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In  this  study,  we  have  investigated  the  feasibility  of  forming  a new  ionic  conducting  electrolyte  from  a
proton  conducting  phase,  BaCe0.8Y0.2O3−ı (BCY),  and an  oxygen  conducting  phase,  Ce0.8Gd0.2O1.9 (GDC),  in
order  to decrease  the  reduction  of  Ce4+ ions  to Ce3+ ions  in  reducing  atmospheres  at  high  temperatures.
BCY–GDC  composite  powders  (molar  ratio  1:1)  are  synthesized  via  a one-step  citric  acid–nitrate  gel
combustion  method.  The  reaction  between  the  BCY  and  GDC  in  these  composite  powders  at  1550 ◦C
results  in  the  formation  of  a new  perovskite  phase  with  a  nominal  composition  of  BaCe1.6Y0.2Gd0.2O4.9−˛.
The  conductivity  of  the  new  perovskite  phase  is  found  to  be  substantially  (∼150%)  higher  than  that  of
ntermediate temperature solid oxide fuel
ells
omposite electrolyte
lectrochemical performance
hase transformation

the  composite  electrolyte  made  from  the  mixture  of  BCY  and  GDC  with  the  same  nominal  composition
as  the new  perovskite  phase.  The  single  fuel  cells  with  the new  perovskite  electrolyte  exhibit  better
electrochemical  performance  than  the  cells  with  the  composite  electrolyte  made  of  the  mixture  of  BCY
and GDC.  The  maximum  power  density  of single  cells  with  the  new  perovskite  electrolyte  can  reach
0.657  W  cm−2 at  700 ◦C using  humidified  hydrogen  (3%  H2O)  as  the fuel.  This  maximum  power  density  is
∼65%  higher  than  that of  the  cells  with  the  BCY  + GDC  composite  electrolyte.
. Introduction

Doped CeO2-based fluorite cubic materials have attracted
xtensive attention worldwide lately owing to their potential as
he electrolyte for solid oxide fuel cells (SOFCs) to operate at inter-

ediate temperatures [1–8]. Such enormous interest derives from
he much higher ionic conductivity of doped ceria electrolytes than
he state-of-the-art electrolyte made of yttria-stabilized zirconia
YSZ) [1].  However, Ce4+ ions can be thermodynamically reduced
o Ce3+ ions in reducing atmospheres at high temperatures, caus-
ng internal shortening and decrease in open circuit voltage (OCV)
nd output power density [9–11]. To combat this problem, several
pproaches have been explored. One of these approaches is to use
ilayer electrolytes with a thin film resisting to reduction (such as
SZ) on the fuel side of the doped ceria electrolyte [12,13]. How-
ver, it is found that at long operation times interdiffusion takes

lace, leading to the dissolution of the thin YSZ film into the doped
eria electrolyte [13].

Another approach to address the reduction issue of doped
eria is through the design of composite electrolytes [14–18].  A
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composite electrolyte of Ce0.8Sm0.2O1.9 dispersed in a YSZ matrix
reduces the electronic conductivity [14]. SOFCs constructed using
the composite electrolyte made of Gd-doped ceria and Gd-doped
barium cerate exhibit higher OCVs compared to those based on
Gd-doped ceria alone [15]. The electrolytes based on the mix-
ture of a proton conductor (BaCe0.8Y0.2O3−ı) and an oxygen ion
conductor samarium doped ceria (Ce0.8Sm0.2O2−ı) [17] or the mix-
ture of BaCe0.8Sm0.2O3−ı and Ce0.8Sm0.2O2−ı [18] have all resulted
in higher OCVs than those based on Sm-doped ceria alone. The
peak power density exhibited by the SOFC with the composite
electrolyte made of BaCe0.8Sm0.2O3−ı and Ce0.8Sm0.2O2−ı is high
(505 mW cm−2 at 700 ◦C), indicating the potential of the composite
electrolyte approach [18].

