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Abstract
In this work, the spinel-type oxides of AFe2O4 (A = Co, Ni, Cu) prepared via a glycine–nitrate process were investigated 
as possible cathode materials for solid oxide fuel cells. The as prepared sample, CoFe2O4 and NiFe2O4 are cubic spinel 
structure, while the CuFe2O4 is tetragonal spinel structure. The XRD results show that AFe2O4 (A = Co, Ni, Cu) is chemi-
cally compatible with La0.9Sr0.1Ga0.8Mg0.2O3−δ (LSGM) at fuel cell operation temperatures. At a given temperature, the 
order of the electrical conductivity of the ceramic samples was CuFe2O4 > CoFe2O4 > NiFe2O4. The electrical conductivity 
of CuFe2O4 reaches a maximum value of 2.7 S cm−1 at 850 °C in air. The order of average thermal expansion coefficient 
was CuFe2O4 < NiFe2O4 < CoFe2O4 in the temperature range of 30–1000 °C in air. The thermal expansion coefficients of 
the AFe2O4 (A = Co, Ni, Cu) samples are very close to that of typical electrolyte materials. CuFe2O4 exhibits the smallest 
area specific resistance among the three samples, i.e., 0.37 Ω cm2 at 800 °C in air. Peak power density of single cells with 
CuFe2O4 as cathode on a 300 µm-thick LSGM electrolyte reaches 326 mW cm−2 at 800 °C. In this series, CuFe2O4 exhibits 
a favorable oxygen reduction reaction activity, thus it may be a promising candidate in SOFCs.

1  Introduction

In the last few years, great efforts have been devoted to 
extending the lifespan and reducing the fabrication cost of 
solid oxide fuel cells (SOFCs). Consequently, exploring 
SOFCs operating at intermediate- or low-temperature has 
become one of the most popular and urgent topics [1–15]. 
A typical SOFC is composed of a porous anode, a dense 
electrolyte film, and a porous cathode. Generally, SOFC, 
the cathode provides the reaction site where oxygen mol-
ecules are reduced to oxygen ions (½ O2 (g) + 2e− → O2−) 
within a SOFC structure. Recently, cobalt-containing 
perovskites have been extensively studied as potential 
cathodes of SOFCs because of their high oxygen reduc-
tion reaction activity (ORR) catalytic activity, such as 
Ln1−xSrxCo1−yFeyO3−δ (Ln = rare-earth) [2, 16, 17], 
Ba1−xSrxCo1−yFeyO3−δ [1, 18] and LnBaCo2O5+δ (Ln = rare-
earth) [4, 19]. However, the limitations of these cobalt-con-
taining perovskite have hindered their further applications, 

such as the high cost of rare earth elements, large thermal 
expansion coefficient (TEC) values, Cr poisoning from the 
interconnects and poor chemical stability where the alkaline 
earth metals in the cathode is subject to react with CO2 to 
form carbonates [20–24]. Therefore, it is extremely neces-
sary to develop effective cathode materials for SOFCs with 
good TEC compatibility with adjacent components, high 
electrocatalytic activity and stability.

Most recently, spinel oxides have become attractive struc-
tures as alternative cathode materials for SOFCs, demon-
strating good thermal expansion compatibility with electro-
lytes, superior electrochemical performance, high thermal 
and chemical stability. The spinel oxides were first studied as 
protective layers coated on ferric stainless steel interconnects 
to prevent Cr diffusion from the interconnect to the cathode, 
where Cr diffusion greatly degrades the catalytic activity 
of the cathode material for ORR [25–31]. Recently, several 
spinel-type metal oxides have attracted attentions as alterna-
tive cathode materials for SOFCs [32–38]. As spinel oxides 
are rare-earth or alkaline-earth free, they rarely react with 
the adjacent components of SOFCs to form high resistance 
phases, compared with the traditional perovskite cathodes. 
Therefore, the chemical compatibility is good between the 
spinel cathode and other adjacent components. However, the 
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activity of spinel cathode is not satisfactory so that the elec-
trochemical performance requires to be further improved. 
Rao et al. reported the spinel cathode NiFe1.5Co0.5O4 shows 
good electrochemical performance with a polarization resist-
ance value of 0.73 Ω cm2 at 700 °C and a maximum power 
density of 320 mW cm−2 at 600 °C with a 38-µm-thick SDC 
electrolyte [34]. Shao et al. reported the spinel cathode 
CuCo2O4 displays a polarization resistance of 0.12 Ω cm2 
at 800 °C and a maximum power density of 972 mW cm−2 
at 800 °C with a 10-µm-thick SSZ electrolyte [36].

