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a b s t r a c t

The growth and electrochemical properties of gadolinia-doped ceria (GDC) interlayers deposited by bias-
assisted magnetron sputtering in solid oxide fuel cells have been investigated. Such interlayers act as
diffusion barriers to protect the yttria-stabilized zirconia electrolyte, preventing possible degradation
when mixed ionic–electronic conductor (La,Sr)(Co,Fe)O3−ı is used as the cathode. The dependence of
the applied bias during the sputtering deposition on both the interlayer microstructure and fuel cell
vailable online 7 October 2009
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performance has been studied in anode-supported single cells. The main experimental results showed
that bias-assisted sputtering of GDC interlayers produced microstructures denser than those of unbiased
depositions, which resulted in increased electrochemical properties of fuel cells.

© 2009 Elsevier B.V. All rights reserved.
node supported

. Introduction

The anode-supported solid oxide fuel cell (SOFC) has as main
dvantage the substantially lower ohmic resistance of the yttria-
tabilized zirconia (YSZ) electrolyte, which allows for the operation
t intermediate temperatures (600–800 ◦C) [1–4]. Those devices
ave proven their capacity to generate electrical power in sev-
ral demonstration units, while still preserving the ability to use
ifferent fuels [5]. Nevertheless, the development of SOFC compo-
ent materials with improved performance and durability is still
n important matter [4,6,7]. Decreasing the operation tempera-
ure of the SOFC to 600–800 ◦C range is considered as an important
dvance, which allows for a wider choice of materials and processes
hat contribute to both lower the cost and improve the thermal sta-
ility of the system. Degradation processes are slowed down due to

ower diffusion rates of chemical species at reduced temperatures.
n the other hand, thermally activated electrochemical reactions

re retarded, and high-performance electrolyte and electrodes are
ecessary in order to sustain high-power density at intermediate
perating temperatures.

∗ Corresponding author at: Forschungszentrum Jülich GmbH, Institute of Energy
esearch (IEF-1), D-52425 Jülich, Germany. Tel.: +49 2461 61 5984;

ax: +49 2461 61 2455.
E-mail address: s.uhlenbruck@fz-juelich.de (S. Uhlenbruck).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.09.050
In this scenario, the development of electrode materials with
enhanced electrical properties at intermediate temperatures is of
relevance [4,6,7]. The conventional SOFC cathode, La1−xSrxMnO3−ı

(LSM), has shown good performance at high operating temper-
atures (800–1000 ◦C) with suitable activity for oxygen reduction
and adequate electrical properties [4,6,7]. However, at tempera-
tures ≤800 ◦C LSM exhibits sluggish performance, and the largest
contribution to the total overpotential losses in anode-supported
SOFC is from the cathode [1,4]. Therefore, different materials
have been proposed as alternative cathodes, and among them the
ferrite–cobaltite perovskite (La,Sr)(Co,Fe)O3−ı (LSCF) is being con-
sidered as a promising substitute for the LSM [4,6,7]. Both the mixed
ionic–electronic transport properties and catalytic activity of LSCF
enhance the three-phase boundary for the electrochemical reac-
tions, and superior performance of SOFC operating at intermediate
temperatures (600–800 ◦C) has been reported [6,7]. Although the
LSCF exhibits good activity towards oxygen reduction, the main
drawback of such an oxide is its reactivity with the YSZ electrolyte.
The cation interdiffusion across the electrolyte/cathode interface,
in which the main mechanism is the Sr2+ ions migration from the
cathode, results in the formation of resistive phases that rapidly
degrades the SOFC performance [6,8,9].
Diffusion barrier interlayers, deposited onto the electrolyte,
have demonstrated to be an effective way to avoid the Sr2+ diffusion
from LSCF cathode and, consequently, to prevent the degrada-
tion of the SOFC [8,9]. Ceria-based oxides have been reported
as convenient materials for such barriers due to good transport

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:s.uhlenbruck@fz-juelich.de
dx.doi.org/10.1016/j.jpowsour.2009.09.050
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roperties and reasonable compatibility with both YSZ electrolyte
nd LSCF cathode [8,9]. One of the main challenges is the fabri-
ation of cost effective and reproducible protective interlayers, at
ufficiently low temperatures in order to avoid undesired reac-
ions between YSZ and ceria. The effectiveness of the diffusion
arrier is closely related to its microstructural properties, and
igh density and homogeneous interlayers are desirable for such
n application. Different processing technologies have been used
or the fabrication of doped ceria protective interlayers, such as
he deposition of ceramic suspensions, like screen printing, and
hysical vapor deposition methods [9,10]. Detailed studies, com-
aring deposition techniques, provided compelling evidence that
ingle cells with ceria interlayers fabricated by reactive magnetron
puttering exhibited enhanced performance, a feature possibly
ssociated with the higher density of such layers attained at
elatively lower temperature than by wet ceramic deposition tech-
iques [9,10]. Although sputtering is a scalable industrial process,

urther optimization is necessary for the production of SOFC pro-
ective interlayers. Several experimental parameters of reactive
puttering deposition, like temperature, oxygen flow, and pressure,
ave been investigated, resulting in interlayers that do not require
n extra sintering step, as it is necessary for depositions by wet
eramic methods [9,10]. However, additional features of the sput-
ering technique can be used to further enhance the properties of
he deposited layers.

