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Gadolinium-doped ceria (GDC) deposited by radio frequencymagnetron sputtering is utilized as the anode inter-
layer for low-temperature solid oxide fuel cells (LT-SOFCs) with a nanothin yttria-stabilized zirconia (YSZ) elec-
trolyte andNi/Pt electrodes.When the thickness ratio of YSZ electrolyte versus 100 nmGDC anode interlayer is at
or below 1.5, the electrochemical performance of the LT-SOFC is severely poor due to the microstructural insta-
bility of the GDC anode interlayer under high-temperature reducing atmospheric conditions. At 500 °C, the peak
powerdensity of the LT-SOFCwith aNi anode and a 20 nmGDC anode interlayer is ~30%higher than thatwithout
the GDC anode interlayer due to faster reaction kinetics on the anode side.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Doped ceria is considered as the promising electrolytematerial for solid
oxide fuel cells (SOFCs) due to its high oxygen-ion conductivity, superior
oxygen surface exchange coefficient at the cathode side interface, and,
therefore, excellent functionality as an interlayer between doped zirconia
electrolyte and Co-containing perovskite cathode [1–7]. Furthermore,
electronically and catalytically active characteristics of doped ceria under
high-temperature reducing atmosphere improves the anode reaction
kinetics when inserted between the anode and the electrolyte, and resul-
tantly the electrochemical performance of SOFCs further improves [8,9].
On the other hand, it is known that the structural stability of ceria under re-
ducing atmosphere is poor due to the structural change of ceria from CeO2

toCe2O3 [10],whichhas oftenprevented thedopedceria frombeingwidely
utilized for SOFCs.

Generally, porous micro-structured cermet has been utilized to
obtain the sufficient density of triple phase boundary that is the site
where electrode, electrolyte, and gas meet at the anode side of SOFCs
[8,11]. However, cermet comprised of ceramic and oxidized metal
particles requires sintering processes at high-temperature (above
1000 °C) for low ohmic resistance, which incurs complex manufactur-
ing, metal agglomeration, and second phase formation issues [12,13].
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These disadvantages require the development of anode structures with
dense triple phase boundary and, simultaneously, without sintering pro-
cesses. As a representative example, thegadolinium-dopedceria (GDC)-im-
pregnated Ni anode structure demonstrated by Jiang et al. did not need
sintering processes while remarkably lowering anode overpotential [14].
Nevertheless, such a strategy has never been applied to SOFCs with
nanothin doped-zirconia electrolytes operating at low-temperature
(below 500 °C) [15].

In this study, the anode structure with no-sintering process and fast
anode reaction kinetics was fabricated with a form of metal-ceramic
bilayer, and was applied to the low-temperature SOFC (LT-SOFC) with
nanothin doped zirconia electrolyte. The structural property of reduced
GDC thin film was characterized, and the microstructural instability of
GDC anode interlayer was electrochemically evaluated using SOFCs
with various electrolyte configurations. The 20 nmGDC anode interlay-
er, which was adopted by consideration of its microstructural stability,
enhanced the electrochemical performance through fast anode reaction
kinetics under reducing atmosphere. The result presented in this paper
has implications in improving the performance of nanothin electrolyte
SOFCs at low-temperature regime.

2. Experimental methods

2.1. Thin film fabrication

For electrolyte deposition, GDC thin films were deposited using a
commercial sputtering machine (A-Tech System Ltd., Korea) with a
customized rotation unit. Target to substrate distance was 75 mm, a
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Fig. 1. X-ray diffractometry results for 80 nm gadolinium-doped ceria (GDC) films after
oxidation and reduction processes at 500 °C for 2 h.
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substrate supportwas rotated at 4 rpmto reduce the growth rate deviation.
Sputtering gas was a mixture of Ar and O2 in the volumetric ratio of 80:20.
Background pressurewas kept at 1.3 Pa during deposition. Radio frequency
magnetron power of a sputtering gun was 50 W, GDC disk pellet with a
10 mol% Gd2O3 was used as the target. Sputtered yttria-stabilized zirconia
(YSZ) thin films were deposited under same processing conditions with
YSZ disk pellet with an 8 mol% Y2O3. The fabrication process of conformal
YSZ thin film is presented in our previous work [16]. For electrode deposi-
tion, a 99.99%purity Pt anda99.99%purityNi targetwereused todeposit Pt
thin films and Ni thin films, respectively, with direct current power of
200W in 99.9999% purity Ar atmosphere. Background pressure was kept
at 0.7 and 12 Pa for dense and porous microstructure, respectively.

