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for low-temperature solid oxide fuel cells†
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The La0.6Sr0.4Co0.2Fe0.8O3−d (LSCF)–WO3 semiconductor composite was applied as an electrolyte for low-

temperature solid oxide fuel cells (LTSOFCs). The study results revealed that the fuel cell could output

a maximum power density (Pmax) of 812 mW cm−2 when the weight ratio of LSCF to WO3 was 8 : 2

(8LSCF–2WO3), and its open-circuit voltage (OCV) was higher than 1.0 V. This indicated that there was

no short circuit problem in this fuel cell device and 80 wt% LSCF existed in the electrolyte layer. This was

mainly due to the suppressed electronic conductivity and increased ionic conductivity of the composite

as compared with LSCF due to the introduction of the WO3 wide band semiconductor. The oxygen ionic

conductivity of the 8LSCF–2WO3 electrolyte was 0.337 S cm−1, which is much higher than that of the

pure LSCF material. According to the XPS analysis results, a higher oxygen vacancy content at the

heterointerface between LSCF and WO3 contributed to the increased ionic conductivity.
1 Introduction

Solid oxide fuel cell (SOFC) is a power generating device that can
directly convert the chemical energy of the fuel into electricity
with high efficiency due to the advantages of low noise, envi-
ronment friendly nature, and no requirement of precious metal
catalysts.1–6 Conventional high-temperature SOFCs operate at
about 1000 °C, which leads to several concerns, such as diffi-
culty in material selection and sealing the fuel cell stack, slow
start, and poor durability.7–9 These problems could be effectively
solved when their working temperature reduced to <600 °C. The
electrolyte is a critical issue affecting low-temperature SOFC
(LTSOFC) performance, and developing novel electrolyte mate-
rials with high ionic conductivity at low temperatures is an
effective way for decreasing the operating temperature of
SOFCs.10–12

Recently, numerous studies have widely demonstrated that
constructing heterostructures with semiconductors and ionic
conductors can evidently increase the ionic conductivity of
electrolytes at low temperatures.13–18 In addition, the SOFC
based on the semiconductor-ionic conductor composites (SICs)
revealed excellent performance at temperatures lower than 600
°C.19–21 Most of these SIC-based SOFCs could output
a maximum power density higher than 700 mW cm−2 at
a temperature of about 550 °C when the content of
rsity, Wuhan 430062, China. E-mail:
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the Royal Society of Chemistry
semiconductors in SICs was appropriate.22–24 Interestingly,
although a large amount of semiconductors (20–40%) exist in
the electrolyte layer, there is no short circuit problem for the
device, and the corresponding open circuit voltages (OCVs) of
the fuel cell were higher than 1.0 V. Some studies even reported
LTSOFC with semiconductor as an electrolyte and also showed
OCVs higher than 1.0 V.9,25,26 Various mechanisms have been
proposed to explain this phenomenon.27–30 Zhu et al.29 ascribed
this to the formation of Schottky junction at the interface of the
anode and electrolyte layers. Based on this work, energy band
alignment at the interface between electrodes and electrolyte or
at the bulk heterojunction of electrolyte layers was proposed to
explain the impediment of electron transport in the SIC-based
SOFCs.27,30 Besides, Chen et al.28 demonstrated that
superoxide-ion conducting phase shells could avoid short
circuit problems induced by the LST wide-band
semiconductors.

Recently, different from the above-mentioned studies, which
ascribed the high OCV of SIC-based SOFCs to the intercept of
electron conduction, Dong et al.31 considered that a high ratio of
ionic conductivity to electronic conductivity of the electrolyte
layer is the key reason for the high OCV of SIC-based SOFCs, and
both their numerical model and experimental data demon-
strated this mechanism. This inference provides a new way for
developing novel electrolyte materials. It is well known that
LSCF is a kind of mixed-ionic-electronic conductor that
possesses both high electronic and ionic conductivities at low
temperatures.32 According to Dong et al.’s work,31 if mixed LSCF
with insulator or even wide band semiconductor with proper
ratio to inhibit the electronic conduction in LSCF material, it is
promising to apply LSCF as electrolyte for SOFC. Therefore, in
RSC Adv., 2022, 12, 30557–30563 | 30557
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this work, the WO3 wide-band semiconductor was chosen as
a secondary phase and mixed with LSCF to fabricate a LSCF–
WO3 semiconductor electrolyte for SOFCs. On the one hand, the
introduction of WO3, which is a kind of wide-band semi-
conductor, can decrease the electronic conductivity of the
electrolyte layer; further, the heterointerfaces between LSCF and
WO3 are expected to provide fast oxygen ion transport paths,
which can increase the ionic conductivity of the electrolyte. The
properties of the composite and the mechanisms of the SOFC
based on this electrolyte were investigated.
2 Experimental
2.1 Material preparation and characterization