Bias voltage-assisted sputtering was found to produce films with
etter quality when compared to those of unbiased depositions
11]. The bias voltage alters the distribution of the potential in the
lasma and converts the substrate in a secondary sputtering tar-
et. The overall effect of the applied bias voltage is the change of
oth the energy and flux of particles bombarding the substrate,
ccelerating positively charged ions onto the substrate. Because
he nucleation and growth processes are closely related to this
ombardment, essentially, every property of sputtered films can be
ontrolled by the applied bias voltage. One of the reported effects
s the increased electrical conductivity of biased sputtered films,
eaching the bulk conductivity value for optimized applied bias
11].

In this context, the effects of applied bias voltage during

puttering of gadolinia-doped ceria (GDC; (Ce,Gd)O2−ı) diffusion
arriers over yttria-stabilized zirconia electrolytes were studied.
icrostructural analyses of GDC barriers revealed that the applied

ias voltage inhibits the columnar structure of sputtered interlay-
rs, resulting in dense microstructures. Such a feature was reflected

ig. 2. Back scattering scanning electron micrographs of the cross section of Ce0.8Gd0.2O2−
darker regions) with different applied bias power: (a) 0 W, (b) 10 W, (c) 50 W, (d) 100 W
Fig. 1. Flow chart of the experimental procedure followed for fuel cell preparation.
On the left side a schematic drawing (not in scale) displays the fuel cell configuration.

in the electrochemical tests, which showed that the performance of
solid oxide fuel cell having bias sputtered interlayers is increased.

2. Experimental

Half cells comprised of Ni/yttria-stabilized (8 mol%) zirco-
nia (Ni/YSZ) anode support, Ni/YSZ anode functional layer, and
YSZ electrolyte were used as substrates for the deposition of
Ce0.8Gd0.2O2−ı (GDC) interlayers. Substrates, with 50 mm × 50 mm
total area, were produced by warm pressing Ni/YSZ anode sup-

port (1.5 mm thickness), followed by vacuum slip casting of both
the anode functional layer and the electrolyte. After co-sintering at
1400 ◦C, the final thickness of each cast layer was ∼10 �m. Further
details of solid oxide fuel cell production are described elsewhere
[3,6].

ı interlayers (brighter regions) deposited onto yttria-stabilized zirconia electrolyte
, (e) 300 W, and (f) 300 W with higher magnification.
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The microstructure of sputtered GDC interlayers, deposited onto
anode-supported half cells at 800 ◦C with different applied bias
power, were investigated in a FEG-SEM. Figs. 2 and 3 display cross
section and surface micrographs of GDC interlayers, respectively. In
Fig. 2, backscattered electrons were used for phase contrast, and the
ig. 3. Scanning electron micrographs of the surface of Ce0.8Gd0.2O2−ı interlayers d
00 W.

Ce0.8Gd0.2O2−ı coatings were carried out in a physical vapor
eposition system CS 400ES (Von Ardenne Anlagentechnik, Ger-
any). Before loading into the deposition system, the surface

f substrates were cleaned with organic solvents and dried.
ubsequent conditioning of the surfaces was performed under
acuum into the deposition system by sputter-etching (200 W
or 10 min). After transferring to the sputtering chamber, spec-
mens were heated to the deposition temperature (800 ◦C) at a
ate of 3 ◦C min−1. Gadolinia-doped ceria interlayers were grown
y reactive magnetron dc-sputtering by using a metallic target
ith nominal composition of 80 at.% Ce and 20 at.% Gd (99.7%
urity) under 16 standard cubic centimeters (sccm) oxygen flow.
uring the deposition, the pressure on the chamber was kept
t 5 × 10−3 mbar and dc-sputtering energy set to 500 W. High-
requency bias voltage was applied to the metallic sample holder
y controlling a fixed bias power, ranging from 0 to 300 W. The

nterlayer growth rate dependence on the applied bias was firstly
tudied by fixing the total energy of the deposition process to
kWh. By assuming a linear growth rate, GDC layers with ∼1 �m

hickness were fabricated by adjusting the deposition time for each
pplied bias (0, 50, 100, and 300 W).

