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BiFeO3/YSZ bilayer electrolyte for low temperature
solid oxide fuel cell†

Yu-Chieh Tu,a Chun-Yu Chang,a Ming-Chung Wu,b Jing-Jong Shyueac

and Wei-Fang Su*a

We have demonstrated BiFeO3 (BFO) as a potential bilayer electrolyte for 650 �C low temperature solid

oxide fuel cell application. The stoichiometric perovskite BFO is synthesized by wet chemistry, calcined

at 500 �C and sintered at 850 �C. The crystalline structure is confirmed by X-ray diffraction

spectroscopy, the atomic ratios (Bi : Fe) of 1.02 and 1.00 are determined by X-ray energy dispersive

spectroscopy and inductively coupled plasma-mass spectroscopy, respectively. The X-ray photoelectron

spectroscopy analysis indicates the presence of oxygen vacancies which can partially reduce Fe3+ and

result in relatively high dielectric constant (6252 at 100 kHz) and ionic conductivity (>10�2 S cm�1 at

650 �C). The BFO is coated with an yttria-stabilized zirconia (YSZ) protective layer to avoid hydrogen

reduction of BFO. This bilayer electrolyte exhibits a 1.6 times increase in maximum power density as

compared with pure YSZ when a Ni–YSZ anode and lanthanum strontium cobalt ferrite (LSCF) cathode

are used in the fuel cell at 650 �C.
Introduction

The solid oxide fuel cell (SOFC) is one of the promising clean
energy sources in the 21st century.1–5 At present, an yttria
stabilized zirconia (8 mol% Y2O3 in ZrO2, YSZ) electrolyte has
been widely used in the SOFC due to its high ionic conductivity,
and good chemical and mechanical stability.6,7 However, the
SOFC using YSZ electrolyte has to be operated at a high
temperature of >700 �C.8 The high operation temperature
consumes energy to maintain it and requires expensive high
temperature resistant interconnects.9,10 Thus, there is urgent
need to develop new electrolyte material that has high ionic
conductivity at low temperature of 650 �C or below. Recently,
bismuth based materials have been identied as good low
temperature electrolytes due to the ease of ionization of
bismuth.11–13 The uorite-type bismuth oxides such as Er doped
Bi2O3(ESB),14 Dy2O3/WO3-doped Bi2O3(DWSB),15 Bi4YbO7.5 (ref.
16) were reported as low temperature solid oxide electrolytes for
fuel cell. However, they contain very expensive rare element. The
low cost perovskite BiFeO3 (BFO) would be a good candidate for
low cost and low temperature oxide electrolyte because ionic
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radius of Bi and Fe are large to accommodate oxygen vacancies
for high ionic conductivity. The BFO is a rhombohedrally dis-
torted perovskite structure with ferroelectricity and antiferro-
magnetism, and widely used in gas sensors, data storage,
microelectronic devices, and visible-light photocatalyst.17–22 The
perovskite BFO can be prepared using various methods such as
solid state reaction process,23–27 pulsed layer deposition,28

epitaxial growth17 and sol–gel synthesis.29 It is difficult to
synthesize pure phase BFO using solid state reaction process
due to the formation of second phase. The second phase can be
etched away by nitric acid24 or reduced by a rapid liquid phase
sintering process at 880 �C.25 In this study, we report a stoi-
chiometry controlled BFO powder was synthesized by low cost
solution method and then sintered at 850 �C to obtain pure
perovskite structure. We demonstrate the BFO powder can be
fabricated into a bilayer electrolyte (YSZ coated BFO) for the use
of 650 �C fuel cell.
Experimental details

The chemicals and materials were used as received without
further purication including bismuth nitrate pentahydrate
(Lot: MKBG7332V, 98%, Aldrich), iron nitrate nonahydrate (Lot:
STBC2273V, 98%, Aldrich), 2-ethoxyethanol (Lot: A0298235,
99%, Acros), acetic acid (Lot: J15805, J. T. Baker), polyvinyl
alcohol binder (PVA, Lot: MKBD2298, 80%, Aldrich), ZrO2-8%
mole Y2O3 powder (YSZ, Tosoh Corporation), nickel oxide
powder (NiO, Alfa Aesar), graphite powder (Lot: H24X012,
99.9999%, Alfa Aesar), a-terpineol (Alfa Aesar), ethyl cellulose
(Acros), lanthanum strontium cobalt ferrite (LSCF) slurry
RSC Adv., 2014, 4, 19925–19931 | 19925
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(La0.6Sr0.4Co0.2Fe0.8O3�d, Fuel Cell Materials Corporation), and
silver paste (TED PELLA).