In this article, spinel-type oxides with nominal composi-
tion of AFe2O4 (A = Co, Ni, Cu) has been synthesized and 
systematically studied concerning their structure, chemical 
compatibility, electrical conductivity, thermal expansion 
behavior, and electrochemical performance towards ORR 
as new cathode materials for SOFCs.

2 � Experimental

2.1 � Sample synthesis and cell fabrication

AFe2O4 (A = Co, Ni, Cu) powders were prepared using a gly-
cine–nitrate process. To synthesize the AFe2O4 (A = Co, Ni, 
Cu) powders, stoichiometric amounts of Co(NO3)2·6H2O, 
Ni(NO3)2·6H2O, Cu(NO3)2·3H2O and Fe(NO3)3·9H2O were 
dissolved in deionized water. Glycine was then added as the 
fuel and complexant. The mixed solution was subsequently 
stirred and heated slowly to obtain a transparent gel, and 
ignited to flame, with a black ash remaining. Finally, the 
ash was collected and calcined at 900 °C for 5 h to form a 
spinel phase.

For symmetric cell and single fuel cell measurement pur-
poses, LSGM, Ce0.8Sm0.2O1.9 (SDC), and NiO powders were 
also synthesized by the glycine–nitrate process as previously 
described [39, 40]. The anode powder, composed of 65 wt% 
NiO and 35 wt% SDC, was well mixed in liquid ethanol by 
ball-milling treatment for 5 h. The fabrication procedures for 
the LSGM electrolyte supported symmetrical cells and sin-
gle fuel cells is described elsewhere [41, 42]. Symmetrical 
(single) cells with CoFe2O4, NiFe2O4 and CuFe2O4 spinel 
cathodes were then calcined at 1000 °C for 2 h in air with 
an effective electrode area of 0.25 cm2, respectively. The 
single fuel cell was sealed onto one end of an alumina tube 
by silver paste.

2.2 � Characterization and electrochemical 
measurements

The phase purity and chemical compatibility of the as-pre-
pared AFe2O4 (A = Co, Ni, Cu) powders were characterized 
by X-ray diffraction (XRD) (Rigaku-D-Max Ra system) with 
an angle step of 0.02° and a scanning range of 20°–80° at 

room temperature. Electrical conductivity was measured by 
van der Pauw method from 600 to 850 °C at intervals of 
50 °C in air. The TEC of the samples were measured using a 
dilatometer (Netsch DIL 402 Expedis Classic) in air from 30 
to 1000 °C, with an air-purge flow rate of 60 mL min−1 and 
a heating rate of 5 °C min−1. The electrochemical imped-
ance spectra (EIS) was recorded using an electrochemical 
workstation (Zaher Im6ex), and the impedance frequency 
was set from 1 MHz to 0.1 Hz with an excitation potential of 
10 mV at the temperature range of 700–800 °C at an interval 
of 50 °C. Samples were tested under an open circuit voltage 
(OCV) condition in air. The single-cell performance was 
tested from 650 to 800 °C by an electrochemical analyzer 
(Ivium Technologies) with humidified hydrogen (flow rate: 
50 mL min−1) and ambient air supplied as the fuel and the 
oxidant, respectively. A stabilization time of 30 min was 
allowed for each testing point. The microstructure of the 
cell after testing were observed using a Nova NanoSEM230 
field emission scanning electron microscope (FE-SEM, FEI, 
the Netherlands).

3 � Result and discussion

3.1 � Phase and chemical compatibility 
characteristics

Figure 1 shows the room temperature XRD patterns of 
AFe2O4 (A = Co, Ni, Cu) powders after calcining at 900 °C 
for 5 h in air. As shown in Fig. 1, CoFe2O4 and NiFe2O4 
exhibit a cubic spinel structure that belongs to the Fd-3m 
(227) space group with no impurities found. CuFe2O4 has 
a tetragonal structure with a space group of I41/amd (141), 

Fig. 1   XRD patterns of AFe2O4 (A = Co, Ni, Cu) powders after sin-
tering at 900 °C for 5 h
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but it contains small quantities of CuO impurity phase. To 
examine the chemical compatibility between the AFe2O4 
(A = Co, Ni, Cu) cathode materials and the LSGM elec-
trolytes, mixtures of the powders in a 1:1 weight ratio 
(cathode:electrolyte) were calcined at 1000 °C for 5 h in air. 
Figure 2a–c shows that there are no extra peaks observed 
for the mixed powders, indicating that no chemical interac-
tions and/or inter-diffusion of elements occurred between 
the cathodes and the electrolytes at 1000 °C. This result 
indicates that AFe2O4 (A = Co, Ni, Cu) cathodes have good 
chemical compatibility with the LSGM electrolyte under 
fuel cell fabrication conditions.

