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Abstract
Perovskite oxide  La0.6Ca0.4Fe0.8Ni0.2O3−δ (LCFN) has been used in symmetric solid oxide cells (SSOCs) to obtain good 
electrochemical performance in both fuel cells (SOFCs) and electrolysis cells (SOECs) modes. However, its structural 
stability still faces challenges and the electrocatalytic activity also needs to be further improved. Herein, tungsten-doped 
 La0.6Ca0.4Fe0.7Ni0.2W0.1O3−δ (LCFNW) perovskite oxide material was synthesized which exhibits good structural stability 
under  H2 and superior electrochemical performance as an electrode for SSOCs. In SOFCs mode, the cell achieved the maxi-
mum power density of 0.58 W·cm−2 with wet  H2 as fuel at 850 °C. In SOECs mode, the current density can reach 1.81 A·cm−2 
for pure  CO2 electrolysis at 2 V. Moreover, the SSOCs exhibits outstanding long-term stability in both SOFCs and SOECs 
modes, proving that doping W in perovskite oxide is an effective strategy to enhance the catalytic activity and stability of 
the electrode. The LCFNW material developed in this work shows promising prospect as an electrode candidate for SSOCs.
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1 Introduction

Solid oxide cells (SOCs) can efficiently convert chemical 
energy into electricity in solid oxide fuel cells (SOFCs) 
mode, which has the special advantages of flexible fuel, 
high energy conversion efficiency, high power density and 
low environmental pollution [1, 2]. In addition, it can also 
operate reversely as solid oxide electrolysis cells (SOECs), 
using renewable energy to electrolyze  H2O to produce  H2 
[3], electrolyze  CO2 to reduce carbon emissions [4], and 
co-electrolyze  H2O–CO2 to produce syngas for subsequent 
chemical production [5]. A traditional SOCs is composed 
of dense electrolyte, porous perovskite oxide air electrode 
and porous metal cermet fuel electrode. However, there is 
a high risk of carbon deposition and sulfur poisoning for 

Ni-based cermet electrode [6]. Moreover, Ni-based cermet 
electrodes also face the problem of redox instability, metal 
agglomeration and growth [7], etc. In addition, traditional 
perovskite oxide cathodes such as  La0.8Sr0.2MnO3−δ (LSM) 
and  La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) still have problems 
such as poor activity and stability [8, 9]. Therefore, it is 
urgent to develop high electrocatalytic activity and stable 
oxide materials as SOCs air electrode and fuel electrode. If 
the fuel electrode and air electrode use the same material, 
named symmetric solid oxide cells (SSOCs), it can greatly 
reduce the manufacturing cost and improve the compat-
ibility between electrolyte and electrode. Moreover, this 
unique symmetric structure can be flexibly switched between 
SOFCs mode and SOECs mode, which have attracted great 
attention [10–12].

As shown in Fig. 1, the electrode needs to meet high cata-
lytic activity requirements towards hydrogen oxide reaction 
(HOR) and oxygen reduction reaction (ORR) in SOFCs 
mode, and carbon dioxide reduction reaction  (CO2RR) 
and oxygen evolution reaction (OER) in SOECs mode, all 
of which need to be implemented on the same material, 
so the electrode materials are the key to the development 
of symmetric cells. Badding et al. [13] first proposed the 
concept of symmetrical cell in 2003. Since then, many new 
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materials have been developed for SSOCs. For example, 
Fan et al. [14] used nanoporous  Sm0.95Ce0.05FeO3−δ as elec-
trode, the maximum power density of 130 mW·cm−2 can be 
achieved in pure  H2 at 800 °C. Ma et al. [15] used Ni doped 
 La0.6Sr0.4FeO3−δ (LSFN) as electrode material, and prepared 
symmetric cell by the impregnation method. Using  C3H8 and 
 CH4 as fuel, it was found that the electrode showed good 
stability in long-term test and had good catalytic activity 
for hydrocarbon fuel oxidation. Rath et al. [16] developed a 
novel double perovskite electrode  Sr2ScTi1−xMoxO6, which 
confirmed that the electrode exhibited excellent catalytic 
activity for the oxidation of hydrogen and methane as well as 
the oxygen reduction reaction. The maximum power density 
of  La0.8Sr0.2Ca0.8Mg0.2O3−δ (LSGM) electrolyte-supported 
 Sr0.8Ce0.2FeO3 symmetric fuel cell reaches 482 mW·cm−2 
at 800 ℃, and it also shows good structural stability [17]. 
Although the development of symmetric cells with these 
materials have seen significant progress in recent years, their 
electrochemical performance is still inferior to conventional 
cells. Therefore, it is imperative to develop novel SSOCs 
electrode materials with high catalytic activity and stability.