Microstructural analyses of both fractured cross sections and
urfaces of the deposited interlayers were performed in a field
mission gun electron scanning microscope (FEG-SEM, Zeiss Ultra
5), using both back scattered and secondary electrons. Interlayers
ave been analyzed by energy dispersive X-ray spectroscopy, which
emonstrated that the deposited GDC have composition close to
he nominal Ce0.8Gd0.2O1.9. The desired fluorite structure has been
reviously proved by X-ray diffraction [9].

La0.58Sr0.4Fe0.8Co0.2O3−ı (LSFC) cathode was screen printed onto
he GDC interlayer by using conventionally prepared ceramic sus-
ensions. Details concerning the preparation of both LSFC powder
nd suspension are reported elsewhere [9]. After the screen print-
ng depositions, single cells were heat treated at 1040 ◦C for 3 h in
ir. Final thickness of cathode layer was ∼60 �m and the active area

f the single cells ∼40 mm × 40 mm. Fig. 1 displays a diagram of the
xperimental procedure for fuel cells preparation and a schematic
rawing of fuel cell configuration.

Electrochemical tests were performed in an alumina housing
laced in a resistive furnace [9,10]. Gas tightness was obtained by a
ed with different applied bias power: (a) 0 W, (b) 10 W, (c) 50 W, (d) 100 W, and (e)

gold sealant, and electrical contact was assured by Ni and Pt meshes
used at the anode and the cathode sides, respectively. After the con-
trolled reduction of the anode, hydrogen (3 vol.% H2O) was flown
into the chamber at 1000 ml min−1 using mass flow controllers.
Polarization curves were collected by direct current measurements
using a current-control power supply type Gossen 62N-SSP500-40
(Gossen-Metrawatt GmbH, Germany), and a computer-controlled
data acquisition system. For all single cells prepared with differ-
ent applied bias power, at least two nominally identical cells were
measured.

3. Results and discussion
Fig. 4. Applied bias dependence of the thickness of the Ce0.8Gd0.2O2−ı interlayer.
Values correspond to the average of ∼15 measurements in different regions along
the cross section of samples, error bars are the standard deviation, and the dotted
line is guide to the eye.
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ig. 5. Scanning electron micrographs of the surface of Ce0.8Gd0.2O2−ı interlayers de

DC layer is clearly defined as the brighter regions on the top of the
SZ electrolyte. Zero bias sputtered GDC layers (Fig. 2a and 3a) show
imilar features of previously studied ones deposited using the
ame experimental conditions and apparatus [9,10]. The unbiased
ayers exhibit homogeneous cross sections and surfaces; however,
considerable portion of the deposited GDC is comprised of regions
isplaying a columnar microstructure (Fig. 3). The columnar struc-
ure is typically found in sputtered films [9,11] and associated with

emnant islands, formed in the initial growth stage, that did not
ttain the coalescence stage completely, limiting the continuity of
he deposited layer [11].

Increasing the applied bias power (Figs. 2b–d and 3b–d) results
n a progressive change of the microstructural properties of

ig. 6. Cell voltage (left y-axis) and power density (right y-axis) curves measured in the 65
ias power: (a) 0 W, (b) 50 W, (c) 100 W, and (d) 300 W.
d with (a) 10 W and (b) 300 W applied bias power, after sintering at 1080 ◦C for 3 h.

GDC interlayers. At low bias, up to 10 W, samples have simi-
lar microstructure than that of unbiased depositions. However,
for applied bias of 50 W and higher a clear reduction of regions
displaying columnar structure is inferred from both cross sec-
tion and surface images. For the highest applied bias (300 W) the
microstructure of the GDC layer is rather homogeneous and denser
than the ones grown at lower bias (Fig. 2e and f). Such a bias power
dependence on the microstructural properties is mirrored on the

growth rate of the interlayers.

The variation of the thickness of the GDC layers with the applied
bias was determined in samples sputtered with fixed total energy of
2 kWh, as shown in Fig. 4. Low bias (10 W) had no appreciable effect
on the growth rate, but increasing the applied bias decreased signif-

0–800 ◦C range for single cells with Ce0.8Gd0.2O2−ı interlayer sputtered with applied
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cantly the thickness of the GDC layers. For 100 W bias, the thickness
as reduced to approximately half of the value measured for unbi-

sed sample, and depositions carried out at 300 W bias maintained
imilar growth rate of the one at 100 W (∼25 nm min−1). The slower
rowth rate of biased depositions can be attributed either to the fact
hat the applied bias converts the substrate in a secondary sputter-
ng target, which promotes the re-sputtering of particles loosely
ttached to the surface of the film or, more likely, to the higher
ompactness of interlayers deposited over the same area [11].

