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a b s t r a c t

Spray coating is widely used in industrial applications for the preparation of large, uniform thin films
on various substrates due to its simplicity and cost-efficiency. To prevent reactions between a yttria-
stabilised zirconia (YSZ) electrolyte and a La0.6Sr0.4Co0.2Fe0.8O3 − ı (LSCF) cathode, a Gd0.1Ce0.9O2 − ı (CGO)
interlayer with a thickness of 2–3 �m is prepared on a YSZ electrolyte by spray coating. The results
indicate that the properties of the CGO interlayer depend on its preparation conditions, including the
eywords:
nterlayer
olid oxide fuel cell
pray coating

powder pre-sintering temperature, the concentration of the dispersant and the sintering temperature. A
densely packed CGO interlayer is obtained from a well-dispersed suspension of CGO powder pre-sintered
at 750 ◦C with 6 wt.% PVP as a dispersant. After sintering at 1250 ◦C and 1300 ◦C, the CGO interlayer
achieves an area special resistance (ASR) of 0.1 � cm2 at 800 ◦C and 0.4 � cm2 at 700 ◦C. Moreover, LSCF
cells with a CGO interlayer obtain an average maximum power density greater than 600 mW cm−2 at
750 ◦C. Obvious diffusion of Sr is not observed in the cells, indicating that the CGO interlayer prepared by

spray coating effectively blocks Sr diffusion.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cells (SOFC) are an environmental friendly
nergy technology that has drawn extensive attention over the
ast few decades [1]. To reduce the operating temperature of
lanar solid oxide fuel cells to temperatures between 600 ◦C

power density at intermediate temperatures [3–6]. However, reac-
tions between the YSZ electrolyte and the cathode materials
result in the formation of La2Zr2O7 and SrZrO3 at the interface
between the electrolyte and the cathode. The poor conductivity
of La2Zr2O7 and SrZrO3 dramatically decreases the performance
of the cell [7,8]. To prevent these reactions from occurring, a
nd 850 ◦C, anode-supported fuel cell has been employed to
ecrease the thickness of the yttria-stabilised zirconia (YSZ) elec-
rolyte [2]. In addition, Sr doped LaCoO3 and LaFeO3 perovskite
xides have been used as cathodic materials to improve the

∗ Corresponding author. Tel.: +86 574 87911363; fax: +86 574 87910728.
E-mail address: wgwang@nimte.ac.cn (W.G. Wang).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.06.017
dense CGO (Gd doped ceria) interlayer is often introduced into
the cell because CGO is compatible with cobaltite perovskite oxide
and YSZ [7–10] cathodes. A proper method of film formation
is essential to achieve a dense CGO interlayer. Vacuum deposi-

tion methods and wet ceramic methods are often employed to
prepare dense CGO interlayers, including magnetron sputtering
[11], electron beam physical vapour deposition [10], chemical
vapour deposition (CVD), electrochemical vapour deposition (EVD),

dx.doi.org/10.1016/j.jallcom.2010.06.017
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wgwang@nimte.ac.cn
dx.doi.org/10.1016/j.jallcom.2010.06.017
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ig. 1. SEM images of the surface of CGO interlayers, obtained by spraying a suspen

tomic layer deposition (ALD), tape casting [12], sol–gel, screen
rinting and slurry coating [7,8,13]. Vacuum deposition meth-
ds can produce dense CGO interlayers at lower temperatures

han wet ceramic methods but are more expensive and less effi-
ient. A proper post-heat treatment process is also essential to
chieving a dense CGO interlayer. The density of the CGO inter-
ayer increases as the sintering temperature increases; however,
eactions between YSZ and CGO become significant at tempera-

Fig. 2. SEM micrographs of the surface of CGO interlayers, prepared by p
ith different concentrations of PVP: (a) 4 wt.%, (b) 5 wt.%, (c) 6 wt.% and (d) 8 wt.%.

tures greater than 1200 ◦C, producing intermediate phases of (Zr,
Ce)O2-based solutions, which are poor ionic conductors. On the
other hand, it is difficult to achieve a dense CGO interlayer with

good interfacial contact at temperatures below 1300 ◦C [14,15].
Therefore, selecting an appropriate sintering temperature is essen-
tial.

