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ORIGINAL PAPER
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Abstract The e lec t rochemica l pe r fo rmance of
Pr2NiMnO6 (PNMO)-xCe0.9Gd0.1O1.95 (CGO) (x = 0–
40 wt%) composite oxides as intermediate-temperature
solid oxide fuel cell (IT-SOFC) cathode materials are
evaluated. The electrochemical impedance spectroscopy
(EIS) analysis results identify two consecutive electrode
processes on the composite cathode. Among the various
composites, PNMO-30CGO cathode exhibits the best
electrochemical performance with the minimum polari-
zation resistance of 0.23 Ω cm2 and the maximum ex-
change current density of 75 mA cm−2 at 700 °C in air.
These values are almost constant even after 30-h oper-
ation. The oxygen reduction reaction (ORR) mechanism
studies prove that the major rate-determining step is the
charge-transfer process. Introducing CGO significantly
improves the charge-transfer process, by increasing the
triple phase boundary (TPB) length and oxygen vacancy
concentration in the composite cathode.

Keywords Solid oxide fuel cells . Double perovskite .

Composite cathode . Oxygen reduction reactionmechanism

Introduction

Solid oxide fuel cells (SOFCs), as an energy conversion de-
vice with high efficiency and low pollution emission, have
attracted much attention over the last decades. To accelerate
the widespread application of SOFCs, a recognized research
direction is to reduce the operation temperature from high
temperature (HT, 800–1000 °C) to intermediate temperature
(IT, 500–700 °C) [1–3]. With the reduction of operation tem-
perature, a series of problems emerge related to large cathodic
polarization loss and poor catalytic activity for oxygen reduc-
tion reaction (ORR) [4]. It is necessary to improve the cathode
electrochemical performance and reveal the ORRmechanism.

To date, the mixed ionic-electronic conductors (MIECs)
with the desirable physicochemical characteristics present su-
perior electrochemical performance in IT-SOFCs. It is gener-
ally accepted that the ORR occurred on porous MIEC cath-
odes involves five overlapping processes: (1) gas oxygen dif-
fusion to the cathode, (2) molecular oxygen surface adsorption
on cathode, (3) surface diffusion and dissociation of molecular
oxygen, (4) charge-transfer process, and (5) the transport pro-
cess for oxygen ions from the cathode into the electrolyte
[5–10]. In order to improve the ORR properties and the elec-
trochemical performance,much efforts have been paid to ame-
liorate these five overlapping processes. An effective and
common method is introducing ionic conduction phase, such
as Ce1.9Gd0.1O1.95 (CGO), to form composite cathode. This
approach increases the triple phase boundary (TPB) length,
promotes oxygen transport process, and leads to the improve-
ment of ORR [11–14]. For example, the addition of CGO in
La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) results in significant decrease
of the polarization resistance [12]. The similar improvement
was also observed in La0.8Sr0.2MnO3 (LSM)-CGO composite
cathode [15]. Other papers reported the conspicuous effects on
the thermal expansion coefficients (TECs) and compatibility
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of the composite cathode with electrolyte [16]. Therefore, in-
corporation of CGO into the electrode material is a good op-
tion to improve the electrochemical performance of the cath-
ode. In our previous study, Pr2NiMnO6 (PNMO) was investi-
gated as cobalt-free cathode material for IT-SOFCs, which
exhibited comparable TECs and high-temperature chemical
compatibility with CGO electrolyte [17]. However, the polar-
ization resistance of PNMO cathode is still larger than the
well-known cathode [18]. In this paper, we present a system-
atic investigation of the PNMO-xCGO composite cathode.
The effect of CGO contents on the ORR mechanism is further
investigated.

Experimental

Sample preparation

PNMO powder was prepared by glycine nitrate process
(GNP). Briefly speaking, analytical grade Pr (NO3)3·6H2O,
Ni (NO3)2·6H2O, and Mn (NO3)2·4H2O were used as raw
materials and dissolved in a stoichiometric ratio in distilled
water. Glycine was then added to the solution with a molar
ratio of 3 glycine to 1 metal ion as chemical propellant. After
drying and firing, the precursor was calcined in air at 950 °C
for 10 h to form PNMO powder.