LSCF was purchased from Ningbo SOFCMAN Energy Tech-
nology Co., Ltd, China, and WO3 was purchased from Aladdin
Chemical Reagent Co., Ltd. The LSCF–WO3 composites with
different weight ratios (9.5 : 5, 9 : 1, 8 : 2, 6 : 4, and 4 : 6) were
fabricated by directly mixing the two materials and then
manually grinding the mixture in an agate mortar for 30 min.
The LSCF–WO3 composites with different weight ratios can be
easily reproduced by this method.

The X-ray diffraction patterns were conducted using a Bruker
D8 with Cu Ka radiation (l = 1.54 Å). The morphological
features of the materials were observed using a eld emission
scanning electron microscope (FESEM, JEOL JSM7100F)
equipped with an Oxford energy-dispersive spectrometer (EDS).
The elemental distributions in the cross-section of the fuel cell
was characterized using a ZEISS FIB-SEM crossbeam 540 (Ger-
many). For conductivity measurements, 0.42 g LSCF–WO3

composite was uniaxially pressed into pellets (F 13 mm) with
a thickness of about 0.982 mm under a load of 500 MPa. Both
sides of the pellet were coated with silver pulp. The electrical,
O2− and H+ conductivities in the temperature range from 550 °C
to 450 °C were measured by a linear scan voltage method using
a Keithley 2460 instrument under nitrogen, air and hydrogen
atmospheres, respectively.
Fig. 1 XRD patterns of the original LSCF and WO3, H2-treated WO3

and WO3–LSCF (80 wt% LSCF) composites (550 °C for 2 h).
2.2 Fuel cell fabrication and electrochemical performance
tests

The NCAL-coated Ni (Ni-NCAL) foam electrode was prepared by
brushing a catalyst slurry composed of 70 wt% NCAL and 30
wt% terpineol onto a Ni foam; then the obtained wet Ni-NCAL
was heated at 100 °C for about 10 minutes to remove
terpineol. The fuel cell device was fabricated by a dry press
method with 0.3 g LSCF–WO3 composite sandwiched between
two Ni-NCAL electrodes under about 500 MPa for 2 min. The
effective area of the cell was 0.64 cm2, and the thickness was 1.8
mm. The assembled cell was put on the test xture and then
into the test furnace at 550 °C to preheat for about half an hour.
During the test, hydrogen and air are continuously supplied as
the fuel and oxidant, respectively. The ow rate of hydrogen and
air is 100–150 mL min−1 and 800–1000 mL min−1, respectively.
The polarization curves were tested by electronic load (IT8511,
ITECH). Electrochemical impedance spectroscopy (EIS) of fuel
cells in a hydrogen/air atmosphere was performed using an
30558 | RSC Adv., 2022, 12, 30557–30563
electrochemical workstation (Gamry Reference 3000).
Measurements were made in the open-circuit mode with
a 10 mV AC signal in the frequency range from 0.1 Hz to 106 Hz.
3 Results and discussions