The microstructure of deposited GDC interlayers was investi-
ated after a heat treatment simulating the cathode sintering. The
eposited GDC barriers were sintered at 1080 ◦C for 3 h in air and
nalyzed by FEG-SEM. Fig. 5 shows the sintered surface of inter-
ayers sputtered with 10 and 300 W applied bias. A rough visual
nspection of both Figs. 3 and 5 suggests coarsening of the sin-
ered GDC grains. However, samples deposited with low applied
ias power (10 W, Fig. 5a) retain residual porous regions after sin-
ering that are probably related to the former columnar regions
Fig. 3b), while the 300 W biased sample maintains a rather dense

icrostructure.
The combined results of the microstructural characterization
evealed that applied biases ≥50 W play a significant role on the
icrostructure of sputtered layers, lowering the growth rate and

avoring the formation of compact and continuous GDC interlayers.
Such findings are relevant for the performance of SOFC, and

he electrochemical properties of single cells with sputtered GDC

ig. 7. (a) Polarization curves measured at 800 ◦C for single cells with Ce0.8Gd0.2O2−ı

nterlayers sputtered with different applied bias power. (b) Temperature depen-
ence of the average current density at 900 mV for single cells with Ce0.8Gd0.2O2−ı

nterlayers sputtered with different applied bias power (left y-axis) and temperature
ependence of fuel utilization calculated for the sample with interlayer deposited
ith 300 W applied bias (right y-axis).
ources 195 (2010) 1599–1604 1603

interlayers with final thickness adjusted to ∼1 �m were studied.
Fig. 6 shows typical polarization curves of single cells with GDC
interlayers deposited with 0, 50, 100, and 300 W bias, measured in
the 650–800 ◦C range. The polarization curves exhibit characteris-
tic features of SOFC: the open circuit voltage is ∼1.1 V; the ohmic
drop polarization is the most significant one in the measured cur-
rent range; and a clear increase of the performance is observed
with increasing measuring temperature. The measured power out-
puts are within the range of state-of-the-art anode support SOFC,
reaching ∼1 W cm−2 at 800 ◦C and 800 mV [6,9,10].

In order to better analyze the effect of applied bias on the perfor-
mance of fuel cells, Fig. 7a shows the polarization curves measured
at 800 ◦C for samples with GDC interlayer deposited with different
applied bias. Fig. 7a displays an evident enhancement of the polar-
ization curves of samples with bias-deposited interlayers. Such an
enhancement is clearly observed in Fig. 7b, which shows the tem-
perature dependence of both the average current density values at
900 mV extracted from the polarization curves of nominally iden-
tical samples (left y-axis). The temperature dependence of the fuel
utilization (FU) was calculated and the results for the sample with
GDC interlayer deposited with 300 W applied bias are shown in
Fig. 7b (right y-axis). Fuel cell tests have been performed with fuel
flow well in excess and typical FU values are within ∼5–10% range.
Current density values at 900 mV and 800 ◦C reach ∼0.8 A cm−2 for
samples deposited with 300 W applied bias while the unbiased
sample delivers ∼0.7 A cm−2, corresponding to power outputs of
∼0.7 and 0.6 W cm−2, respectively. All single cells having bias sput-
tered GDC interlayers have higher performance than the unbiased
one in the whole temperature range investigated. However, a direct
correlation between the applied bias and the current density was
not evident. In comparison to zero bias, samples having GDC inter-
layers sputtered with 300 and 50 W bias display an increase of ∼15%
of the current density, and 100 W biased depositions have ∼10%
higher current densities. The observed behavior may be attributed
to small differences of the interlayer thickness that are possibly
related to the positioning of the samples in the sputtering cham-
ber. New experiments are underway to further investigate this
point.

4. Conclusions

The influence of applied bias on the properties of magnetron
sputtered gadolinia-doped ceria diffusion barrier layers was stud-
ied. The applied bias had a clear effect on the microstructure
and growth rate of the interlayer. Increasing bias power, in the
50–300 W range, progressively inhibited the columnar structure
and favored a more continuous and denser microstructure. Such
features resulted in more effective barriers against strontium dif-
fusion that prevented the formation of resistive phases at the
cathode/electrolyte interface. Therefore, anode-supported single
solid oxide fuel cells having bias sputtered interlayers were found
to have enhanced electrochemical properties, as evidenced by
an appreciable increase of the current density. The experimen-
tal data indicated that the applied bias is a useful feature of the
sputtering process that improves the quality of ceria-based diffu-
sion barrier interlayers for intermediate temperature solid oxide
fuel cells.
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