The improved OCV and reduced electronic conductivity of com-
posite electrolytes have been generally attributed to the electron
blocking effect of the second phase to the leakage current gen-
erated by the reduction of the doped ceria [14–18].  In the case
of mixing a proton conductor with doped ceria, the compos-
ite electrolyte has an additional advantage of conducting oxygen
ions and proton simultaneously if H2 fuel is used [17]. Better
chemical stability of the electrolyte can also be achieved if the
composition of the composite electrolyte is properly selected. As

in the case of the BaCe0.8Sm0.2O3−ı plus Ce0.8Sm0.2O2−ı mixture
[18], the BaCe0.8Sm0.2O3−ı matrix can protect the Ce0.8Sm0.2O2−ı

from reduction, while the Ce0.8Sm0.2O2−ı matrix can protect
BaCe0.8Sm0.2O3−ı from corrosion caused by CO2 and H2O.

dx.doi.org/10.1016/j.jpowsour.2012.01.033
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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In this study, we have investigated the feasibility of a new
pproach to form novel ionic conductors with high resistance to
he reduction of doped ceria. This is done by reacting a proton
onductor, BaCe0.8Y0.2O3−ı (BCY), with the oxygen ion conductor,
e0.8Gd0.2O1.9 (GDC) to form a new phase. BCY is known to resist
eduction at the reducing atmosphere and has been used for the
omposite electrolyte as mentioned above [17]. As such, the new
hase formed from the reaction between BCY and GDC may  have
he potential to possess better resistance to the reduction by reduc-
ng atmospheres than pure GDC. To form the new phase, we  have
eacted BCY and GDC at 1550 ◦C at the solid state and compared
he total conductivity of the new phase with those of the BCY + GDC
omposite electrolytes. Furthermore, SOFCs with the new phase as
he electrolyte are constructed and evaluated for their performance
t intermediate temperatures (450–700 ◦C). The electrochemical
erformance of the SOFCs with the new phase electrolyte is also
ompared with that of the SOFCs with the BCY + GDC composite
lectrolytes. These comparisons reveal that the new phase derived
rom the reaction between BCY and GDC is better than the com-
osite electrolytes made of the BCY and GDC mixture in all of the
roperties and performance that we have evaluated. The details of
ur findings are reported below.

. Experimental

.1. BCY–GDC power synthesis and sintering

BaCe0.8Y0.2O3−ı–Ce0.8Gd0.2O1.9 composite electrolyte powders
BCY–GDC with a molar ratio 1:1) were synthesized via a one-
tep citric acid–nitrate gel combustion method using the procedure
escribed in Ref. [18]. Ba(NO3)2, Ce(NO3)3·6H2O, Y(NO3)3·6H2O
nd Gd2O3 were used as the starting materials for the synthesis,
hile ethylenediaminetetraacetic acid (EDTA) and citric acid (CA)
ere used as chelating agents. The synthesis procedure started with

dding an appropriate amount of dilute nitric acid to a mixture of
d2O3, Ce(NO3)3·6H2O and Y(NO3)3·6H2O. Subsequently, the mix-

ure of Ba(NO3)2, EDTA and CA was dissolved in dilute aqueous
mmonia. The concentrations of the CA and EDTA added were such
hat the molar ratio of the total metal ions in the final solution to CA
nd EDTA was  1:2:1. The two solutions above were mixed, heated
nd stirred continuously at about 70 ◦C until gelling. The pH value of
he above solution was adjusted to 7 during stirring using aqueous
mmonia. The gel formed was then moved to an evaporation pan
eated on a hot plate. Gel ignition and combustion then occurred,
iving the as-prepared powders. The as-prepared powders were
hen calcined at 1000 ◦C for 5 h.

For sintering and phase formation studies, the BCY–GDC com-
osite electrolyte powder was pressed into discs with a diameter
f 12 mm and a thickness of 0.5 mm  under a pressure of 300 MPa.
he discs were subsequently sintered at 1150 ◦C, 1250 ◦C, 1350 ◦C,
450 ◦C or 1550 ◦C for 5 h in air with a heating rate of 3 ◦C min−1.