In this study, green CGO interlayers were prepared by spray
coating, which is a simple and cost-efficient method for the prepa-

re-sintering CGO powder at: (a) and (b) 600 ◦C, (c) and (d) 750 ◦C.
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Fig. 3. SEM micrographs of the surface and cross-sect

ation of large, uniform thin films on various substrates, and is
uitable for many industrial applications. The sintering properties
f the CGO interlayer were investigated by performing isothermal
intering between 1200 ◦C and 1300 ◦C. To evaluate the effect of
pray coating on single cells, the CGO interlayer was fabricated on
node-supported cells with a LSCF (La0.6Sr0.4Co0.2Fe0.8O3 − ı) com-
osite cathode.

. Experimental

.1. Preparation of the CGO interlayer

Gd0.1Ce0.9O2 − ı powder used to fabricate the CGO interlayer was prepared by the
ol–gel method [16]. The average primary particle size of Gd0.1Ce0.9O2 − ı powder
as approximately 44 nm. To determine the surface area of the powder, nitro-

en adsorption–desorption experiments were conducted at 77 K, and a value of
8.8 m2 g−1 was obtained. The Ni–YSZ/YSZ substrate was produced by spraying
Ni–YSZ active layer and a YSZ electrolyte layer on a Ni–YSZ supported anode

repared by tape casting, followed by co-sintering at 1350 ◦C for 6 h. The surface
nd cross-section morphology of the substrates were investigated by field emission

canning electron microscopy (SEM) (S-4800, Hitachi).

CGO powder was calcined at 600 ◦C or 750 ◦C for 5 h. A suspension of the CGO
owder was obtained by planetary ball milling pre-sintered CGO powder in ethanol
or 48 h. To obtain a homogenous suspension, PVP was added as a dispersant, and
he content of PVP was varied from 4 wt.% to 8 wt.%. A green CGO interlayer with a
hickness of 2–3 �m was prepared by spraying the suspension on a YSZ electrolyte
: (a) and (b) IS1200, (c) and (d) IS1250, (e) and (f) IS1300.

with an air spray gun. Subsequently, the electrolyte was dried in air, and a CGO
interlayer was obtained.

Samples of the green CGO interlayer were sintered at 1200 ◦C, 1250 ◦C and
1300 ◦C for 6 h and were labelled as IS1200, IS1250 and IS1300, respectively. The
microstructure of the CGO interlayer was investigated with field emission scanning
electron microscopy (SEM) (S-4800, Hitachi). Interfacial reactions between YSZ and
CGO were identified by SEM and X-ray diffraction (XRD). X-ray diffraction analyses
were performed on the CGO interlayer with a diffractometer (D8 Advance, Bruker)
and Cu K� radiation.

2.2. Symmetric sample fabrication

Symmetric samples with configurations of IS1200/YSZ/IS1200, IS1250/YSZ/IS1250

and IS1300/YSZ/IS1300 were prepared to evaluate the electrical properties of CGO
interlayers sintered at different temperatures. The samples were obtained by spray-
ing a suspension of CGO powder on both surface of 200-�m slices of YSZ, followed by
isothermal sintering at 1200 ◦C, 1250 ◦C and 1300 ◦C, respectively. Platinum paste
was brushed onto both surface of the symmetric samples, and the samples were
heated at 950 ◦C for 2 h. Upon completion, the samples were cut into 7.1 mm by
7.1 mm blocks for impedance measurements. Complex impedance measurements

◦
were conducted with a frequency response analyser (Soltron 1260) at 500–900 C
in air, and the frequency was varied from 0.1 Hz to 1 MHz. The ohmic area special
resistance (ASR) of the CGO interlayer was obtained from the following equation:

R = (R1 − R2)
2
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here R, R1 and R2 are the ohmic area special resistances of the CGO interlayer,
ymmetric sample and YSZ slice, respectively. For comparison, the measurements
ere also conducted on the YSZ slice.