The BFO was synthesized using excess Bi at a composition of
Bi/Fe¼ 1.05/1.00 to compensate the volatility of bismuth during
the sintering process. In a 500 ml three neck ask, 10.1865 g
(0.021 mol) of bismuth nitrate pentahydrate and 8.0805 g (0.020
mol) of iron nitrate nonahydrate were dissolved in a mixture of
200 ml of 2-ethoxyethanol and 200 ml of acetic acid at 70 �C for
30 min in Ar to obtain a clear yellow brown BFO precursor
solution. The BFO precursor solution was dried at 120 �C
overnight to obtain BFO powder. The BFO was calcined in air by
heating it to 500 �C at 10 �C min�1 and then kept at 500 �C for 2
h to obtain calcined powder. Aer grinding and sieving, the
calcined BFO powder has an average particle size of 177 nm
which was determined by dynamic light scattering method
(3000 HAS Zetasizer, Malvern Instrument). A combined instru-
ment (SDT-Q600, TA Instrument) of thermogravimetric analyzer
(TGA) and differential scanning calorimetry (DSC) was used to
determine the decomposition temperature of organic compo-
nent and the phase transition temperature of BFO respectively.
The 6.6 mg of as-synthesized BFO was heated from room
temperature to 825 �C at 10 �C min�1 in air to obtain the
thermal behaviors of BFO.

Disks with and without PVA were fabricated for the charac-
terization of sintered BFO. For the disk containing PVA, the 500
mg of calcined powder was mixed with 1.0 wt% PVA binder, and
pressed into a disk of 10 mm in diameter under a uniaxial force
of 20 kg cm�3 for 20 s, and then 50 kg cm�3 for 2 min. The BFO
disk was sintered from room temperature (RT) to 550 �C at 2 �C
min�1 and then kept at 550 �C for 4 h in air to remove PVA. And
then the disk was heated further from 550 �C to higher
temperature e.g., 750 �C, 800 �C, 850 �C, and 900 �C at 1 �C
min�1, respectively and kept at that temperature for 4 h. At the
end of holding time, the power of furnace was switched off and
the sintered disk was naturally cooled inside the furnace. The
sintered BFO disk was used for the measurement of density and
dielectric constant. For the disk without PVA, the same sinter-
ing processes was used, the sample was used for determining its
crystalline structure, morphology, ionic conductivity and power
density.

The experimental density of different BFO disks was
measured by using Archimedes' method. The relative density of
BFO disk was calculated basis on the theoretical density of 8.346
g cm�3 by assuming a rhombohedral distorted perovskite
structure.30 The crystal structure of BFO disks was determined
by X-ray diffraction spectrometry (XRD) (Rigaku, TTRAXIII)
using Cu Ka radiation at 50 kV and 300 mA. XRD patterns were
collected from 2q between 20 and 70 with a 0.005� step at 5�

min�1. The morphology of BFO disks were studied by scanning
electron microscopy (SEM) (JEOL, JSM-6510). Inductively
coupled plasma-mass spectroscopy (ICP-MS) (7500ce, Agilent,
Japan) and X-ray energy dispersive spectroscopy (EDS) attached
to SEM were used to determine the ratio of Bi to Fe in the sin-
tered BFO. The X-ray photoelectron spectrometry (XPS) (ULVAC-
PHI, Chigasaki, Japan) was used to examine the core-levels of
BFO disk by using Al Ka radiation with a photoelectron take off
angle of 45� in high vacuum (�10�7 torr). The relative dielectric
19926 | RSC Adv., 2014, 4, 19925–19931
constant and dielectric loss were measured by using induc-
tance–capacitance–resistance (LCR) (Wayne Kerr 6420) meter at
10 kHz and 100 kHz frequencies respectively.