.2. Characterization of the BCY–GDC electrolyte

Phase structures of the as-prepared powders and the electrolyte
iscs sintered at different temperatures were identified via X-ray
iffraction (XRD) using CuK� radiation on an UltimaIII type diffrac-
ometer. The working voltage is 35 kV with the tube current 20 mA,
he scanning range 20–90◦ and scanning speed 2◦ min−1. The crys-
allite size, d, of the calcined powders was estimated using the
cherrer formula [19].
The relative density of the sintered discs was measured via
rchimedes principle. The surface microstructures of the discs
intered at different temperatures were investigated using scan-
ing electron microscopy (SEM, S-3000N). For conductivity (�)
urces 205 (2012) 100– 107 101

measurement, silver paste was  painted onto both sides of the sin-
tered discs, and baked at 600 ◦C for 2 h to burn out organic binder
and formed Ag electrodes. The conductivity of the discs was mea-
sured in wet air (3% H2O) from 550 to 800 ◦C using the two-probe
method with the aid of an alternating current impedance analy-
sis apparatus (WAYNE KERR6540A). The frequency ranged from
1000 Hz to 20 MHz. The total conductivity was calculated from the
measured resistance, R, with the aid of the following equation:

� = L

SR
(1)

where L is the sample thickness and S is the electrode area in the
sample surface.

2.3. Single cell fabrication and electrical performance
measurements

The NiO and BCY–GDC with a weight ratio of 6:4 was used
for the anode material of single cells, while the cathode was
made of La0.8Sr0.4Co0.2Fe0.8O3−ı (LSCF) and BCY–GDC with a
weight ratio of 7:3. A certain amount of the anode powder mix-
ture was  loaded into a pressing die with a diameter of 12 mm
and then was  pressed slightly. Subsequently, the 0.02 g elec-
trolyte powder (BCY–GDC) was  added to the surface of the
anode disc, and the anode|electrolyte assembly was then pressed
with a pressure of 300 MPa  to form discs. The anode|electrolyte
discs were then sintered at either 1450 ◦C or 1550 ◦C for 5 h
with a heating rate of 3 ◦C min−1. The sintered anode|electrolyte
half cells (NiO–BCY–GDC|BCY–GDC) were then coated with
the LSCF–BCY–GDC cathode using the screen printing pro-
cess. The sandwich-structure containing NiO–BCY–GDC|BCY–GDC|
LSCF–BCY–GDC was sintered at 900 ◦C for 3 h to form single cells.

The cell performance was measured with a DC electronic load
(ITech Electronics model IT8511). Humidified hydrogen (∼3% H2O)
was  fed to the anode chamber at a flow rate of 25 mL min−1, while
the cathode was  exposed to atmospheric air. The impedance mea-
surement of the button cells was  conducted under open circuit
conditions using an impedance apparatus (WAYNE KERR6540A)
with the humidified hydrogen (3% H2O) at the anode and atmo-
spheric air at the cathode. The frequency for the impedance analysis
was  from 0.1 Hz to 100 kHz with temperatures ranging from 450 to
700 ◦C.

3. Results and discussion

3.1. Characterization of BCY–GDC composite powders

Fig. 1 shows the X-ray diffraction (XRD) patterns of the BCY, GDC
and BCY–GDC powders calcined at 1000 ◦C. It is found that the BCY
sample contains only diffraction peaks of the perovskite structure
(PDF 82-2372), and only diffraction peaks corresponding to fluorite
structure (PDF 75-0161) are present in GDC. Furthermore, the peaks
of the composite electrolyte powders are just the superposition of
the peaks of the perovskite structure BCY and fluorite structure GDC
with no any other phases. This indicates that the BCY–GDC com-
posite electrolyte powder is the mixture of BCY and GDC. According
to the peak broadening of the XRD patterns and the Scherre for-
mula, the average crystallite sizes of BCY and GDC in the composite
powder are 24 nm and 38 nm,  respectively. Therefore, nanome-
ter BCY–GDC double-matrix-composite electrolyte powders can be
obtained via a one-step citric acid–nitrate gel combustion method.
3.2. Properties of sintered electrolytes