The XRD patterns of original LSCF andWO3 are shown in Fig. 1.
The LSCF sample was ascribed to the pure perovskite phase
according to JCPDS no. 89-5720;33 and the WO3 sample was
a monoclinic structure according to JCPDS no. 72-1465. To
study the stability of WO3 in a H2 atmosphere, the XRD pattern
of the WO3 material treated in H2 at 550 °C for 2 h is also given
in Fig. 1. It can be seen that there were no obvious new peaks
compared with the original WO3 pattern, indicating the good
stability of the WO3 material in the H2 atmosphere. The LSCF–
WO3 (80 wt% LSCF) composite was also treated in a H2 atmo-
sphere at 550 °C for 2 h to investigate the compatibility of these
twomaterials. The corresponding XRD pattern in Fig. 1 revealed
that there was no new phase in the treated sample, indicating
the good compatibility. Moreover, the XRD pattern of the elec-
trolyte layer near the anode side in the tested fuel cell was also
characterized (Fig. S1†). Aer the electrochemical performance
tests, it was hard to remove the NCAL electrode completely.
Therefore, the XRD pattern of NCAL in the anode also appeared
in the pattern. The appearance of Ni and NiO patterns are due to
the reduction of NCAL at the anode.34 It can be seen that there
was no obvious change in the diffraction peaks of both LSCF
and WO3 compared with Fig. 1, although the diffraction peaks
of WO3 become weaker due to its smaller amount in the
composite and effect of anode materials. This indicates the
good stability of the composite material in the SOFC operating
conditions.

The morphological images of original LSCF and WO3 are
shown in Fig. 2(a) and (b), respectively. As shown in the gures,
the LSCF material is composed of nanoscale particles, and the
WO3 sample is composed of microscale particles. The LSCF–
WO3 composite electrolytes were fabricated by a direct grinding
method. To evaluate the homogeneity of the composite, the
elemental distributions in the cross-section of the fuel cell with
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) SEM images of (a) LSCF and (b) WO3. (c) Cross-sectional SEM image of the tested fuel cell based on the LSCF–WO3 (80 wt% LSCF)
composite. Detailed morphologies of the electrolyte layer (d), anode layer (e) and cathode layer (f) in figure (c).

Fig. 3 Raman spectra of the 8LSCF–2WO3 composite electrolyte of
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8LSCF–2WO3 electrolyte were characterized using a FIB-SEM
(Fig. S2†). The EDS mapping images indicated the homoge-
neous distribution of LSCF and WO3. Fig. 2(c) shows the cross-
sectional view of the operated fuel cell with the LSCF–WO3 (80
wt% LSCF) electrolyte. In the gure, we can see that the elec-
trolyte and electrode layers are in good contact with the elec-
trode layers, and no cracks are detected in the interface area. It
indicates that the cell has excellent mechanical strength.

As shown in Fig. 2(e) and (f), both of the electrode layers are
porous structures. It is benecial for gas transportation.
Fig. 2(d) shows the enlarged morphology of the electrolyte layer
in tested fuel cells (Fig. 2(c)). It can be seen that the electrolyte
layer possessed dense structures, although the electrolyte did
not experience high-temperature sintering. According to our
previous work,34,35 the formation of the gas-tight morphology of
the electrolyte layer was due to the in situ densication process.
The NCAL anode can be reduced by H2, thus generating Ni, Co
and free Li+. The generated lithium ions diffuse to the cathode
direction and combine with H2O and CO2 in air to produce
Li2CO3, which is the molten state under the fuel cell working
temperature (550 °C) and can ll the pores in the electrolyte
layer. Moreover, the generated Li2CO3 is benecial for
increasing the ionic conductivity and decreasing the electronic
© 2022 The Author(s). Published by the Royal Society of Chemistry
conductivity of the electrolyte layer. The existence of Li2CO3 was
further veried by Raman spectra, as shown in Fig. 3. The peaks
at 268 cm−1 and 808 cm−1 were attributed to the tensile
the tested fuel cell.

RSC Adv., 2022, 12, 30557–30563 | 30559
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vibration of W–O–W bond and the bending vibration of W]O
bond, respectively.36–38 The peaks centered at 546 cm−1 and at
632 cm−1 were ascribed to LSCF.33,39 The sharp peak at the 1088
cm−1 position indicated the formation of Li2CO3 in the elec-
trolyte layer.