LaFeO3 perovskite material has good structural stability 
and electrocatalytic activity. The well-known LSCF mate-
rial is derived from it [18]. Although LSCF has achieved 
good electrochemical performance as a SOCs electrode, 
its stability still faces challenges, mainly because Sr eas-
ily segregates at high temperature and current polarization, 
and easily reacts with  CO2 to form  SrCO3 which leads to 
the degradation of the catalytic performance of the elec-
trode [19]. In addition, the high thermal expansion coef-
ficient of LSCF leads to the weak binding of the elec-
trode–electrolyte interface [20]. In our previous work [21, 
22],  La0.6Ca0.4Fe0.8Ni0.2O3−δ (LCFN) was synthesized by 
replacing Sr and Co with Ca and Ni, respectively, to obtain 
higher electrical conductivity, lower thermal expansion coef-
ficient, and higher electrochemical performance. However, 
whether it is LSCF or LCFN, its structural stability under  H2 
is insufficient. Therefore, it is urgent to improve its structural 
stability.

Many studies have shown that high-valence metal 
such as Ti, Nb, V, Sc doping perovskite oxides can effec-
tively improve the electrocatalytic activity and struc-
tural stability of the material [23–27]. Herein, W was 
selected as the B-site doping element and the prepared 
 La0.6Ca0.4Fe0.7Ni0.2W0.1O3−δ (LCFNW) showed excellent 
structural stability, high electrical conductivity, and low 
thermal expansion coefficient. Good electrochemical perfor-
mance has also been achieved as an electrode for SSOCs. In 
SOFCs mode, the cell achieved the maximum power density 
of 0.58 W·cm−2 with wet  H2 as fuel at 850 °C. In SOECs 
mode, the current density can reach 1.81 A·cm−2 for pure 
 CO2 electrolysis at 2 V. The cell also shows good stability 
in both SOFCs and SOECs modes.

2  Experimental

2.1  Synthesis of powder

The raw material La(NO3)3, Ca(NO3)2, Fe(NO3)3, Ni(NO3)2 
and  H40N10O41W12·xH2O was weighed according to the stoi-
chiometric ratio of LCFNW and were dissolved in deion-
ized water. Then, citric acid (CA) and ethylenediaminetet-
raacetic acid (EDTA) were added according to the molar 
ratio of metal ions: CA: EDTA of 1:1:1.5. Ammonia solution 
was then added with continuous stirring until the pH value 
of the solution was 8. The gel was formed after the water 
evaporated and then dried at 240 °C to obtain the precursor. 
Finally, the precursor was fully ground in a mortar and cal-
cined at 1200 °C in a muffle furnace to obtain the required 
electrode powders. LCFN powders was also prepared by the 
same method.