A direct current four-probe conguration was used for the
measurement of ionic conductivity using Teraoka's method.31,32

The multilayer sample of Ag/LSCF/YSZ/BFO/YSZ/LSCF/Ag was
used for the measurement. The preparation of each layer is
described in the following. The BFO layer was prepared by
pressing BFO calcined powder in a rectangular mold with a
dimension of 0.4 � 0.4 � 4.5 cm3

rst and then sintered at
850 �C for 4 hours. The two YSZ layers were made from plates
with the dimension of 0.4 � 0.4 � 0.1 cm3 which were prepared
respectively by pressing YSZ powder under a uniaxial force of
10 kg cm�3 for 10 s in a mold, then sintered the samples from
room temperature to 1400 �C at a rate of 2 �Cmin�1 and held at
this temperature for 4 h. The 40–50 micron of LSCF was
screened printed on each YSZ plate to make LSCF coated YSZ
plates and sintered from room temperature to 850 �C at 5 �C
min�1 and then kept at 850 �C for 4 h in air. Then all the layer
parts were clamped together into a sample holder and con-
nected to the Keithley 2410 electrometer by silver wires for ionic
conductivity measurement at a constant current of 10 mA in the
temperature range of 823–973 K.

The electromotive force (EMF) was used to determine the
ionic transport number (ti) accordingly to the literature.33 The
sample was fabricated by depositing 150 nm thin platinum
electrode on both side of 1.1 mm thick BFO disk and then
sintered at 850 �C and connected to the voltage/ampere meter
using silver wire for measurements. The ti was measured from
200 �C to 650 �C using gradient oxygen concentration, one side
is air (pO2 ¼ 0.21 atm) and the other side is pure oxygen (pO2 ¼
1.00 atm). The ti can be obtained from the ratio of the measured
emf (Eexp) and theoretical Nernst voltage (Eth) as shown in
eqn (1).

ti ¼ Eexp

Eth

(1)

The fuel cell has a multilayer structure of anode/protective
layer YSZ/BFO/cathode which is fabricated by step-wise proce-
dure to ensure high mechanical strength without cross
contamination. The procedure was described in the following.
For the anode of fuel cell, 0.8 g of YSZ powder, 1.2 g of nickel
oxide powder and 0.2 g of graphite powder were rst milled for 1
h to prepare Ni–YSZ powder. The 300mg of Ni–YSZ powder were
pressed into a disk of 14 mm diameter under a uniaxial force of
40 kg cm�3 for 60 s, and then an YSZ protective layer was coated
on the top of disk by spinning YSZ slurry at 6000 rpm for 60 s. To
form the stable YSZ slurry, 7.8 g of YSZ powder, 0.5 g of ethyl
cellulose and 17.0 g of a-terpineol were mixed and ball milled
for two days. The assembled anode was sintered from RT to
1400 �C at 2 �Cmin�1 and then kept at 1400 �C for 4 h in air. For
the electrolyte layer of BFO, the 500 �C calcined BFO powder was
mixed rst with 93.0 g of a-terpineol and 7.0 g of ethyl cellulose.
The resulting BFO slurry was coated onto the anode by casting.
The BFO coated anode was dried at RT and then sintered to
850 �C at 2 �Cmin�1 and then kept at 850 �C for 4 h in air. Then,
This journal is © The Royal Society of Chemistry 2014
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the LSCF cathode layer was coated by screen printing on top of
BFO layer using lanthanum strontium cobalt ferrite (LSCF)
slurry to nish the assembly of fuel cell. The assembled fuel cell
was sintered from RT to 850 �C at 5 �C min�1and then kept at
850 �C for 2 h in air. The nal sintered fuel cell has the structure
of Ni–YSZ/YSZ/BFO/LSCF at the thickness of 550 mm/17 mm/30
mm/44 mm, respectively. The thickness of YSZ electrolyte in the
pure YSZ cell is 18 mm.
Fig. 2 XRD patterns of BFO samples prepared at different
temperature.
Results and discussion