The CGO electrolyte substrate (with density ~93 %) was
prepared according to our previous publication [17]. The cath-
ode inks were prepared by mixing certain amounts of CGO
powder with PNMO in ethyl cellulose-terpineol binder and
denoted as PNMO-xCGO (x = 0–40 wt%). Two kinds of test
cells were prepared, and their configurations were schemati-
cally presented in Fig. 1. For the symmetrical cell, the cathode
ink was printed on both sides of CGO electrolyte in square
shape area of 0.25 cm2 at the symmetrical position and
sintered at 1000 °C for 4 h in air. The platinum paste was

printed on electrode surface to act as current collector. The
cathode thickness and loading density were approximately
20 μm and 6.5 g cm−3, respectively. For three-electrode cell,
the cathode ink was painted on one side of the CGO electro-
lyte to form the working electrode (WE) with an area of
0.25 cm2, followed by firing at 1000 °C for 4 h in air.
Platinum paste was printed to the opposite side as the counter
electrode (CE). A Pt wire was used as reference electrode (RE)
and put on the same side ofWE, followed by firing at 800 °C
for 1 h in air.

Characterizations

The crystal structure, phase purity, and chemical compatibility
of cathode materials were confirmed by the X-ray diffraction
(XRD) measurement. The condition of the data collection was
in the 2θ range of 20°–80° with increments of 0.02° by using
Cu-Kα radiation. The microstructure of the electrode was

Fig. 1 The schematic illustration for electrode configuration: a
symmetrical electrodes and b three electrodes
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Fig. 2 a X-ray diffraction (XRD) pattern refinement results of
Pr2NiMnO6 powders synthesized by GNP method and b XRD patterns
of Pr2NiMnO6-30CGO mixture after sintered at 1000 °C for 12 h in air



investigated by field emission scanning electron microscope
(FESEM, Hitachi, S-4700 FEG). The electrochemical perfor-
mance was characterized by electrochemical workstation
(AUTOLAB, PGSTAT30) under open-cell voltage (OCV).
The applied frequency ranged from 1 MHz to 0.01 Hz, and
the signal amplitude is 50 mV. The measurements were per-
formed as a function of temperature (500–700 °C) and oxygen
partial pressure controlled by N2 (99.99 %)/O2 (99.99 %)
mixed atmosphere. The dc polarization experiments are per-
formed according to the procedure in literature [19].

Results and discussion

Figure 2a shows the XRD pattern refinement results of PNMO
powders synthesized by GNP method. The material crystal-
lizes in single phase with monoclinic double perovskite

structure (space group P21/n) [20]. The refinement results
converged excellently with discrepancy factors Rp = 2.54 %
and Rwp = 3.04 %. The unit cell parameters a = 5.428(5) Å,
b = 5.466(7) Å, c = 7.710(0) Å, and β = 89.79(6)° are in good
agreement with the previous studies [20], which indicates that
pure phase PNMO is successfully prepared by GNP method.
Compared to the cell parameters of PNMO prepared by solid-
state reaction [17], the material prepared by GNP method
shows much expanded cell parameters and inclined β value.
This difference may come from the different synthesis
methods. Pure phase PNMO can be obtained by GNP method
at 950 °C for 10 h, whereas for solid-state reaction, it is
1400 °C for 24 h. To examine the chemical compatibility
between PNMO and CGO, the two powders were mixed in
a weight ratio of 1:1 and heated at 1000 °C for 10 h in air. The
XRD pattern refinement results of the heat-treated mixture are
shown in Fig. 2b. The obtained cell parameters of PNMO are

a b

c d
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Fig. 3 a, b SEM micrographs of
Pr2NiMnO6-30CGO composite
cathode on CGO electrolyte after
sintered at 1000 °C for 4 h. c–f
Mapping results of elements.
Inset of a shows SEM images of
PNMO and CGO. Inset of b
shows the elemental profiles
obtained from the EDX line scan



a = 5.433(7) Å, b = 5.468(4) Å, c = 7.712(4) Å, and
β = 89.81(3)°, quite similar to the result of Fig. 2a. CGO
crystallizes in cubic fluorite-type structure, and the cell param-
eters are a = b = c = 5.420(6) Å, which is in good agreement
with the data of JCPDS card no. 01-075-0161. These results
reveal that PNMO and CGO remain in their own structures;
no obvious interface reaction or solid solution formation is
found. It concludes that PNMO is a chemically stable cathode
material on CGO electrolyte.