2.2. Thin film characterization

The crystalline property of thin film was investigated by X-ray dif-
fraction (XRD) using X'Pert Pro (PANalytical, Netherland)with CuKα ra-
diation in the grazing incidence scan mode with a step size of 0.02°. The
surface microstructure of thin film was analyzed by focused ion beam
and field emission scanning electron microscopy (FIB/FE-SEM) operated
at 5 kV using the quanta 3D FEG (FEI Company, Netherland) instrument.
The surface morphology of thin film was examined by atomic force mi-
croscopy (AFM) using the XE 100 (Park Systems, Korea) instrument.
Non-contact mode AFM scanning herein was carried using silicon tips
with a ~10 nm radius, the scan dimension was 10 μm × 10 μm. High
angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) and energy-dispersive X-ray spectroscopy (EDX) in
STEM mode were conducted to investigate the nanostructure and local
composition, respectively, using the JEOL-2100F (JEOL, Japan) under an
accelerating voltage of 200 keV.

2.3. Electrochemical evaluation

Commercial anodic aluminumoxide (AAO, Synkera, USA) templates,
Al foil anodized in an acid solution to form well-arrayed nanopores,
with the thickness of 100 μm and the pore size of 80 nm were used as
the porous supporter for LT-SOFCs. The physical mask for the opening
area of 1 mm2 was comprised of a square-patterned 0.1 mm thick
stainless steel (SS) plate (lower layer) and a thicker SS plate pressing
the lower plate (upper layer). Test cells were attached to the custom-
made H2 feeding chamber using a ceramic adhesive (CP4010, Aremco
Products, Inc., USA), which were heated to 500 °C with a ramping rate
of 10 °C/min using halogen heaters. 50 sccm dry H2 gas was supplied
to the anode side and the cathode was exposed to the atmospheric
environment. Electrochemical measurements were carried out after
exposure to H2 for 1 h at the anode. The anode was connected with a
combination of silver paste (597A, Aremco Products, Inc., USA) and a
0.5 mm diameter silver wire while the cathode was contacted using a
hardened-steel with a radius of 0.19 mm probe moved by a XYZ stage.
Polarization curves and electrochemical impedance spectroscopy (EIS)
measurements of test cells were measured using an electrochemical
testing system (1287/1260, Solatron Analytical, UK). The anode was
selected as the counter electrode whichwas connected to the reference
electrode, and the cathode functioned as the working electrode. During
the EIS measurements, the alternating voltage with an amplitude of
50 mV was applied to the cathode with respect to the anode.

3. Results and discussion

3.1. Instability of GDC anode interlayer under reducing atmosphere

Despite the weak structural stability of doped ceria under reducing
atmosphere, the feasibility of doped ceria as single-electrolytes for low-
temperature SOFCs was reported by several groups according to the fact
that ceria reduction at temperatures below 500 °C is only limited to the
electrolyte surface or thereabouts [1,15]. In this regard, researches aiming
at the use of nanothin doped ceria as single-electrolytes were recently
carried out to further reduce the operating temperature of SOFCs [16,17].
However, nanothin doped ceria single-electrolytes exposed to reducing at-
mosphere generated considerably low open circuit voltage (below 0.7 V)
and the vastly insufficient peak power density by the ceria reduction as
well as the gas permeation through the electrolyte. This investigation im-
plies that the thermal stability of the doped ceria needs to be considered
as an important factor when nanothin GDC is employed as the anode
interlayer.