3.2 � Electrical conductivity

The total electrical conductivity of AFe2O4 (A = Co, Ni, Cu) 
ceramics was measured in the temperature range 600–850 °C 
in air. As depicted in Fig. 3a, AFe2O4 (A = Co, Ni, Cu) 
oxides show gradually increasing electrical conductivity 
with increasing the temperature, exhibiting a semiconduct-
ing behavior in the whole studied temperature range. At a 
given temperature, CuFe2O4 shows the highest conductivity 
in this series, the order of the electrical conductivity follow 
the rule of CuFe2O4 > CoFe2O4 > NiFe2O4. For example, val-
ues of the electrical conductivities are 2.7, 0.69 and 0.12 S 
cm−1 for CuFe2O4, CoFe2O4 and NiFe2O4, respectively, at 
850 °C in air. The largest electrical conductivity of CuFe2O4 
among the three materials investigated could be attributed to 
the presence of Cu+ and Cu2+ ions on the octahedral sites, 
thus increasing the electrical conductivity [43].

As shown in Fig. 3b, the linear relationship of Ln(σT) 
with 1/T can be observed in the whole temperature range 
studied, suggesting a small-polaron conducting mechanism, 
following the formula (1):

where A is a material constant parameter, T is the abso-
lute temperature, k is the Boltzmann constant and Ea is the 
activation energy. Here, the Ea values, which were calcu-
lated from the slope of the Arrhenius plot, are 0.69, 0.98 and 
1.03 eV for CuFe2O4, CoFe2O4 and NiFe2O4, respectively.

3.3 � Thermal expansion behavior

A good thermal-expansion compatibility between cathode 
and electrolyte leads to better structural stability in long-term 
operation and during thermal cycling of SOFCs. Figure 4 
displays the thermal expansion behavior of AFe2O4 (A = Co, 
Ni, Cu) oxides between 30 and 1000 °C in air. The calcu-
lated TECs for four different temperature ranges are listed 
in Table 1. The average TECs in the range of 30‒1000 °C 
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T

)
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−
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Fig. 2   XRD patterns of AFe2O4 (A = Co, Ni, Cu) and LSGM mix-
tures fired at 1000 °C for 5 h in air: a CoFe2O4–LSGM mixtures, b 
NiFe2O4–LSGM mixtures, c CuFe2O4–LSGM mixtures
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are 13.4 × 10−6 K−1, 12.5 × 10−6 K−1 and 12.1 × 10−6 K−1 for 
CoFe2O4, NiFe2O4 and CuFe2O4, respectively, close to that 
of LSGM (11.3 × 10−6 K−1) electrolyte [39]. These values are 
comparable with the results as reported in ref. Cu1.4Mn1.6O4 
(12.1 × 10−6 K−1 [37]) and CuCo2O4 (11.76 × 10−6 K−1 [36]) 
spinel cathodes, and are much lower than those of other 
cobalt-based (or cobalt-free) perovskite cathodes, such as 
BaBi0.05Co0.8Ta0.15O3−δ (20 × 10−6 K−1 [44]), SmBaCo2O5+x 
(19.1 × 10−6 K−1 [20]), Ba0.95La0.05FeO3−δ (24.5 × 10−6 K−1 
[45]) and Sm1.875Ba3.125Fe5O15−δ (17.2 × 10−6 K−1 [46]).

3.4 � Electrochemical performance

The ORR activity of the AFe2O4 (A = Co, Ni, Cu) system 
was analyzed by AC impedance spectroscopy based on a 
symmetric cell with the configuration of cathode/electro-
lyte/cathode. Figure 5a–c show typical impedance spectra 

for CoFe2O4/LSGM, NiFe2O4/LSGM and CuFe2O4/LSGM 
interfaces under OCV conditions. The difference between 
the real axis intercepts of the impedance plot is the area 
specific resistance (ASR). For comparison, the variation 
of ASR values with temperature for AFe2O4 (A = Co, Ni, 
Cu) samples is given in Table 2. The ASR values signifi-
cantly decrease with increasing temperature for the same 
sample. An ASR of only 0.37 Ω cm2 was obtained for the 
CuFe2O4 cathode at 800 °C, which is comparable to that of 
cells with the Mn1.5Co1.5O4 cathode at the same tempera-
ture (0.43 Ω cm2) [35]. CuFe2O4 exhibits the smallest ASR 
among three samples investigated. For instance, ASR for 
the CoFe2O4, NiFe2O4 and CuFe2O4 in air are 1.45, 1.56, 
and 0.37 Ω cm2 at 800 °C, respectively. In addition, the 
ASR values of the CoFe2O4 and NiFe2O4 are similar in the 
temperature range studied. The sluggish performance of the 
CoFe2O4 and NiFe2O4 cathodes could be probably ascribed 
to their significantly low electronic and ionic conductivities 
[34].