We prepared perovskite BFO using a simple solution method.
The BFO powder was synthesized rst by reacting bismuth
nitrate and iron nitrate in a mixture of 2-ethoxyethanol and
acetic acid at 70 �C for 30 min and dried at 120 �C overnight. To
control the stoichiometry of the BFO, the raw material molar
ratio of Bi/Fe at 1.05/1.00 was used to compensate the volatility
of bismuth during the sintering process. As shown in Fig. 1, the
BFO powder started to lose weight at 162 �C (black TGA curve)
and indicated the rst rapid weight loss at 206 �C (blue DSC
curve) which were due to the elimination of water from polyvinyl
alcohol binder. The second rapid weight loss at 276 �C (DSC
curve) was due to the rupture of carbon–hydrogen bond and
carbon–carbon bond. The third peak of the DSC curve at 400 �C
was the residual carbon changed to carbon dioxide.34 The forth
exothermic peak at 800 �C (DSC curve) was due to the crystal-
lization of BFO.

According to the results of thermal analysis, we calcined BFO
powder at 500 �C for two hours before any further thermal
treatment. To study the crystallization behaviour and optimal
sintering temperature of BFO, the calcined powder was ther-
mally treated at different temperature and the results are shown
in Fig. 2. The perovskite BFO already formed in the calcined
powder with iron rich impurity of Bi2Fe4O9 (JCPDS no. 721832).
The purity of BFO was improved further upon heat treatment at
higher temperature. Aer 800 �C treatment, the good quality of
crystal was formed with minute bismuth rich impurity of
Bi36Fe2O57 (JCPDS no. 420181). A pure perovskite BFO was
obtained for sample sintered at either 850 �C or 900 �C.
Fig. 1 TGA and DSC curves of BFO powder.

This journal is © The Royal Society of Chemistry 2014
The changes of BFO densication were monitored by
measuring the density of each sample sintered at different
temperature and shown in Fig. 3. A close to 92% of theoretical
density was achieved for the 850 �C sample. The morphology
changes of samples at different temperature were studied by
SEM as shown in Fig. 4. The results indicated the grain sizes of
samples were increased and the porosity was decreased aer
increasing the sintering temperature.

The chemical composition of BFO was initially studied by
EDS for samples sintered at different temperature. For the
750 �C sample, the ratio of Bi/Fe is the same as the reactants at
1.05. However, the ratio was decreased to close to 1.00 for the
900 �C sample. The elemental analysis of EDS is usually biased
toward the heavier element. The analysis of Bi/Fe ratio was
further studied by more accurate ICP-MS analysis. The results
indicate the stoichiometry ratio of 1.00 was achieved aer
thermal treatment at 850 �C. The physical and chemical char-
acteristics of BFO samples prepared at different temperature are
summarized in Table 1.

The oxygen binding energies of the BFO aer different
temperature treatment were investigated by XPS and the results
Fig. 3 Relative density (fitted spectra: red solid line) of BFO samples
prepared at different temperature.

RSC Adv., 2014, 4, 19925–19931 | 19927
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Fig. 4 SEM images of BFO samples prepared at different temperature:
(a) 500 �C, (b) 750 �C, (c) 800 �C, (d) 850 �C, and (e) 900 �C.

Table 1 Characteristics of BFO samples prepared at different
temperature

Temperature
(�C)

Density
(g cm�3)

Grain size
(mm)

Atomic ratio of Bi/Fe
by EDS, and ICP-MS
in parentheses

750 7.510 1.75 1.05
800 7.553 2.46 1.04, (1.01)
850 7.649 4.50 1.02, (1.00)
900 7.708 6.04 1.01
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are shown in Fig. 5. The O 1s binding35 of BFO at 529 eV is
clearly observed for all samples. It is interested to note that
oxygen vacancy (Vo

2+) at 532 eV was also present in all samples.
19928 | RSC Adv., 2014, 4, 19925–19931
The oxygen vacancy may be produced from the removal of OH�,
NO3

� during the sintering process,36 it was reduced somewhat
with increasing sintering temperature above 500 �C. It is known
the amount of oxygen vacancies is directly related to the
conductivity of electrolyte.37 However, the sample sintered at
500 �C did not form pure perovskite BFO with high density.
High quality electrolyte should have high density to minimize
the potential gas crossover, so the samples sintered at 850 �C
and 900 �C were evaluated for the application of electrolyte.