Using XRD analysis, we confirmed the 2-theta values for 80 nm GDC
film treated in H2 atmosphere (50 sccm dry H2) are slightly lower than
those treated in air atmosphere (50 sccm air) at 500 °C for 2 h (Fig. 1),
which is likely due to the increase of lattice parameter by the increase of ox-
ygen vacancy concentration [7,18]. Based on the fact that a change in struc-
tural property of thin film can also have a noticeable impact on its
microstructural characteristics [19], we tried to examine the effects of the
reduction on the mechanical stability using various-configured electrolyte
cells. Although this approach could seem to be an indirect way to verify
such effects, the approach has been previously shown to be sensitive
enough to reflect the electrolyte integrity [20]. Fig. 2(a) and (b) show the
electrolyte type andelectrochemical performanceof the testedcells, respec-
tively. The 100 nmGDC single-electrolyte cell (Cell 1) shows zero open cir-
cuit voltage (OCV)with the ohmic resistance of ~0.001Ω cm2. Because this
resultmay be due to several different factors such as ceria reduction and/or
electrode material diffusion through the grain-boundaries of the columnar
GDC electrolyte, it was difficult to figure out themicrostructural stability of
the GDC from this result only. We, therefore, additionally prepared 4 cells
with varying electrolyte configurations in which a conformal and dense
YSZ electrolyte layer deposited via atomic layer deposition is located on
the cathode side. First, 150 nm single-conformal YSZ electrolyte cell (Cell
2) generates the OCV of ~1.16 V, which means the conformal YSZ layer is
sufficiently insulative on electronic conduction. Next, the conformal YSZ
electrolyte layers with different thicknesses, i.e., 150 nm (Cell 3), 100 nm
(Cell 4), and 50 nm (Cell 5) in thickness, were deposited on the GDC
anode interlayer (100 nm thick). The OCVs and the peak power densities
of cells 3–5 are observed to be significantly lower than those of the cell 2.
Also among the cells 3–5, theOCVand thepeakpowerdensitydecreaseno-
tably as the YSZ layer becomes thinner. We think this is because nanothin
GDC anode interlayer under high-temperature and strong reducing atmo-
spheric conditions becomes unstable in terms of microstructure. In result,
the density of microstructural defects in YSZ layers on the GDC layer may
also increase. This argument is supported by the HADDF-STEM analysis re-
sult showing the appearance of voids (black area) in a few tens of nanome-
ter size in theGDC anode interlayer (Fig. 2c). Resultantly, this consideration



Fig. 2. (a) Schematic presentation of anodic aluminum oxide (AAO)-supported cells with different electrolyte configuration, (b) their open circuit voltage and peak power density, at
450 °C, and (c) high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images of AAO-supported cell with a GDC anode interlayer (lower side) and a
100 nm conformal yttria-stabilized zirconia layer (YSZ) (upper side) at different magnifications.
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could present the necessity to significantly decrease the thickness of GDC
anode interlayer compared to that of YSZ electrolyte.

3.2. Effects of GDC anode interlayer on electrochemical performance

To verify the effects of GDC anode interlayer (20 nm thick) on elec-
trochemical performance, LT-SOFCs without and with the GDC anode
interlayer (called to Cell-A and Cell-B, respectively) were fabricated
via sputtering. Fig. 3a shows FE-SEM top-view images for 400 nm Ni-
AAO (left side) and 400 nm Ni-AAO coated with 20 nm GDC anode
interlayer (right side). The GDC anode interlayer was deposited in
Fig. 3. (a) Field emission scanning electron microscopy top-view images for 400 nmNi (left sid
substrate, (b) HAADF-STEM image of AAO-supported YSZ electrolyte cell with a 20 nmGDC ano
angular region in Fig. 3(b) and energy-dispersive X-ray spectroscopy mappings for main comp
granular structure, which led to the slight increase of the surface rough-
ness: AFM scanning revealed that root mean square roughnesses for Ni-
AAO and Ni-AAO with GDC anode interlayer are 21 nm and 25 nm,
respectively. Fig. 3b shows the cross-sectional HAADF-STEM image of
the Cell-B (200 nm porous Pt cathode/500 nm dense YSZ/20 nm GDC
anode interlayer/400 nmNi dense anode) (Fig. 3b). HAADF-STEM imag-
ing and EDX mapping results of the dashed rectangular region of
Fig. 3(b) confirms that 20 nmGDC interlayer is uniformly positioned be-
tween the Ni anode and the YSZ electrolyte (Fig. 3c).