2.2  Preparation of cells

Y0.08Zr0.92O2−δ (YSZ) electrolytes with 12 mm in diam-
eter and 0.3  mm in thickness were prepared by tape 
casting method. Then it was placed in a furnace and 

Fig. 1  Schematic diagram of the 
reaction process of the symmet-
ric solid oxide cells (SSOCs)
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sintered at 1500 °C for 10 h to obtain the dense electrolyte. 
 Gd0.1Ce0.9O2−δ (GDC) was used as a buffer layer to prevent 
phase reactions between electrode and YSZ. The GDC slurry 
was coated on both sides of the YSZ electrolyte and then 
calcined at 1300 °C for 5 h. LCFNW electrode slurry was 
prepared by mixing LCFNW powder with the binder at a 
mass ratio of 6:4. The prepared LCFNW slurry was coated 
on both sides of the electrolyte and calcined in air at 1000 °C 
for 2 h. For LCFNW-GDC composite electrode. The mass 
ratio of LCFNW to GDC is 6:4. Silver paste was coated on 
the surface of the cell as the current collector.

2.3  Characterization and cell measurement

X-ray diffraction (XRD Shimadzu XRD-7000S, voltage: 
40 kV, current: 30 mA, angle range 20°–80°, scanning 
speed: 10°·min−1) was used to analyze the phase structure 
of the material. The microstructure of the samples was 
analyzed by Scanning Electron Microscope (SEM Sirion 
200). The LCFNW electrode powder was pressed into 
24 mm × 6 mm × 2 mm bar sample by dry pressing method 
and sintered at 1250 °C for 5 h for subsequent thermal 
expansion coefficient and conductivity test. The conductiv-
ity of LCFNW bar sample was measured by Agilent B2901A 
Precision Source/Measurement unit using a four-probe 
method. The thermal expansion coefficient of the material 
was tested by a thermal dilatometer (NETZSCH DIL402C, 
Germany). The electrochemical performance of the cell was 
tested by Zahner IM6 Electrochemical Workstation. The 
SOFCs performance with wet  H2 as fuel and the SOECs 
performance of electrolytic pure  CO2 were explored through 
AC impedance spectroscopy, current–voltage curve test and 
stability test at different temperatures.

3  Results and discussion

3.1  Physicochemical properties

Figure 2a shows the XRD patterns of LCFN and LCFNW 
powders synthesized by sol–gel method. It can be seen that 
both samples have a good perovskite structure according to 
PDF card#82-1946. However, some minor unknown phase 
exists in LCFNW. In fact, these unknown phase does not 
affect the catalytic performance of the electrode material, 
which will be investigated later. It is worth mentioning that 
the crystal structure of LCFNW after treated in  H2 at 800 °C 
for 5 h (named R-LCFNW) remains stable. However, the 
structure of LCFN was destroyed under the same reduction 
conditions. In addition, the peak at about 44° represents the 
exsolution of Fe–Ni alloy, indicating that the nano-alloy par-
ticles are in situ exsolved from the R-LCFNW. Moreover, 
when LCFNW and GDC mixed with a mass ratio of 1:1 was 
calcined at 1000 °C for 5 h, no impurity peaks appeared as 
shown in Fig. 2b, which proved that LCFNW and GDC had 
good chemical compatibility. Overall, W doping can effec-
tively improve the stability of the LCFN crystal structure.

Figure 3a shows the conductivity test results of LCFNW 
in air. It can be seen that the conductivity increases with the 
increase of temperature, showing the semiconductor conduc-
tive properties. The conductivity reaches the maximum of 
15 S·cm−1 at about 800 °C. With the increase of tempera-
ture, the small polaron  (Fe4+,  Fe3+,  Ni2+,  W6+)–O2−–(Fe2+, 
 Ni+,  W4+) activity induced by thermal excitation increases, 
resulting in the improvement of conductivity. When the 
temperature reaches a certain level (> 800 °C), some  Fe3+, 
 Ni2+,  W6+ metal cations will undergo thermal reduc-
tion reaction, and transform into low-valence cations, 
resulting in the formation of oxygen vacancies. This will 

Fig. 2  a XRD patterns of LCFN and LCFNW in air and hydrogen. b Chemical compatibility of LCFNW and GDC sintered at 1000 °C for 5 h