The microstructure of the electrode is very important for
achieving excellent electrochemical performance, because it is
related to the process of electron and charge transfer. An op-
timum cathodemicrostructure should have large TPB, suitable
particle size, and high porosity. The SEM images of the sur-
face and cross section of the PNMO-30CGO composite cath-
ode are shown in Fig. 3a–b. It is found that the average particle
size of PNMO and CGO is approximately 0.32 and 0.17 μm
(inset of Fig. 3a), respectively. The cross-section image shows
that the thickness of the cathode layer is approximately 20 μm
(Fig. 3b). Figure 3c–f present the energy dispersive X-ray
spectroscopy (EDX) mapping results of Pr, Ni, Mn, and Ce
elements obtained from the porous PNMO-30CGO cathode
surface. Clearly, the composition elements distribute uniform-
ly in the cathode. In order to identify the high-temperature
chemical stability of PNMO-30CGO, the EDX line scan was
performed across the interface of CGO electrolyte and PNMO
cathode. The scan results are superimposed in Fig. 3b. The
elemental profiles obtained from the EDX analysis correspond
well with the chemical compositions of different layers and
ensure the absence of interfacial reactions between electrolyte
and cathode materials. This result is in agreement with that
obtained from the XRD refinement results in Fig. 2b.

The electrochemical performance of PNMO-xCGO com-
posite cathodes with different CGO content was evaluated by
electrochemical impedance spectroscopy (EIS). The measure-
ments were conducted on the symmetric cells at 700 °C under
OCV. The typical EIS spectra were shown in Fig. 4a. The
difference between the high-frequency (HF) and low-
frequency (LF) intercept values on real axis is attributed to
the total polarization resistance (Rp). It is observed that CGO
content makes significant effects on polarization resistance. Rp

decreases first with the increase of CGO content. The lowest
Rp value of 0.23 Ω cm2 is obtained with 30 wt% CGO, which
is about two times smaller than that of the pure PNMO cath-
ode. The optimum composition of PNMO-xCGO composite
cathodes can be understood by the effective medium percola-
tion theory (EMPT) [12, 21]. It implies that the superior elec-
trochemical performance of the composite cathode is associ-
ated with the component particle size. For example, Chen
et al. found that the optimum YSZ volume fraction ( YSZ)
with minimum Rp in LSM-YSZ composite cathode was relat-
ed to the ratio of particle size (rYSZ/rLSM), varying from
YSZ = 0.24 for rYSZ/rLSM = 0.2 to YSZ = 0.55 for

rYSZ/rLSM = 1 [22]. Considering that the grain size of
PNMO is larger than that of CGO and the ratio of rCGO/
rPNMO is about 0.53, the optimum CGO weight fraction in
PNMO-xCGO composite cathodes is therefore approximately
30 wt% (~35 vol%). By surveying the literature, there are
many papers dealing with ceria-containing composites for
IT-SOFCs. The physicochemical and electrochemical proper-
ties of several known cathodes and their corresponding com-
posite cathodes are comparably presented in Table 1. From the
table, we can see that both the composition and structure have
great influence to the Rp values. Normally, the cobalt compos-
ite materials have the best ORR properties. For the cobalt-free
materials, it is found that PNMO-xCGO exhibits comparable
TECs and relatively low polarization resistance, which indi-
cates that it can be regarded as a promising cobalt-free cathode
material. A noteworthy result in Table 1 should be mentioned
for LSCF-CGO composite cathode. Clearly, the composite
cathode prepared by infiltration and electrospinning methods
exhibits significantly improved electrochemical performance
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Fig. 4 a Impedance spectra of the composite cathodes at 700 °C under
open circuit potential. Inset shows the arrhenius plot of Rp values for
Pr2NiMnO6-xCGO (x = 0–40 wt%) composite cathodes. b The
histogram of RHF, RLF, and Rp with CGO contents



than the mechanical mixing method [27, 28], which provides
hints for us to improve the electrochemical performance of
PNMO-xCGO composite cathode in the future work. The
Arrhenius plots of Rp with CGO contents are shown in
Fig. 4a (inset). The activation energy (Ea) of the composite
cathode is in the range of 1.52(±0.02)–1.28(±0.01) eV. The
lowest Ea value is obtained in PNMO-30CGO. The calculated
activation energy is somehow different to the PNMO cathode
prepared by solid-state reaction [17]. The reason may come
mainly from the different electrode sintering temperatures.
Normally, the change of ORR mechanism will lead to great
change of activation energy [26]. As the Ea value of PNMO-
xCGO composite cathode shows less significant change with
CGO contents, this result indicates that introducing CGO does

Table 1 Comparisons of
physicochemical and
electrochemical properties of
some known cathodes and their
corresponding composite
cathodes in the literature

Materials σ (S cm−1)/T
(°C)

TEC (K−1) Rp (Ω cm2)/T
(°C)

Reference

La0.8Sr0.2MnO3 + CGO 99.33/1000

–

11.6 × 10−6

–

8.20/800

0.39/800

[23]

[24]

La0.6Sr0.4Co0.2Fe0.8O3 + CGO 300/600~800

–

15.3 × 10−6

–

1.20/600

0.27/600

0.10/650 (Infiltration)