The iron binding energies38 of BFO prepared at different
temperature were further investigated by XPS as shown in Fig. 6.
The measured curve was tted under a linear background black
dash-dot line between 62.8 eV and 50 eV. Fig. 6 clearly shows
two characteristic peaks appearing at 55.6 eV for Fe3+ and 53.8
eV for Fe2+, respectively. These results show the coexistence of
Fe3+ and Fe2+ is easily formed in our samples due to the pres-
ence of oxygen vacancy according to the following reaction.

4Fe3+ + O2� / 4Fe2+ + Vo
2+ + 1/2O2 (2)

The distorted structure of BFO results in high dielectric
constant in the range of several hundred depending on the
preparation method. We measured the dielectric constant and
dielectric loss of our solution method prepared BFO samples
sintered at different temperature and the results are summa-
rized in Table 2. It was worth noting they all exhibit rather high
dielectric constant and dielectric loss as compared with
conventional solid state method and thin lm deposition
method. The results can be deduced from the presence of high
oxygen vacancy in our samples as shown in the XPS study. The
abnormal high dielectric constant and loss may suggest the
material may have high ionic mobility.

The material requirements for high ionic conductivity solid
oxide electrolyte material are (1) available empty sites, and (2)
low energy barrier for ions to hop.37 The ionic mobility of
material can be expressed by two kinds of values: ionic
conductivity31,32 and ionic transport number.33 We measured
the changes of ionic transport number from 200 �C to 650 �C
and ionic conductivity from 550 �C to 700 �C for the BFO
samples sintered at 850 �C. The sample sintered below or above
this temperature was not used due to the impurity presence in
the former and the high energy usage in the later. Fig. 7 shows
the ionic transport number approaches 0.99 at 650 �C which
indicates the BFO is ionized at this temperature. Fig. 8 shows
the ionic conductivity of BFO is 7.9� 10�2 S cm�1 at 650 �C. The
This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c4ra01862a


Fig. 5 XPS spectra of O 1s binding energy of BFO samples prepared at
different temperature.

Fig. 6 XPS spectra (measured spectra: black solid lines, fitted spectra:
red dash lines) of Fe 3p binding energy of BFO samples prepared at
different temperature.

Fig. 7 Plot of oxygen transport number versus temperature for BFO
sample prepared at 850 �C.
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plot of ln(sT) vs. 1000/T is linear which can be expressed by
Arrhenius equation39 as shown in eqn (3).

s ¼ A

T
exp

�
� Ea;ion

kT

�
(3)

where s is the ionic conductivity, T is the absolute temperature,
k is the Boltzmann constant, A is the pre-exponential factor, and
Ea,ion is the ionic activation energy. Thus, the ionic activation
Table 2 Dielectric constant and dielectric loss of BFO samples prepared

Temperature
(�C)

Dielectric constant
at 10 kHz

Dielectri
at 10 kH

750 3443 0.11
800 3459 0.16
850 7477 0.18
900 7355 0.19

This journal is © The Royal Society of Chemistry 2014
energy of BFO can be determined from the slope of the plot to
be 0.69 eV which is lower than the ionic activation energy of YSZ
of 1.01 eV.39 Thus, the BFO should be a good electrolyte material
for low temperature SOFC due to its relatively high ionic
conductivity at 650 �C and low ionic activation energy.