.3. Preparation and testing of LSCF–CGO cathode single cells

Single cells with configurations of Ni–YSZ/YSZ/IS1200/LSCF–CGO,
i–YSZ/YSZ/IS1250/LSCF–CGO and Ni–YSZ/YSZ/IS1300/LSCF–CGO were prepared by

praying a suspension of LSCF composite cathode materials on the CGO interlayer
nd sintering the electrode at 950 ◦C for 5 h [17]. Before the electrical properties
ere determined, the microstructure of the cells was evaluated by examining a

ross-section of the single cells with a field emission scanning electron microscope
SEM) equipped with an energy dispersive X-ray analyser (EDS) (S-4800, Hitachi).
ingle cells with an active area of 4 cm × 4 cm were tested in a ceramic testing
ouse. Pure hydrogen and air were used as the fuel and oxidant, respectively.
omplex impedance measurements of the single cells were performed under
pen-circuit voltage (OCV) conditions with a frequency response analyser (Soltron
260), and the frequency was varied from 0.1 Hz to 1 MHz at 850 ◦C.

. Results and discussion

.1. Effect of PVP content and CGO pre-sintering temperature

The formation of green CGO interlayers depends on the CGO
uspension and the parameters of the spray coating process (i.e.,
ow velocity of the suspension, velocity of the motion system,
istance between the nozzle and the substrate, etc.) [18]. In the
resent investigation, all of the parameters of the spray coat-

ng process were fixed; thus, the properties of the green CGO
nterlayer were determined by the CGO suspension, which was
ominated by the concentration of dispersant. To optimise the
ispersant concentration of the suspension, CGO interlayers were
repared with different amounts of PVP. Fig. 1 shows the SEM

mages of CGO interlayers prepared with different contents of PVP.
s shown in the images, the number of cracks in the green body
nd the size of the micropores decreased as the content of PVP
ncreased from 4 wt.% to 6 wt.%. Moreover, the results suggested
hat CGO particles were effectively dispersed in the suspension
nd adsorbed to the dispersant. However, as the content of PVP
ncreased to 8 wt.%, the number of cracks in the interlayer also
ncreased. Excess dispersant may cause bridging between particles,
esulting in the formation of cracks. Thus, the results suggested that
well-dispersed suspension could be obtained with the addition of
wt.% PVP.

SEM micrographs of the surface and cross-section of the CGO
nterlayer prepared by pre-sintering CGO powder at different tem-
eratures are shown in Fig. 2. After the sample was sintered at
200 ◦C, the CGO powder agglomerated and cracks were observed
t a pre-sintering temperature of 600 ◦C. The presence of cracks
nd agglomerates may be attributed to the high activity of the
GO powder. When the pre-sintering temperature was increased
o 750 ◦C, the CGO interlayer was uniform and free of cracks. These
esults indicated that the optimal pre-sintering temperature of CGO
owder was 750 ◦C.

.2. The effect of sintering temperature on the CGO interlayer

SEM micrographs of IS1200, IS1250 and IS1300 are provided in
ig. 3, and the results revealed that a crack-free CGO interlayer was
uccessfully obtained on the YSZ electrolyte. As shown in Fig. 4,
EM micrographs of the YSZ electrolyte indicated that the grain
ize of CGO increased from ca. 200 nm to 1 �m as the sintering
emperature increased from 1200 ◦C to 1300 ◦C. Because the green
GO interlayer was prepared on a rigid YSZ electrolyte, CGO par-

icles shrank during the sintering process, and pores in the CGO
nterlayer were observed after sintering. Moreover, the pores in
he CGO interlayer became larger as the sintering temperature
ncreased. SEM observation of the cross-section of the CGO inter-
ayer revealed that the thickness of interlayer was ca. 2–3 �m. The
Fig. 4. SEM images of the surface and cross-section of the YSZ electrolyte.

results also suggested that the CGO interlayer was firmly attached
to the YSZ electrolyte, and the contact between the interlayer and
the electrolyte significantly improved as the sintering temperature
increased.