Fig. 2 shows the XRD patterns of BCY–GDC pellets sintered at
different temperatures. The diffraction pattern clearly shows the
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Fig. 1. X-ray diffraction (XRD) patterns of the BCY, GDC and BCY–GDC powders.
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(Fig. 3). Dense electrolyte pellets with a limited number of pores

T
L

Fig. 2. XRD patterns of BCY–GDC pellets sintered at different temperatures.

uperposition of BCY and GDC phases for the composite electrolytes

intered at the temperature range 1150–1450 ◦C, indicating no new
hase formation during sintering at this temperature range. How-
ver, it is noted that the peaks of GDC disappear completely in the

able 1
attice constants and unit cell volume of single phase, composite samples and literature v

Sample BaCeO3 perovskite phase 

a (Å) b (Å) c (Å) 

BCY–GDC 1150 ◦C 8.7724 6.235 6.219 

BCY–GDC 1250 ◦C 8.7737 6.2316 6.2199 

BCY–GDC 1350 ◦C 8.7813 6.2253 6.2176 

BCY–GDC 1450 ◦C 8.7697 6.234 6.2157 

BCY–GDC 1550 ◦C 8.7633 6.232 6.2201 

Ce0.8Gd0.2O1.9 (1450 ◦C) 

CeO2

Ce0.9Gd0.1O1.95

Ce0.8Gd0.2O1.9

BaCeO3 8.7953 6.2622 6.2334 

BaCe0.8Gd0.2O2−� 8.816 6.233 6.18 

BaCe0.85Gd0.15O2−ε 8.86 6.231 6.211 

BaCe0.8Y0.2O3−ı (1450 ◦C) 8.7668 6.24 6.2195 

BaCe0.9Y0.1O2.95 8.7704 6.2386 6.2232 
urces 205 (2012) 100– 107

XRD pattern of the composite electrolyte sintered at 1550 ◦C. Only
a perovskite phase is present after sintering at 1500 ◦C, suggest-
ing that the BCY–GDC double-matrix-composite electrolyte has
changed into a single phase, i.e., a new phase has formed via the
reaction between BCY and GDC.

Table 1 summarizes the lattice constants and the unit cell vol-
ume  of each phase in various samples. Literature values [20,21] and
PDF card values are also included for comparison. It is found that the
unit cell volume of the GDC in the composite electrolyte sintered at
different temperatures is between that of CeO2 and Ce0.9Gd0.1O1.95,
which means that the mole content of Gd in the GDC is in the range
of 0–10%. In other words, the GDC in the composite electrolyte is
Ce0.9+xGd0.1−xO2−ı. For the perovskite structure the crystal cell vol-
ume  of the perovskite structure is found to be smaller than that of
BaCe0.8Y0.2O3−˛. Since the crystal cell volume of BaCeO3 decreases
with the addition of Y and Gd (see Table 1), it is safe to conclude
that some Ce in the BCY has been substituted by Gd. Therefore, the
BCY in the composite electrolyte is BaCe0.8−xY0.2GdxO3−˛.

The most interesting phenomenon of this study is the disap-
pearance of the CeO2-based fluorite structure when the composite
electrolyte is sintered at 1550 ◦C. It is known that the melting
point of CeO2 is about 2700 ◦C [22], which is much higher than the
sintering temperature (1550 ◦C). Furthermore, CeO2-based fluorite
structures such as CeO2-doped with Y or Gd are stable at 1550 ◦C
[16,23–25].  Thus, the disappearance of the GDC phase cannot be
due to volatilization, and therefore it is concluded that the CeO2-
based fluorite phase has reacted with the BaCeO3-based perovskite
phase and transformed into a novel BaCeO3 perovskite phase which
contains the elements of Ba, Ce, Y, Gd and O. Based on the compo-
sition of the starting materials (BCY + GDC), the composition of the
new phase will be BaCe1.6Gd0.2Y0.2O4.9−˛ (BCGY).