The performances of the fuel cells with different electrolytes
were evaluated. As shown in Fig. 4, the OCV of the SOFC with
the 95LSCF–5WO3 composite is <0.9 V. With the increase in
WO3 content, both the OCV and output power density
increased. When the weight ratio of the WO3 is 20%, the output
maximum power density (Pmax) achieved the highest value (813
mW cm−2). Further increase in the WO3 content led to
a decrease in Pmax. As a typical cathode catalyst for LTSOFCs,
LSCF possesses excellent electronic conductivity,32,40 whereas
WO3 is a kind of wide-band semiconductor, which possesses
poor electronic conductivity (Fig. S3b†). Therefore, it is rational
to infer when the LSCF content is 95%, too much LSCF leads to
a high electronic conductivity and thus results in a low OCV.
The introduction of WO3 decreased the electronic conductivity
of the electrolyte layer and results in a higher OCV. However, too
much WO3 lead to a decrease in the composite electrolyte
conductivity due to the poor ionic conductivity of WO3 (Fig.
S3a†) compared with LSCF (Fig. S4a†). Therefore, the output
power density of SOFC decreased when the content of WO3 was
higher than 20%.

The electronic conductivity and ionic conductivity of the
materials were further studied according to the slope of the LSV
curves. The electronic conductivities of the materials were
tested in a N2 atmosphere. The O2− and H+ conductivities of the
materials were characterized in air and H2 atmospheres,
respectively. The electronic conductivity of the 8LSCF–2WO3

composite at 550 °C is about 0.00741 S cm−1, much lower than
that of the pure LSCF material (0.131 S cm−1, Fig. S4(b)†).

However, this value is still too high to satisfy the requirement
of traditional SOFCs for electrolyte materials. According to the
ref. 31, insulation of electrolyte materials is not an essential
condition for high OCV of fuel cells, and the high ratio of ionic
Fig. 4 Electrochemical performance of fuel cells based on the LSCF–
WO3 composite electrolyte with different compositions at 550 °C.

30560 | RSC Adv., 2022, 12, 30557–30563
conductivity to electronic conductivity of the electrolyte layer is
the key reason for the high OCV of SIC-based SOFCs. Therefore,
the ratio of ionic conductivity (si) to electronic conductivity (se)
of the 8LSCF–2WO3 composite at 550 °C was calculated, where
si is the sum of O2− conductivity (sO2� , 0.337 S cm−1) and proton
conductivity (sHþ , 0.004 S cm−1) at 550 °C. sO2� and sHþ were
calculated according to the following equations:

sO2� ¼ sair � se (1)

sHþ ¼ sH2
� se (2)

where sair and sH2
are the conductivities at 550 °C, as shown in

Fig. 5(a) and (c), respectively. Finally, the obtained value of si
and si : se is 0.341 S cm−1 and 48.7, respectively. Under this
condition, the OCV of the fuel cell device should be over 1.1 V
according to the numerical model reported by Dong et al.31

which is consistent with the OCV (1.011 V) of the 8LSCF–2WO3

composite electrolyte-based SOFC. For comparison, the ratio of
ionic conductivity (0.015 S cm−1) to electronic conductivity
(0.027 S cm−1) of 95LSCF–5WO3 at 550 °C was also calculated,
and the obtained value was only about 0.56, much lower than
that of the 8LSCF–2WO3 composite. This is consistent with the
lower OCV of fuel cells with the 95LSCF–5WO3 composite
(Fig. 4). According to Fig. 5(a) and (c), the 8LSCF–2WO3

composite is a kind of O2− conductor. Interestingly, the O2−

conductivity of 8LSCF–2WO3 is higher than that of pure LSCF
(Fig. 5(d)), whereas the O2− conductivity of WO3 (Fig. S3(a)†) is
greatly lower than that of LSCF (Fig. S4(a)†). It can be seen from
Fig. 5(d) that the activation energy of O2− conduction for the
8LSCF–2WO3 composite is only 0.211 eV, 0.075 eV lower than
LSCF. To investigate the reason for the high ionic conductivity
of the composite, the oxygen vacancies of LSCF, WO3 and
8LSCF–2WO3 composites with different treatment conditions
were characterized by XPS, as shown in Fig. 6. The deconvolu-
tion results revealed three peaks, which are assigned to lattice
oxygen (528–530 eV), oxygen vacancy (530–532 eV) and the –OH
(532–534 eV) group adsorbed at the surface. It can be seen that
compared with LSCF, WO3 possessed a much lower oxygen
vacancy content, which leads to a lower ionic conductivity of
WO3. The oxygen vacancy contents of the three samples
decreased aer treatment in air at 550 °C for 2 h, but increased
aer treatment in a H2 atmosphere at 550 °C for 2 h. This is due
to the different oxygen partial pressure between air and H2

atmospheres. It has been widely reported that a lower oxygen
pressure is benecial for increasing the oxygen content of LSCF
and WO3.41,42 The oxygen vacancy content of 8LSCF–2WO3 is
obviously higher than that of LSCF, which is mainly due to the
introduction of heterointerfaces possessing a large amount of
oxygen vacancies.43,44 It is contributed to the decreased activa-
tion energy of O2− conduction and increased ionic conductivity
of the composite compared with pure LSCF.43