We found the fuel cell fabricated from the BFO only elec-
trolyte exhibited both low open-circuit voltage and low power
density as shown in Fig. S1 of ESI.† The Bi content of BFO was
reduced from 18 at% to 2.74 at% without YSZ layer aer the
fuel cell operated at 700 �C (Table S1†). The large amount of
Bi3+ in BFO was changed to Bi and separated from BFO upon
hydrogen exposure; the grain size of BFO become much
smaller as shown in the SEM study (Fig. S2†). Thus, we made a
functionally graded bilayer electrolyte by placing a hydrogen
inert layer of YSZ on the top of BFO layer to protecting it from
contacting with hydrogen. Here, the YSZ serves dual functions:
protective layer and electrolyte layer. The fuel cell was assem-
bled from Ni–YSZ anode, YSZ/BFO bilayer electrolyte, and
lanthanum strontium cobalt ferrite (LSCF) cathode. Fig. 9(a)
and (b) show the cross-sectional SEM photos of the fuel cell
using YSZ electrolyte and BFO electrolyte. The thickness of
YSZ/BFO bilayer electrolyte is 17 mm/30 mm. The performance
of fuel cells with and without BFO was measured at 500 �C,
550 �C, 600 �C, 650 �C and 700 �C respectively. The results are
shown in Fig. 10. At 500 �C as expect, the maximum power
density of YSZ/BFO electrolyte solar cell has been improved as
compared with pure YSZ electrolyte which is consistent with
the results of oxygen transport number study. However, both
samples exhibits low power density in the range of 14–50 mW
at different temperature

c loss
z

Dielectric constant
at 100 kHz

Dielectric loss
at 100 kHz

3027 0.44
2940 0.59
6252 0.52
6104 0.47

RSC Adv., 2014, 4, 19925–19931 | 19929
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Fig. 8 Plot of ionic conductivity versus temperature for BFO sample
prepared at 850 �C.

Fig. 9 Cross-sectional SEM photos of fuel cell with (a) YSZ electrolyte
and (b) YSZ/BFO electrolyte.

Fig. 10 Comparison of fuel cells performance with (a) YSZ electrolyte
and (b) YSZ/BFO electrolyte at different operating temperature.
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cm�2. The power density of fuel cell with the BFO/YSZ was
increased when the operating temperature increasing above
500 �C. At 650 �C, it has shown more than 1.6 times increase in
power density as compared with the fuel cell with YSZ only. In
the present conguration of fuel cell with BFO/YSZ, the actual
electrolyte is BFO and the YSZ serves as a protective layer only.
The result is very promising and suggests the solution method
prepared BFO electrolyte has potential application for low
temperature solid oxide fuel cell. As indicates in Fig. 10, the
open-circuit voltage (OCV) of YSZ/BFO electrolyte is lower than
pure YSZ electrolyte which may be from the minute reduction
of Bi3+ of BFO to Bi. When we increased the thickness of YSZ
layer from �17 micron to �100 micron, the open circuit
voltage remained above 1.0 V but the power density was
19930 | RSC Adv., 2014, 4, 19925–19931
decreased from 175 mW cm�2 to 45 mW cm�2 at 650 �C
(Fig. S3†). That is due to poor ionic conductivity of YSZ
dominating the performance of fuel cell. To reach both high
power density and high open-circuit voltage of BFO fuel cell, it
is possible using more densed thin YSZ protective layer and
higher ionic conductivity of novel doped BFO.
Conclusion

We have successfully demonstrated the low cost solution
method to prepare BFO which has potential application as
electrolyte for low temperature solid oxide fuel cell. The BFO
powder was rst prepared using bismuth nitrate and iron
nitrate in a mixture of 2-ethoxyethanol and acetic acid at 70 �C.
The optimal sintering temperature of BFO was determined to be
850 �C which shows the material is in pure perovskite structure,
92% densication, the Bi/Fe ratio of 1.00, ionic conductivity of
7.9 � 10�2 S cm�1 at 650 �C and ionic activation energy of 0.69
eV. The sintered BFO exhibits high oxygen vacancy that results
in high dielectric constant and high ionic conductivity. The fuel
cell was assembled from Ni–YSZ anode, YSZ/BFO bilayer elec-
trolyte, and lanthanum strontium cobalt ferrite cathode. The
maximum power density of fuel cell with YSZ/BFO electrolyte
was increased by 1.6 times as compared with pure YSZ elec-
trolyte. The power density could be improved further using high
ionic conductivity novel doped BFO.
This journal is © The Royal Society of Chemistry 2014
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