Fig. 3 shows the relative density of BCY–GDC composite elec-
trolyte pellets as a function of the sintering temperature. As
expected, the relative densities of composite electrolyte pellets
depend strongly on the sintering temperature. The relative density
increases from 63% to almost 100% of the theoretical value as the
sintering temperature increases from 1150 ◦C to 1550 ◦C. Note that
the relative density can be higher than 96% at sintering temperature
of 1450 ◦C, which can meet the impermeability demand of SOFC
electrolytes. Fig. 4 shows SEM images of the surfaces of composite
electrolyte pellets sintered at 1150 ◦C, 1350 ◦C, 1450 ◦C, and 1550 ◦C
for 5 h. It can be seen that the composite electrolyte becomes denser
with the increase in the sintering temperature. This trend is in good
agreement with the densities determined via Archimedes principle
formed at the 1450 ◦C sintering (Fig. 4c) suggest a good sintering
ability of the composite powders. The average grain size of sintered
bodies is about 1 �m after sintering at 1450 ◦C. The average grain

alues.

CeO2 fluorite phase Reference

V (Å3) a (Å) V (Å3)

340.15 5.4159 158.86 This work
340.07 5.4179 159.03 This work
339.89 5.4159 158.86 This work
339.82 5.4149 158.77 This work
339.7 This work

5.4228 159.47 This work
5.4124 158.55 PDF 81-0792
5.418 159.04 PDF 75-0161
5.423 159.5 [20]

343.33 PDF 85-2155
338.8 [21]
342.9 [21]
340.2 This work
340.5 PDF 82-2372
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attributed this drastic increase to the formation of the new BaCeO -
ig. 3. Relative densities of BCY–GDC composite electrolyte pellets as a function of
intering temperature.

ize further increases to about 3 �m as the sintering temperature
ncreases to 1550 ◦C (Fig. 4d).

The shapes of various crystalline phases are found to depend on
he sintering temperature. The single phase BCY is cubic hexahe-
ron (Fig. 5a), while the shape of the single phase GDC is irregular

olygon. It can be clearly observed that these two  kinds of shapes
ppear in the composite electrolyte sintered at 1450 ◦C (Fig. 4c).
n contrast, there are only grains with cubic hexahedron in the

Fig. 4. SEM images of the surfaces of BCY–GDC composite electrolyte pellets sintered 
urces 205 (2012) 100– 107 103

composite electrolyte sintered at 1550 ◦C (Fig. 4d). This morphol-
ogy change is consistent with the XRD analysis, showing that there
is only one crystalline phase in the 1550 ◦C sintered samples. More-
over, BCGY has a perovskite crystal structure and thus exhibits the
cubic hexahedron morphology. Therefore, it can be concluded that
reaction between the CeO2-based fluorite phase with the BaCeO3-
based perovskite phase has taken place at 1550 ◦C, leading to the
formation of a completely new Y and Gd co-doped BaCeO3-based
perovskite phase.

The ionic conductivity is a key property for electrolyte materials
of SOFCs. Fig. 6 shows the total conductivities of BCY–GDC elec-
trolytes sintered at different temperatures, measured in wet  air (3%
H2O). It can be seen that the total conductivity of the BCY–GDC elec-
trolyte increases with the test temperature studied (550–800 ◦C).
This trend is consistent with the behavior of ionic conductors
[1,3,5]. Fig. 6 also exhibits an increase in the total conductivity with
the sintering temperature. The increase in conductivity with sinter-
ing temperature from 1150 to 1450 ◦C is attributed to the increase
in the grain size (Fig. 4). The increase in the grain size leads to a
reduction in the area of grain boundaries, which in turn results in
an increase in the conductivity because grain boundaries typically
have a higher resistance than the bulk [5,26].