In addition, the performance of AFe2O4 (A = Co, Ni, Cu) 
for ORR is further evaluated in single fuel cell under practi-
cal operating conditions. Figure 6 shows the performance 

Fig. 3   Temperature dependence of the conductivity for AFe2O4 
(A = Co, Ni, Cu) materials in air

Fig. 4   Thermal expansion curves of AFe2O4 (A = Co, Ni, Cu) and 
LSGM [39] in the temperature range of 30–1000 °C in air

Table 1   The TECs value of AFe2O4 samples within specific tempera-
ture ranges

Temperature (°C) TEC (× 10−6 K−1)

CoFe2O4 NiFe2O4 CuFe2O4

30–350 9.7 9.3 7.5
350–550 20.6 15.5 16.4
550–1000 12.7 13.6 13.4
30–1000 13.4 12.5 12.1
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of a LSGM electrolyte supported single fuel cell with the 
configuration of NiO–SDC/SDC/LSGM/AFe2O4 tested 
with pure hydrogen as a fuel and ambient air as an oxidant 
in the temperature range of 650–800 °C. SDC interlayer 
was applied between the anode (NiO–SDC) and electro-
lyte (LSGM) to avoid chemical interaction between LSGM 
and NiO. The thickness of the LSGM electrolyte is about 
300 µm. Figure 6a–c show the I–V and I–P curves of the 
single SOFCs recorded from 650 to 800 °C. As expected, 
the single-cell with CuFe2O4 cathode exhibits the high-
est power densities compared to those with CoFe2O4 and 
NiFe2O4 cathodes. The peak power densities of single-cell 
with CuFe2O4, CoFe2O4 and NiFe2O4 cathodes are 326, 293 
and 277 mW cm−2 at 800 °C, respectively. This result is in 
good agreement with the results of the electrical conductiv-
ity and the ASR results mentioned above. Such results are 
considered to be attractive when considering the 300 µm 
thickness of electrolyte. The cell performance can be further 
improved by decreasing the thickness of the electrolyte and 
optimizing the microstructure of the cathode.

In order to further investigate the thermal compatibility 
between the CuFe2O4 cathode and the LSGM electrolyte, 
SEM micrograph of the cross-sectional view of the half cell 
after testing was shown in Fig. 7. It can be seen that CuFe2O4 
and LSGM have a good bonding and continuous contact 
at the interface, suggesting a good thermal compatibility 
between the cathode and electrolyte components, in agree-
ment with the results of the TEC measurement.

4 � Conclusions

The AFe2O4 (A = Co, Ni, Cu) has been prepared success-
fully using glycine–nitrate process. All these three oxides 
are of typical spinel structures. The AFe2O4 (A = Co, Ni, 
Cu) cathodes demonstrate good chemical compatibility with 
the LSGM electrolyte at the temperatures up to 1000 °C. 
AFe2O4 (A = Co, Ni, Cu) oxides show gradually increasing 
electrical conductivity with increasing temperature, exhib-
iting a semiconducting behavior in the whole temperature 
range investigated. These oxides show a good thermal expan-
sion coefficient, close to that of the typical electrolyte mate-
rials. Among the AFe2O4 series, CuFe2O4 shows the best 
electrochemical performance. The ASR of AFe2O4 (A = Co, 

Fig. 5   Nyquist plots of AFe2O4/LSGM/AFe2O4 symmetric cells at 
700–800 °C in air under open circuit conditions. For comparison, the 
ohmic resistance was subtracted from the experimental data

Table 2   ASR values of AFe2O4 cathode on LSGM electrolytes

Samples Temperature (°C)

700 °C 750 °C 800 °C

CoFe2O4 (Ω cm2) 3.71 2.17 1.45
NiFe2O4 (Ω cm2) 3.27 2.02 1.56
CuFe2O4 (Ω cm2) 1.06 0.58 0.37
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Ni, Cu) symmetrical cells is 1.45 Ω cm2, 1.56 Ω cm2, and 
0.37 Ω cm2 respectively, at 800 °C. The electrolyte sup-
ported cells with the configuration of NiO–SDC/SDC/
LSGM/AFe2O4 (A = Co, Ni, Cu) show peak power density 
of 293, 277, and 326 mW cm−2 at 800 °C, respectively. In 
spite the catalytic activity of AFe2O4 (A = Co, Ni, Cu) still 

deserves further investigation in details, considering the 
overall performance, it is suggested that CuFe2O4 is an opti-
mum cathode material for SOFCs.
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