinelibrary.com

YANG ET AL.

(A) ALD GDC 2:1

Intensity (A. U.)

1 1 L L 1 L 1 1 1

537 536 535 534 533 532 531 530 529 528 527
Binding energy (eV)

€l ALD GDC 4:1

Intensity (A. U.)

1 1 1 1 1 1 1 1 1

537 536 535 534 533 532 531 530 529 528 527
Binding energy (eV)

(E)
2.0

-
o
1

llatﬁcelIOH

e
o
1

0.0-

5:1 4:1 3:1 2:1
ALD recipe

Journam

iAmerican Ceramic Society

(B) ALD GDC 3:1
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FIGURE 5 Ols x-ray photoelectron spectrometer spectra of atomic layer deposition gadolinia-doped ceria films fabricated with doping ratios
of (A) 2:1, (B) 3:1, (C) 4:1, and (D) 5:1. Each spectrum was deconvoluted into three peaks. The measured data are depicted by blue line and circles,
and the deconvoluted peaks are represented with red lines (E) Intensity ratio of oxygen in the lattice oxide (I},;..) peak to and oxygen in the -OH

group (Ioy) peak for each doping ratio [Color figure can be viewed at wileyonlinelibrary.com]

From the oxidation state information provided by the Ols
XPS spectral analysis (Figure 5), we suggest that there are more
sites for oxygen surface exchange reactions at the ALD GDC

surface when gadolinium doping increases up to 18.8 mol%.
Several studies have reported that excessive doping may reduce
the characteristics associated with oxygen ion incorporation and
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gadolinia-doped ceria (GDC) functional layers fabricated by atomic layer deposition (ALD) with various recipes. (B) Representative EIS spectra
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(A) Electrochemical impedance spectroscopy (EIS) spectra of solid oxide fuel cells composed of yttrium-stabilized zirconia

substrate and atomic layer deposition gadolinia-doped ceria functional layers at 450°C and a bias voltage of 0.8 V. The inset plot is a magnified plot

near the intersection of the graphs. (B) Arrhenius plot of the charge transfer resistance extracted from the EIS spectra at a bias voltage of 0.8 V and
temperatures of 350, 400, and 450°C [Color figure can be viewed at wileyonlinelibrary.com]

surface exchange. Chao et al studied ALD YSZ with different
molar ratios, and its surface exchange kinetics was optimized at
a doping level of 14 mol%; YSZ characteristics worsened when
doping was increased further.® In addition, ALD YDC, which
is most similar material to the material in our study, showed op-
timal performance at a doping ratio of 14.1 mol%."* A possible
explanation for these results is that the defects that act as oxygen
ion incorporation sites can interact with each other when the de-
fect concentration exceeds a certain level.*” Therefore, based on
previous researches, we conclude that excessive Gd,O5 doping
may interfere with oxygen ion incorporation.

To further investigate the contributions of the performance
improvement, EIS measurements were conducted in the fre-
quency range from 1 MHz to 1 Hz at applied dc voltages
of 0.6, 0.8 V, and OCV at various temperatures. Figure 6B

shows the representative EIS spectra for the ALD GDC 3:1
sample measured at 450°C. The spectra were the result of fit-
ting with an equivalent circuit model shown in the inset of the
figure. EIS spectra were composed of two semi-circles. The
first semi-circle in the high frequency range from 1 MHz to
about 5 kHz is independent of the bias voltage, indicating that
it is related to the resistance from ionic transport. The second
semi-circle in the low frequency range from 5 kHz to 1 Hz
varied with bias voltage. This characteristic indicates that this
semi-circle represents the resistance at the electrolyte/elec-
trode interface. Figure 7A shows EIS spectra for each sample
at 450°C and at a bias voltage of 0.8 V for comparison. While
the size of the first semi-circle was similar for all samples, all
ALD GDC samples showed a significant reduction in the size
of the second semi-circle compared to the sample without
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GDC. It is also evident that the size of the second semi-circle
decreased as the CeO, ratio in the ALD GDC decreased from
5:1 to 3:1 but increased at a ratio of 2:1. This trend is identi-
cal to that shown by the current-voltage curves in Figure 6A.
The electrode/electrolyte interface resistance represented by
the size of the semi-circle at the bias voltage of 0.8 V and
temperatures of 350, 400, and 450°C is shown in Figure 7B.
ALD GDC samples had lower resistances by an order of
magnitude than the sample without GDC. In particular, the
ALD GDC 3:1 sample had almost a factor of 1.5 lower resis-
tance. The results show that the performance improvement
of ALD GDC SOFCs stemmed from reduction of electrode/
electrolyte interface resistance and superior surface kinetics.

Through the Tafel approximation, we calculated the ex-
change current density (Figure S3), which is shown in Figure 8.
The exchange current density represents the reaction speed and
is used to indicate the activity of the surface kinetics.*® The
ALD GDC 3:1 sample showed an exchange current density
of 4.72 mA/cm? at 450°C, which is almost 4.3-times higher
than the 1.11 mW/cm? value for the sample without GDC. The
exchange current density showed the same trend as the power
density and resistance in the EIS spectra. In Figure 8, the slope
of the dotted lines provides information about the activation en-
ergy of the electrode/electrolyte interface.'” The activation en-
ergy of the sample without GDC was calculated to be 0.822 eV,
while the ALD GDC 5:1, 4:1, 3:1, and 2:1 samples had activa-
tion energies of 0.722, 0.677, 0.626, and 0.646 eV, respectively.
Thus, inserting an ALD GDC layer significantly reduced the
activation energy of the electrode/electrolyte interface. These
results provide an explanation to why incorporation of ALD
GDC improved SOFC performance.