The most exciting phenomenon shown in Fig. 6, however, is
the dramatic increase in conductivity exhibited by the BCGY phase
formed at 1550 ◦C. Such a drastic increase cannot be explained by
the increase in both the grain size and density. Therefore, we  have
3
based perovskite phase. For the electrolytes sintered at 1450 ◦C or
lower the total conductivity is the sum of the conductivities of the
BCY phase (bulk and grain boundaries), the GDC  phase (bulk and

at different temperatures: (a) 1150 ◦C; (b) 1350 ◦C; (c) 1450 ◦C; and (d) 1550 ◦C.
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Fig. 5. SEM images of the surfaces of (a) pure BCY and

Fig. 6. Total electrical conductivity of BCY–GDC pellets sintered at different tem-
peratures measured under wet  air atmosphere (3% H2O).

Fig. 7. Impedance spectra of the Ni–BCY–GDC|BCY–GDC (sintered at 1550 ◦C) |LSCF–BCY–
The  numbers are the frequencies in hertz.
 (b) pure GDC pellets sintered at 1550 ◦C for 5 h.

grain boundaries) and the BCY–GDC interface. In contrast, the con-
ductivity of the BCGY phase is from the bulk and grain boundaries
of the new BaCeO3-based perovskite phase.

Gd-doped barium cerates have been shown to be mixed ionic
conductors [21]. BCGY is a Gd and Y co-doped barium cerate.
Since Y and Gd have the same valence state, Y is likely to behave
like Gd. Thus, the Gd and Y co-doped barium cerate is likely to
have the mixed ionic conducting property as Gd-doped barium
cerates.

3.3. Impedance analysis of single cells with BCY–GDC electrolytes

In order to assess the electrochemical performance of the
fuel cells based on the BCGY electrolyte and the BCY–GDC com-
posite electrolytes, Ni–BCY–GDC anode-supported button cells
with a thick BCY–GDC electrolyte membrane (∼40 �m)  and a
LSCF–BCY–GDC cathode were constructed. These button cells will
be denoted as Ni–BCY–GDC|  BCY–GDC|LSCF–BCY–GDC single cells

hereafter. Fig. 7 shows the impedance spectra of such single
cells with the BCGY electrolyte. These impedance spectra were
measured under open-circuit conditions at different tempera-
tures using electrochemical impedance spectroscopy (EIS). Three

GDC single cells measured under open current conditions at different temperatures.
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Fig. 8. The cell total resistances (R ), ohmic resistances (R ) and polarization resis-
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It can be seen that the peak power densities of the single cells with
the electrolyte sintered at 1450 ◦C are lower than that of the single
cells with the electrolyte sintered at 1550 ◦C. Specifically, the peak
t ohm

ances (Rp) of the testing button cell estimated from impedance spectroscopy under
pen circuit conditions at different temperatures. Inset: the Rohm/Rt ratio at different
emperatures.

arameters can be determined directly from these spectra. The cell
otal resistance (Rt) is the spectrum interception with the real axis
t low frequencies. The interception with the real axis at high fre-
uencies represents the ohmic resistance (Rohm) of the cell, which

ncludes the resistance of the electrolyte, the contact resistance
ssociated with the interface, and the resistances of the electrodes
nd Ag wires. The difference between the total resistance and the
hmic resistance represents the polarization resistance (Rp) of the
ell. The structure of porous composite electrodes significantly
ffects the active sites for electrochemical reactions (activation
olarization), the effective electronic and ionic resistivities (ohmic
olarization), and the electrode pore size (concentration polariza-
ion). Therefore, the cell polarization is strongly dependent on the
tructure of electrodes. Fig. 7 indicates clearly that Rt, Rohm and Rp

ncrease with decreasing the testing temperature.
Fig. 8 shows how Rt, Rohm and Rp of the button cells change with

he testing temperature. These data are derived from Fig. 7. The
ohm/Rt ratio as a function of temperature is included as the insert