XRD analyses were performed on the CGO interlayer of the sam-
ples, and the results are shown in Fig. 5. X-ray diffraction could
not detect reactions between CGO and YSZ at a sintering tempera-
ture of 1200 ◦C. As the sintering temperature increased to 1250 ◦C
and 1300 ◦C, evidence of the reactions became visible during X-
ray diffraction analysis. As the sintering temperature increased, the
peaks of CGO and YSZ shifted to higher angles and lower angles,
respectively. Moreover, the shift in the peaks became larger as the
sintering temperature of the sample increased. The (2 2 2) peak
of CGO overlapped with the (3 1 1) peak of YSZ in the XRD spec-
tra of IS1300 (Fig. 4b). The observed shift in the peak position was
attributed to interdiffusion between YSZ and CGO, which increased
with an increase in the sintering temperature of the sample. The
observed results are in good agreement with those of previous
studies [8,19,20].

The results of the symmetric samples tested in air at 500–900 ◦C
are shown in Fig. 6, where the ASR of the CGO interlayer is plotted
against the inverse of the testing temperature. The results indicated
that the CGO interlayer possessed an ASR of ca. 0.1 � cm2 at 800 ◦C

2 ◦
and 0.4 � cm at 700 C, which was significantly less than the ASR
of a CGO interlayer prepared by screen printing (ca. 0.4 � cm2 at
800 ◦C and 1.6 � cm2 at 700 ◦C [8]). However, the ASR of the CGO
interlayer was much greater than the theoretical results of bulk
CGO-10 (ca. 0.005 � cm2 at 800 ◦C and 0.009 � cm2 at 700 ◦C). The
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Table 1
The performance of the single cells.

Single cell Uocv (V) at
850 ◦C

Rs (� cm−2) at
850 ◦C

Pmax (mW/cm2)
at 750 ◦C

Ni–YSZ/YSZ/IS1200/LSCF–CGO 1.196 0.534 201
Ni–YSZ/YSZ/IS1250/LSCF–CGO 1.137 0.185 618
Ni–YSZ/YSZ/IS1300/LSCF–CGO 1.168 0.174 631
Fig. 5. XRD patterns of IS1200, IS1250 and IS1300.

hmic area special resistance of the CGO interlayer consisted of
he bulk resistance of the CGO interlayer (Rbulk) and the ohmic
esistance of the YSZ/CGO interface (Rinterface). Rbulk was influenced
y the density of the CGO interlayer and the presence of defects,
hile Rinterface was affected by the contact between the YSZ elec-

rolyte and CGO interlayer, as well as the reactions between them
hat occurred at the interface. Because the CGO interlayer was
elatively thin, the ASR of the CGO interlayer was caused primar-
ly by Rinterface, resulting in an ASR that was much greater than

he theoretical values. At temperatures below 700 ◦C, IS1200 pos-
essed the lowest ASR, and the ASR of IS1300 was significantly
ess than those of IS1250 and IS1300 at temperatures greater than
00 ◦C. This result contradicts those of previous studies [8], which

ig. 6. Area specific resistance (ASR) plots of IS1200, IS1250, IS1300 and bulk CGO-10.
Fig. 7. I–V characteristics of the single cells at 750 ◦C.

suggested that a sintering temperature of 1200 ◦C resulted in the
greatest conductivity. This disparity may be due to the densification
process of the CGO interlayer and the simultaneous formation of
(Zr,Ce)O2-based solutions. As the sintering temperature increases,
the CGO interlayer becomes denser and the interfacial contact
between layers improves, which could lead to a reduction in
the ASR. However, the results indicated that the amount of
(Zr,Ce)O2-based solutions at the YSZ/CGO interface increased with
an increase in sintering temperature, causing the ASR of the cell to
increase.