EIS spectra obtained at different bias voltages (OCV and 0.5 V) for
Cell-B are compared to identify the resistances associated with each of
e) and 20 nm gadolinium-doped ceria (GDC) deposited on 400 nmNi (right side) on AAO
de interlayer and a 200 nm porous Pt cathode, and (c) enlarged image in the dashed rect-
onent elements in the same region.
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the arcs [21,22]. Totally, three arcs are shown: there is one overlapping
arc in high frequency regime (with a time constant of ~500 kHz)
(Fig. 4a), which indicates this arc originates from ohmic process. In
the meantime, two more arcs in medium frequency regime (with a
time constant of ~50 Hz) and in low frequency regime (with a time
constant of ~2 Hz), which we think are associated with activation
process (anode/cathode) and mass transport process, respectively.
Fig. 4b shows the EIS spectra for Cell-A and Cell-B at OCV. The low
frequency arc for Cell-B diverges below 2 Hz, contrary to Cell-A, which
is likely to be due to Warburg effects generally appearing in such a
low frequency regime (b10 Hz) [23,24]. Because previously demon-
strated SOFCs having identical electrode layers without doped ceria
anode interlayer did not show any notable low frequency divergence
of EIS spectra under identical characterization conditions, we think
these Warburg effects mainly originate from poor mass transport on
the anode side [20–22,25]. Likewise, this argument corresponds well
to the previous study in which doped ceria anode interlayer resulted
in poor mass transport caused by sluggish gas diffusion through the
doped ceria anode interlayer [8]. Least-square fitting of the medium
frequency arc (with a time constant of 50 Hz) for Cell-B was conducted
to distinguish anode and cathode/electrolyte interfacial resistances,
which were 0.6 Ω cm2 and 6.3 Ω cm2, respectively. For Cell-A, the size
of the medium frequency arc was 12.8 Ω cm2, among which the
cathode/electrolyte interfacial resistance can be estimated to be
6.3 Ω cm2 because Cell-A and Cell-B have same cathode reaction kinet-
ics. Therefore, the difference (5.9Ω cm2) in the size of the medium fre-
quency arc between Cell-A and Cell-B can be considered to come from
the difference in anode activation process. The faster anode reaction
kinetics for Cell-B than Cell-A can be accounted for based on two
Fig. 4. (a) Electrochemical impedance spectroscopy (EIS) bias study for the AAO-supported YSZ
and (d) their Tafel plots for the AAO-supported YSZ electrolyte cells with and without a 20 nm
phenomenological understandings: 1) there may be more catalytically
active sites (or longer triple phase boundary length) on the anode side
due to the infiltration of GDC into Ni anode [8], or 2) the GDC may
offer higher surface exchange rate at the anode side [26]. On the other
hand, the high frequency intercept (0.36 Ω cm2) of Cell-B is slightly
higher than that (0.31 Ω cm2) of Cell-A. Because the ionic resistance
for two kinds of cells is almost same [20,22], we think that Cell-B has
the relatively low current collecting performance compared to Cell-A
[27]. The possible reason for this is that the GDC anode interlayer may
provide insufficient electron-conducting paths, in spite of being elec-
tronically activated under high-temperature reducing atmosphere,
resulting in higher ohmic resistance. The size of the high frequency arc
(0.57Ω cm2)with a time constant of 500 kHz for Cell-B is slightly bigger
than that (0.41 Ω cm2) for Cell-A, which is likely to be due to the in-
crease of thickness and grain-boundary density of the electrolyte by
the insertion of GDC anode interlayer.

Fig. 4c show polarization curves for two kinds of cells. The OCV of
Cell-B is 1.15 V, which is very close to the theoretical value (1.17 V) at
the operating conditions [24]. With increasing the current density, the
difference in voltage drop becomes bigger between Cell-A and Cell-B.
Resultantly, the peak power density of the Cell-B is ~30% higher than
that of the Cell-A. The polarization curve for Cell-B reflects negative
effects relative tomass transport above 400mA/cm2, i.e., shows a steep-
er voltage drop at high current density region [16], which is parallel
with the aforementioned interpretation of relevant EIS results.
Exchange change current densities for Cell-A and for Cell-B estimated
from Tafel plots are 1.27 A/cm2 and 1.73 A/cm2, respectively, which
supports that Cell-B shows faster reaction kinetics on the anode side
than Cell-A (Fig. 4d). Meanwhile the OCV of Cell-B was retained at
electrolyte cell with a 20 nmGDC anode interlayer, (b) EIS results, (c) polarization curves,
GDC anode interlayer, at 500 °C.
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~1.15 V for 5 h at the operating temperature of 500 °C,meaning that the
insertion of 20 nm thick of GDC anode interlayer rarely affects the
microstructural-stability of the electrolyte.

4. Conclusion

We showed that the doped ceria anode interlayer of a few tens of
nanometers thickness inserted between the metal anode and the
nanothin doped zirconia electrolyte enhances the performance of LT-
SOFCs operated with hydrogen fuel at the anode. When 500 nm YSZ
electrolyte is used, the LT-SOFCwith 20 nm doped ceria anode interlay-
er generates a ~30% higher peak power density than the LT-SOFC with-
out the doped ceria anode interlayer due to faster reaction kinetics on
the anode side. Furthermore, it was confirmed that the lowmicrostruc-
tural stability of doped ceria under reducing condition could result in
the poor electrochemical performance of LT-SOFCs when the ratio of
YSZ thickness to GDC thickness becomes less than 1.5 (YSZ: 150 nm,
GDC: 100 nm). Consequently, the applicability of the doped ceria pre-
sents the methodology to improve anode reaction kinetics for LT-
SOFCs. Also careful consideration on the thickness of doped ceria
anode interlayer and conformal YSZ electrolyte may suggest strategies
in enhancing the output power and simultaneously ensuring themicro-
structural stability in LT-SOFCs.
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