n Fig. 8. Note that the Rohm/Rt ratio increases from 0.2 to 0.64 as
emperature increases from 450 ◦C to 700 ◦C, clearly indicating that
ohm changes from a minor component of the total resistance to a
ajor component as temperature increases. This trend is due to the

aster decrease of Rp than that of Rohm as temperature increases.
pecifically, Rohm are 2.40, 1.28, 0.77, 0.45, 0.28 and 0.21 � cm2,
hile Rp are 9.64, 3.12, 1.24, 0.50, 0.25 and 0.12 � cm2 at 450 ◦C,

00 ◦C, 550 ◦C, 600 ◦C, 650 ◦C and 700 ◦C, respectively. As a result, Rp

s predominant in the total cell resistance below 550 ◦C, while Rohm
s dominant above 600 ◦C. Thus, at temperatures lower than 600 ◦C,
he performance of the cell will be mainly limited by Rp which needs
o be reduced. In contrast, at temperatures higher than 600 ◦C, the
onic conductivity of the electrolyte is a key factor in improving
he cell performance. Similar results were observed in button cells
ased on other electrolytes [18,27].

.4. Performance of fuel cells with BCY–GDC electrolytes

Fig. 9 compares the open circuit voltages (OCV) of single cells
ith the composite electrolyte sintered at 1450 and 1550 ◦C, mea-
ured with wet H2 (3% H2O) as the fuel and static air as the oxidant.
he OCV for both cells decreases with increasing temperature.
his trend is consistent with the reduced cell potential when tem-
erature increases, as predicted from the Nernst equation [28].
Fig. 9. The OCV of the single cells based on BCY–GDC electrolyte sintered at different
temperatures as a function of test temperatures with wet hydrogen (3% H2O) as the
fuel.

However, the single cells with the electrolyte sintered at 1450 ◦C
have a lower OCV and a faster decrease in the OCV with increas-
ing temperature than the single cells with the electrolyte sintered
at 1550 ◦C. Specifically, the OCV of the cells with the electrolyte
sintered at 1550 ◦C is 1.02 V at 450 ◦C, whereas the corresponding
value for the cells with the electrolyte sintered at 1450 ◦C is only
0.95 V, i.e., 0.07 V lower than the cells with the electrolyte sintered
at 1550 ◦C. The difference becomes larger (0.11 V) as temperature
increases to 700 ◦C. The low OCV and fast OCV decrease for the
electrolyte sintered at 1450 ◦C are most likely due to the presence
of GDC which is a mixed ionic and electronic conductor [1,29,30].
Thus, the BCGY phase not only has a higher electrical conductivity,
but also has a lower electronic conductivity, if any, than GDC.

Shown in Fig. 10 are the I–V and power density curves of single
cells with the BCY–GDC electrolyte sintered at 1450 ◦C, as a func-
tion of the operation temperature tested using wet  H2 as the fuel
and static air as the oxidant. The corresponding curves for single
cells with the electrolyte sintered at 1550 ◦C are shown in Fig. 11.
Fig. 10. Current density–voltage and power density curves of the
Ni–BCY–GDC|BCY–GDC (sintered at 1450 ◦C) |LSCF–BCY–GDC single cells tested at
different temperatures.
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ig. 11. Current density–voltage and power density curves of the
i–BCY–GDC|BCY–GDC (sintered at 1550 ◦C) |LSCF–BCY–GDC single cells tested at
ifferent temperatures.

ower density of the cells with the electrolyte sintered at 1450 ◦C
s only 0.399 W cm−2 at 700 ◦C, whereas the corresponding value of
he cells with the electrolyte sintered at 1550 ◦C is 0.657 W cm−2,
epresenting ∼65% increase over the cells with the electrolyte sin-
ered at 1450 ◦C. This improvement can be attributed to two major
actors. First, the BCGY electrolyte formed at 1550 ◦C has a higher
lectrical conductivity than the composite electrolyte sintered at
450 ◦C (Fig. 6) because the BCGY electrolyte formed at 1550 ◦C has

 larger grain size, denser membrane and higher intrinsic conduc-
ivity than the composite electrolyte sintered at 1450 ◦C. Second,
he BCGY electrolyte has a higher OCV (Fig. 9) because of its lower
lectronic conductivity than GDC.