The results of impedance tests and the I–V characteristics
of the single cells are provided in Table 1. Typical I–V char-
acteristics of the single cells at 750 ◦C are shown in Fig. 7,
where Uocv, Rs and Pmax denote the open-circuit voltage, ohmic
resistance and maximum power density of the cells, respec-
tively. The results in Table 1 indicated that the open-circuit
voltage of the cells was greater than 1.1 V, which was in
good agreement with the theoretical values. Cells consisting
of Ni–YSZ/YSZ/IS1250/LSCF–CGO and Ni–YSZ/YSZ/IS1300/LSCF–CGO
displayed a lower Rs and a higher Pmax than a cell composed of
Ni–YSZ/YSZ/IS1200/LSCF–CGO. The relatively high Rs and low Pmax

of the Ni–YSZ/YSZ/IS1200/LSCF–CGO cell suggested that a CGO inter-
layer sintered below 1200 ◦C could not effectively prevent reactions
between YSZ and LSCF caused by Sr diffusion, and an increase in
Rs and a deterioration in cell performance was observed. How-
ever, interlayers sintered at temperatures greater than 1250 ◦C
could successfully prevent reactions between YSZ and LSCF.
EDS analysis of the cross-section of Ni–YSZ/YSZ/IS1200/LSCF–CGO,
Ni–YSZ/YSZ/IS1250/LSCF–CGO and Ni–YSZ/YSZ/IS1300/LSCF–CGO
cells revealed that Sr, Ce, Gd, Zr, Y and La interdiffused between
layers, and the results are shown in Fig. 8. The interdiffu-
sion of Sr into the YSZ/CGO interface was detected in the cell
composed of Ni–YSZ/YSZ/IS1200/LSCF–CGO; however, obvious Sr

interdiffusion was not detected in Ni–YSZ/YSZ/IS1250/LSCF–CGO
and Ni–YSZ/YSZ/IS1300/LSCF–CGO cells. These results are in good
agreement with the aforementioned results and the overall per-
formance of the cells. Moreover, obvious interdiffusion of Zr
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ig. 8. EDS results of cells containing Ni–YSZ/YSZ/IS1200/LSCF–CGO (a and b), Ni–Y
haracterisation.

nd Ce was observed in all of the samples, which proved
he formation of (Zr,Ce)O2-based solutions at the YSZ/CGO
nterface.

. Conclusion

A CGO interlayer was prepared by spray coating and isother-
al sintering. The microstructure and electrical properties of the

GO interlayer were significantly dependent on the preparation
onditions, including the powder pre-sintering temperature, the
ontent of dispersant and the sintering temperature of the CGO
nterlayer. A dense CGO interlayer with a thickness of 2–3 �m

as obtained from a suspension of CGO powder pre-sintered at
50 ◦C with 6 wt.% PVP. At a sintering temperature below 1300 ◦C,
eactions between YSZ and CGO did not have a significant effect
n the electrical properties of the material, and the ASR of the
ymmetric samples was ca. 0.1 � cm2 at 800 ◦C and 0.4 � cm2 at

00 ◦C. Thus, a CGO interlayer sintered at 1250 ◦C and 1300 ◦C
ffectively blocked Sr diffusion. Single cells with a CGO inter-
ayer sintered at 1250 ◦C and 1300 ◦C exhibited a Pmax greater than
00 mW cm−2 at 750 ◦C and an ohmic resistance less than 0.2 � cm2

t 850 ◦C, indicating that the optimum sintering temperature of
Z/IS1250/LSCF–CGO (c and d) and Ni–YSZ/YSZ/IS1300/LSCF–CGO (e and f) before I–V

the CGO interlayer prepared by spray coating was between 1250 ◦C
and 1300 ◦C.
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