601Tungsten doping  La0.6Ca0.4Fe0.8Ni0.2O3−δ as electrode for highly efficient…

1 3

reduce the carrier concentration and eventually leads to 
the decrease of conductivity [28]. Figure 3b is the meas-
ured thermal expansion curve of LCFNW. After calcula-
tion, the average thermal expansion coefficient (TEC) is 
12.77 ×  10–6  K−1, which is very close to the thermal expan-
sion coefficient of GDC (12 ×  10–6  K−1) [29]. Moreover, the 
TEC value is also much lower than that of Co-based elec-
trode materials such as  SrCo0.9Nb0.1O3−δ (24.2 ×  10–6  K−1) 
[30],  La0.3Sr0.7Ti0.7Co0.3O3−δ (20.7 ×  10–6   K−1) [31], 
 Ba0.5Sr0.5Co0.8Fe0.2O3−δ (21.6 ×  10–6  K−1) [32]. Having a 
TEC value close to GDC can make the electrode and GDC 
barrier layer well-adhered and result in decent thermal 
mechanical compatibility, which is beneficial to the long-
term stability of the cell. It is worth noting that the TEC of 
LCFNW increases more significantly over 800 °C. Because 
the valence of metal cations changes at high temperature, 
resulting in the escape of lattice oxygen and the formation 
of oxygen vacancies, it thereby leads to a change in the slope 
of the thermal expansion curve. This is also consistent with 
the previous turning point for conductivity results.

3.2  Electrochemical performance in SOFCs mode

Figure 4a shows the I–V–P curves and b Electrochemical 
impedance spectrum (EIS) of the symmetric cell with pure 
LCFNW electrode at different temperatures when using wet 
 H2 as fuel. The open circuit voltage (OCV) is basically con-
sistent with the theoretical OCV calculated by the Nernst 
equation, indicating the good tightness of YSZ electrolyte 
and well sealing of the cell. Figure 4a shows the maximum 
power density (MPD) of the symmetric cell at 750, 800 
and 850 °C, which is 0.110, 0.211, 0.327 W·cm−2, respec-
tively. Moreover, the I–V–P curve did not show noticeable 
concentration polarization phenomenon. For EIS as shown 
in Fig. 4b, the ohmic resistance (Rs) of symmetric cell at 

750, 800 and 850 °C is 1.65, 0.86 and 0.58 Ω·cm2; and the 
polarization resistance (Rp) are 1.06, 0.46 and 0.32 Ω·cm2, 
respectively. It can be seen that Rs and Rp decrease greatly 
with the increase of temperature. Increasing the temperature 
is beneficial to the ion transport of the electrolyte and the 
improvement of the electrochemical activity.

In order to further enhance the electrocatalytic activity of 
the electrode, LCFNW-GDC composite electrode was pre-
pared and the I–V–P curves of LCFNW-GDC symmetric 
cell at different temperatures were shown in Fig. 4c. The 
MPD of the symmetrical cell at 700, 750, 800 and 850 °C is 
0.11, 0.25, 0.38 and 0.58 W·cm−2, respectively. Compared 
with pure LCFNW electrodes, the power density has been 
significantly improved. Moreover, compared with previous 
studies as listed in Table 1, The performance is also good, 
suggesting that the W doping LCFN can reinforce the elec-
trocatalytic performance of electrode materials. Figure 4d 
shows the EIS of LCFNW-GDC symmetric cell at different 
temperatures. The Rs and Rp of the cell at 700, 750, 800 
and 850 °C is 1.07, 0.56, 0.38, 0.26 Ω·cm2 and 0.77, 0.36, 
0.25 and 0.18 Ω·cm2, respectively. And the Rp is also lower 
than pure LCFNW electrode and other electrodes such as the 
 SmBaMn2O5+δ (1.23 Ω·cm2) [40],  Sr2ScTi0.9Mo0.1O6 (0.29 
Ω·cm2) at 800 °C [16]. In brief, higher MPD and lower Rp 
demonstrate the good HOR and ORR catalytic activity of 
LCFNW.