Fig. 12 summarizes the peak power densities for all single cells
ith the electrolyte sintered at either 1450 or 1550 ◦C. Note that

t operation temperatures below 550 ◦C the peak power densities
or all cells are similar, whereas at operation temperatures above
50 ◦C the peak power densities of the cells with the electrolyte sin-

ered at 1550 ◦C are higher than that of the cells with the electrolyte
intered at 1450 ◦C. As explained above, the better performance of
he cells with electrolyte sintered at 1550 ◦C at the high operation

ig. 12. The peak power density of the single cells with the BCY–GDC electrolyte sin-
ered at different temperatures as a function of test temperatures with wet hydrogen
3%  H2O) as the fuel.

[
[
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temperature region (600–700 ◦C) is due to the higher OCV and elec-
trical conductivity derived from the BCGY electrolyte. Note that at
the low operation temperature region (450–500 ◦C) the advantage
of a higher OCV (Fig. 9) and electrical conductivity (Fig. 6) derived
from the BCGY electrolyte is still present. However, at the low oper-
ation temperature region the cell total resistance is dominated by
the polarization resistances of the anode and cathode (Fig. 8). Since
the single cells with the electrolyte sintered at 1450 and 1550 ◦C
in this study have the similar composition and structure for their
anodes and cathodes, they thus have the similar polarization resis-
tance and therefore exhibit the similar peak power densities. This
analysis indicates that the electrochemical performance of the cells
with the BCGY electrolyte can be enhanced if the anode and cath-
ode are optimized in the future. Finally, it is worthy of mentioning
that the electrical output of the cells with the BCGY electrolyte in
this work is higher than that of many button cells based on other
electrolytes at the same operating temperature [31–34].

4. Conclusions

BaCe0.8Y0.2O3−ı–Ce0.8Gd0.2O1.9 (BCY–GDC) composite elec-
trolyte powders (BCY–GDC with a molar ratio 1:1) have been
successfully synthesized via a one-step citric acid–nitrate gel
combustion method. BCY–GDC composite electrolytes sintered
between 1150 ◦C and 1450 ◦C are composed of the mixture of BCY
and GDC. However, when sintered at 1550 ◦C BCY and GDC react
to form BaCe1.6Gd0.2Y0.2O4.9−˛ (BCGY) with a perovskite structure.
The conductivity of the electrolyte pellets based on the BCGY is
higher than that of BCY + GDC composite electrolyte pellets sin-
tered at 1150 ◦C to 1450 ◦C. The conductivity of the BCGY phase in
wet air (3% H2O) reaches as high as 0.01 S cm−1 at 800 ◦C.

Single cells constructed using the BCGY electrolyte exhibit
higher open circuit voltages than single cells using the composite
electrolyte sintered at 1450 ◦C. Similarly, the cells derived from the
BCGY electrolyte have better electrochemical performance than the
counterparts constructed using the composite electrolyte sintered
at 1450 ◦C. The peak power density reached by the cells using the
BCGY electrolyte is 0.657 W cm−2 at 700 ◦C, showing ∼65% increase
over the cells with the composite electrolyte sintered at 1450 ◦C.
AC impedance spectroscopy reveals that the total cell resistance
of the cells made from the BCGY electrolyte is dominated by the
polarization resistance at temperatures below 600 ◦C, suggesting
that the polarization resistances of the cathode and anode need
to be improved. However, at temperatures above 600 ◦C, the total
cell resistance is mainly due to the ohmic resistance, which can
be reduced by decreasing the thickness of the electrolyte from the
present 40 �m to less than 10 �m in the future.
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