To evaluate the practical availability of ALD GDC, we fab-
ricated a thin-film SOFC on a commercial AAO substrate with
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FIGURE 8 Arrhenius plot of the exchange current density at
the interface between the atomic layer deposition gadolinia-doped
ceria functional layers and the Pt cathode. The values were extracted
from the Tafel approximation [Color figure can be viewed at
wileyonlinelibrary.com]
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a thin, sputtered YSZ electrolyte and an ALD GDC functional
layer. The structure of the thin-film SOFC with ALD GDC
functional layer is shown in Figure 9. The cross-sectional TEM
image in Figure 9A and B shows bi-layered structure of YSZ
and ALD GDC functional layer. The thickness of ALD GDC
functional layer is about 50 nm, which is slightly higher than the
results in Table 1, but it is negligible for ionic conduction due to
relatively thick layer of sputtered YSZ main electrolyte and high
ionic conductivity of GDC."" In Figure 9C, ALD GDC layer
has a morphology with nano-sized grains. These tiny grains
and lots of grain boundaries become sites for oxygen incorpora-
tion at the cathode side.'*? In addition, fast Fourier transform
(FFT) pattern in Figure 9D confirmed the polycrystalline struc-
ture of ALD GDC. The FFT pattern shows mainly four ring pat-
terns corresponding to (111), (200), (220), and (311) structure
from the inside to outside (1-4 in the Figure 9D), respectively,
and it is consistent with the XRD result in Figure 3. Figure 10
shows current-voltage behavior and EIS spectra of the AAO-
supported SOFCs with and without an ALD GDC functional
layer. As shown in Figure 10A, the AAO-supported SOFC with
ALD GDC showed a greatly improved maximum power den-
sity of 288.24 mW/cm? compared to the 107.44 mW/cm? ex-
hibited by the SOFC with only YSZ electrolyte. The superior
characteristics of the ALD GDC functional layer enhanced the
power density approximately 2.7-fold and the power density
value is high considering that this is not the composite electro-
lyte case. Figure 10B shows a significant decrease of electrode/
electrolyte interface resistance in the sample using ALD GDC,
while the ionic transport resistance was essentially unchanged.
Although the total thickness of the electrolyte increases due to
insertion of the ALD GDC functional layer, there is no signif-
icant difference in the size of the first semi-circle.”” This result
is due to both the relatively small (~50 nm) thickness incre-
ment resulting from addition of ALD GDC compared to total
YSZ thickness as shown in Figure 9A-B and the relatively high
ionic conductivity of doped-ceria materials (over an order of
magnitude higher) compared to YSZ."” Thus, there was a neg-
ligible increase of ionic transport resistance and a significant
decrease of electrode/electrolyte interface resistance when the
ALD GDC functional layer was applied.

4 | CONCLUSIONS
To improve the performance of SOFCs, many novel mate-
rials have been developed with appropriate characteristics
for application in SOFCs. Doped-ceria materials are the
most promising materials for enhancing the ORR rate at the
cathode/electrolyte surface. In this study, we successfully
fabricated GDC thin films for use as a cathodic functional
layer with ALD, a state-of-art thin film fabrication tech-
nique. ALD-fabricated GDC thin films had flat surfaces and
showed nanocrystalline characteristics. To find the optimal
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FIGURE 9 (A) Cross-sectional FE-
TEM image of thin-film SOFC structure
with atomic layer deposition (ALD)
gadolinia-doped ceria (GDC) functional
layer and (B) detailed view for ALD GDC
functional layer. (C) High resolution FE-
TEM image at the ALD GDC functional
layer. (D) Fast Fourier transform pattern
was achieved in the area indexed by white
dotted line. Each number from 1 to 4 in the
image corresponded to the GDC crystalline
structure of (111), (200), (220), and (311),
respectively [Color figure can be viewed at
wileyonlinelibrary.com]
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(A) Current-voltage (I-V) curves and power density of AAO-supported solid oxide fuel cells (SOFCs) with and without an

atomic layer deposition gadolinia-doped ceria functional layer at 450°C. (B) Electrochemical impedance spectroscopy spectra of AAO-supported
SOFCs at 450°C and a bias voltage of 0.8 V [Color figure can be viewed at wileyonlinelibrary.com]

doping ratio for GDC, ALD was conducted with various
deposition conditions. Through XPS analysis, doping states
and the resulting oxygen vacancy distribution at the surface
of the ALD GDC thin films were analyzed. These properties
are related to the ORR kinetics. We evaluated the impact of
ALD GDC on SOFC performance and observed significant
improvement in output power density. Incorporation of GDC
with a doping ratio of 18.8 mol% enhanced performance
by 2.5 times at an operating temperature of 450°C. We

fabricated an AAO supported thin film SOFC composed of
a thin film YSZ electrolyte and ALD GDC functional layer,
and analyzed the micro-structure of thin film SOFC configu-
ration and ALD GDC layer with FE-TEM. For the thin film
SOFC, application of ALD GDC showed a high power den-
sity of 288.24 mW/cm?, which is a 2.7-times performance
enhancement over the device fabricated without GDC. These
results demonstrate the superior characteristics of ALD GDC
for enhancing oxygen ion incorporation and ORR kinetics.
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