3.3  Electrochemical performance in SOECs mode

Figure 5a is the I–V curves of LCFNW-GDC symmetric 
cell for pure  CO2 electrolysis at different temperatures. It 
can be seen that the current density gradually rises with 
the increase of applied voltage. When the electrolysis volt-
age is greater than 1 V, the electrolysis current density 
increases rapidly with the increase of voltage, indicating 

Fig. 3  a The conductivity and b thermal expansion coefficient of LCFNW in air
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the electrolysis process of  CO2 begins. With the increase of 
temperature, the maximum current densities of 0.88, 1.34 
and 1.8 A·cm−2 at 750, 800 and 850 °C can be achieved 
at 2.0 V, respectively. Figure 5b is EIS of LCFNW-GDC 
cell at different temperatures. It is found that the Rs and Rp 
of the cell decrease with the increase of temperature. At 
750, 800 and 850 °C, the Rs and Rp of the cell were 1.60, 

1.26, 1.11 Ω·cm2 and 3.40, 1.93, 1.27 Ω·cm2, respectively. 
The electrolysis performance is also better than other sym-
metric cells such as  La0.3Sr0.7Fe0.7Ti0.3O3 (0.521 A·cm−2) 
[41],  La0.3Sr0.7Fe0.7Cr0.3O3−δ (0.41A·cm−2@1.5 V) [42], 
 La0.6Sr0.4Fe0.9Mn0.1O3−δ (1.107 A·cm−2@2.0  V) [43] 
at 800 °C, etc. In short, the LCFNW electrode has good 
 CO2RR catalytic activity and OER catalytic activity.

Fig. 4  a The I–V–P curve and b EIS of symmetric cell based pure LCFNW electrode, c the I–V–P curve and d EIS of symmetric cell based 
LCFNW-GDC composite electrode at different temperatures in SOFCs mode

Table 1  The summarized 
performance of SOFCs with 
different electrodes

Electrode Electrolyte Test conditions Power 
density 
(W·cm−2)

Rp (Ω·cm2) References

La0.6Ca0.4Fe0.7Ni0.2W0.1O3−δ-
GDC (this work)

YSZ 800@H2 0.38 0.25
850@H2 0.58 0.18

PrBaMn2O5+δ-YSZ YSZ 800@H2 0.253 0.26 [33]
La0.75Sr0.25Cr0.5Mn0.5O3−δ YSZ 900@H2 0.3 0.3 [34]
Sr2Fe1.5Mo0.5O6−δ-GDC YSZ 750@H2 0.191 0.53 [35]
La0.8Sr0.2FeO3−δ-GDC YSZ 800@H2 0.387 0.58 [36]
La0.75Sr0.25Cr0.5Mn0.5O3−δ-YSZ YSZ 950@H2 0.546 0.29 [37]
La0.8Sr0.2MnO3−δ-GDC YSZ 800@H2 0.158 5.19 [38]
CaFe0.4Ti0.6O3−δ YSZ 800@H2 0.058 1 [39]
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3.4  Stability test in SOFCs and SOECs mode

To test the stability of the LCFNW-GDC symmetric cell in 
SOFCs mode, both the short-term and long-term durability 
tests at 0.7 V were measured as shown in Fig. 6a, b. It can 
be seen the performance of the cell keeps all stable in short-
term and long-term tests at 750 °C and 700 °C. Moreover, 
the EIS of the cell before and after the stability test was 
measured as shown in Fig. 6c. It can be seen that the Rs and 
Rp of the cell are slightly reduced after stability test. The rea-
son may be due to the exsolution of a large number of Fe–Ni 
alloy nanoparticles on the surface of LCFNW under high 
temperature and reducing atmosphere, which is beneficial to 
the electrocatalytic and conductivity of LCFNW electrode. 
It is also confirmed by the XRD results mentioned before.