The low temperature performance of the fuel cell based on
the 8LSCF–2WO3 composite electrolyte was tested at a temper-
ature between 550 °C and 490 °C, as shown in Fig. 7(a). It can be
seen that the output maximum power density of the fuel cell can
still reach 195 mW cm−2 when the temperature was lowered to
490 °C, indicating good low temperature performance of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Conductivity of the 8LSCF–2WO3 composite at a temperature of between 550 °C and 450 °C tested in (a) air, (b) N2 and (c) H2 atmo-
spheres. (d) Arrhenius curves of the 8LSCF–2WO3 composite and LSCF, where the conductivity is O2− conductivity.
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fuel cell. The corresponding EIS characterization at different
temperatures of the fuel cell with the 8LSCF–2WO3 electrolyte is
shown in Fig. 7(b). The equivalent circuit R0(R1Q1)(R2Q2) was
Fig. 6 XPS spectra of O 1s of (a) WO3, (b) LSCF and (c) 8LSCF–2WO3 co

© 2022 The Author(s). Published by the Royal Society of Chemistry
adopted to t the experimental data, and the tting data are
listed in Table 1. In the equivalent circuit, R0 represents the
ohmic resistance, which includes both electronic resistance and
mposites under different conditions.

RSC Adv., 2022, 12, 30557–30563 | 30561
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Fig. 7 (a) Typical I–V and I–P curves and (b) corresponding EIS of the 2WO3–8LSCF composite electrolyte-based fuel cell at different
temperatures.

Table 1 Fitting results of the EIS curves shown in Fig. 7(b)

T (°C) R0 R1 Q1 n1 R2 Q2 n2

550 0.1088 0.0230 0.6554 0.5294 0.1381 3.526 0.6868
530 0.1501 0.0231 0.1214 0.5776 0.2576 1.438 0.6066
510 0.1732 0.0499 0.0379 0.5958 0.3542 1.204 0.5333
490 0.1824 0.1505 0.6729 0.2383 0.8538 0.6355 0.7097
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bulk ionic resistance of the fuel cell; R1 corresponds to the arc at
high frequencies of the EIS, which reects the grain boundary
resistance of ionic conduction; R2 represents the charge transfer
resistance during the electrode reaction and corresponds to the
medium frequency arc.45,46 The tting results show that R0, R1

and R2 increased with the decrease in temperature. This is due
to the lower probability of a reactant species in the activated
state at a lower temperature.47 Furthermore, both R1 and R2

increased sharply when the temperature decreased from 510 °C
to 490 °C, which is consistent with the serious drop in the fuel
cell performance in this temperature range. This indicates that
the serious drop of both electrolyte conductivity and catalyst
performance is the main reason for the poor fuel cell perfor-
mance at a temperature lower than 510 °C. Therefore, the
proper operation temperature of this fuel cell should be over
510 °C.
4 Conclusions

In this work, a LSCF–WO3 semiconductor composite has been
successfully applied as the electrolyte of LTSOFCs. When the
weight ratio of WO3 is 20%, the fuel cell achieved the best
performance, and there was no short circuit problem for the
fuel cell. This is due to that the introduction of wide-band
semiconductor WO3 that decreased the electronic conductivity
and increased the ionic conductivity compared with pure LSCF.
The higher ionic conductivity of the composite compared with
LSCF is mainly due to the increase in the oxygen vacancy
content. This work further certies that increasing the ratio of
ionic conductivity to electronic conductivity of the electrolyte
30562 | RSC Adv., 2022, 12, 30557–30563
layer by introducing materials with a lower electronic conduc-
tivity is an effective way to solve the electric leakage problem of
the SOFC.
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