Figure 7a is the EIS of the symmetric cell measured at 
1.4 V for pure  CO2 electrolysis at different temperatures. At 
750, 800 and 850 °C, the Rs and Rp of the cell were 1.32, 
0.87, 0.59 Ω·cm2 and 2.57, 1.62, 0.50 Ω·cm2, respectively. It 
can be found that the higher the temperature, the smaller the 

Rs and Rp. At the same time, the durability tests under differ-
ent voltages were also carried out as shown in Fig. 7b. It can 
be seen that the cell performance is relatively stable at low 
voltage, but with the increase of the electrolysis voltage, the 
cell performance is slightly attenuated, the reason may be 
that the lack of  CO2 in the cathode gas and the slow oxygen 
evolution reaction (OER) of the cell at high voltage cause the 
cell performance degradation [44]. Therefore, LCFNW sym-
metric cell is suitable for operation under 1.4 V. Figure 7c 
shows the stability test of LCFNW-GDC symmetric cell for 
pure  CO2 electrolysis at 750 °C for 40 h at 1.4 V. The current 
density gradually decreased in the first 10 h, then it remained 
steady at around 100 mA·cm−2. Overall, the LCFNW elec-
trode has good stability for pure  CO2 electrolysis.

The microstructure of the symmetric cell after the sta-
bility test is shown in Fig. 8. As can be seen from Fig. 8a, 
c, both the cathode and anode were tightly bound to the 
GDC layer. There is still existing a good electrode/electro-
lyte interface with no signs of cracking and delamination 
after SOFCs and SOECs stability test. The thickness of the 

Fig. 5  a I–V curves and b EIS of LCFNW-GDC symmetric cell for pure  CO2 electrolysis at different temperatures

Fig. 6  a Short-term durability test, b long-term durability test at different conditions and c the EIS of the cell before and after stability test in 
SOFCs mode
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electrodes and the GDC barrier is about 20 μm and 5 μm, 
respectively. The electrodes had porous microstructure and 
uniform particle size distribution as shown in Fig. 8b, d, 
which provides more electrocatalytic active sites for the 
electrochemical reaction. The nanoparticles can be found 
on the surface of the cathode side after reduction, which is 
beneficial to the electrocatalytic activity of the electrode.

4  Conclusion

In this work, the LCFNW electrode powder was syn-
thesized by the sol–gel method, and the LCFNW-
GDC|GDC|YSZ|GDC|LCFNW-GDC symmetric cell was 

prepared and showed good electrochemical performance 
both in SOFCs and SOECs modes. The LCFNW can main-
tain a stable perovskite structure both in air and hydrogen 
atmosphere. In SOFCs mode, the symmetric cell based on 
LCFNW-GDC composite electrode can achieve a maximum 
power density of 0.38 W·cm−2 and a Rp of 0.24 Ω·cm2 at 
800 °C. In SOECs mode, the maximum current density of 
the symmetric cell for pure  CO2 electrolysis at 800 °C can 
reach 1.34 A·cm−2. Both Rs and Rp decrease with increasing 
applied voltage and temperature. In addition, the cell shows 
good stability in both SOFCs and SOECs modes, and the 
cell microstructure also remains decent after the stability 
test. The results show that LCFNW has good electrocatalytic 
activity and stability, which confirms that doping tungsten 

Fig. 7  a EIS of LCFNW-GDC symmetric cell for pure  CO2 electrolysis at different temperatures at 1.4 V, b short-term durability tests at differ-
ent voltages and c long-term durability tests

Fig. 8  SEM image of cell mor-
phology after stability test, a 
cathode side, b cathode, c anode 
side and d anode
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is indeed beneficial to improve the electrocatalytic activity 
of perovskite oxide. Tungsten doping strategy can also be 
extended to other electrocatalytic fields such as metal-air 
batteries, ammonia synthesis, etc.
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