0.07/650 (Electrospinning)

[25, 26]

[26]

[27]

[28]

LaNi0.6Fe0.4O3 + CGO 580/800

–

/11.4 × 10−6

–

0.70/750

0.28/700

[29]

[30]

La2NiO4 + δ + CGO 70/700

–

13.8 × 10−6

–

0.38/800

0.15/600

[31–33]

[34]

Pr2CuO4 + CGO 100/900

–

11.8 × 10−6

–

0.56/700

0.41/700

[35, 36]

[37]

EuBaCo2O5 + δ + CGO 100/423

78/750

14.9 × 10−6

12.0 × 10−6
0.50/600

0.05/700

[38]

[39]

Pr2NiMnO6 + CGO 3.0/800

–

10.6 × 10−6

–

0.38/700

0.23/700

[17]
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-2.2 -2.0 -1.8 -1.6 -1.4 -1.2 -1.0

-1.2

-1.1

-1.0

-0.9

-0.8

-0.7

-0.6

 PNMO n=0.007 0.002
 PNMO-10CGO      n=0.001 0.001
 PNMO-20CGO      n=0.001 0.001
 PNMO-30CGO      n=0.003 0.002
 PNMO-40CGO      n=0.006 0.001

lo
g
 R

p
 (

Ω
 c

m
-2

)

log (pO
2
) (atm)

a

-2.2 -2.0 -1.8 -1.6 -1.4 -1.2 -1.0

-0.6

-0.4

-0.2

0.0

0.2

0.4 b  PNMO n=0.222 0.001
 PNMO-10CGO      n=0.233 0.002
 PNMO-20CGO      n=0.243 0.001
 PNMO-30CGO      n=0.234 0.002
 PNMO-40CGO      n=0.241 0.001

lo
g
 R

p
 (

Ω
 c

m
-2

)

log (pO
2
) (atm)

Fig. 6 The dependence of Rp on oxygen partial pressure at 700 °C



not change the ORR mechanism. The similar result has been
observed in SmBaCo2O5 + δ-CGO composite cathode [16].

The impedance spectra of PNMO-xCGO cathode can be
divided into two arcs in HF and LF zone, respectively. This
suggests that there are at least two different processes occurred
on the cathode. In order to clarify these processes, an equiva-
lent circuit with the model of Rel-(RHF//CPEHF)-(RLF//CPELF)
is used to separate the two arcs in the whole frequency zone. In
this equivalent circuit, Rel is described as the overall resistance
related to the ohmic contribution of the electrolyte, the current
collector, electrode, and leads. R and CPE in parallel (R//CPE
series) is attributed to the polarization resistance and constant
phase element, respectively. The fitting results of high-
frequency arc (RHF), low-frequency arc (RLF), and Rp (total
polarization resistance, Rp = RHF + RLF) are shown in Fig. 4b.
It is found thatRLF ismuch larger thanRHF, indicating the low-
frequency reaction process as the major rate-limiting step. In
addition, from the variation ofRHF and RLF with CGO content,
it can be concluded that the main contribution of reducing Rp

comes from the improvement of low-frequency process.
To clarify the ORR kinetics of PNMO-30CGO composite

cathode, the polarization resistance was further measured un-
der various oxygen partial pressures (Fig. 5). The same equiv-
alent circuit in Fig. 4a was used to identify the different elec-
trochemical processes. The fitting results of RHF and RLF as a
function of oxygen partial pressure are presented in Fig. 6a, b,
respectively. It is observed that RLF increases with the de-
crease of oxygen partial pressure, whereas RHF remains almost
unchanged. The variation of Rp with oxygen partial pressure

can be described by the formula Rp ¼ Ro
p � Po2

� �−n
. The

parameter n is used to identify the different electrochemical
processes [7, 40–43], as that schematically illustrated in Fig. 7.

The values of n for HF arc and LF arc are around 0 and 0.25,
implying that HF arc represents the diffusion of oxygen ions
from TPB to electrolyte and LF arc is the charge-transfer pro-
cess. It is found from Fig. 6 that RLF is always larger than RHF,
which means that the charge-transfer process is the major
determining step of ORR reaction on PNMO-xCGO compos-
ite cathodes. The addition of CGO seems to greatly promote
the charge-transfer process (Fig. 4b). This phenomenon can be
understood, considering the substantial increase of TPB
length and the generation of more active sites and oxygen
vacancies in the composite electrode, which is beneficial to
the charge-transfer reaction. However, when the CGO content
reaches to 40 wt%, the value of RLF increases again. This may
be due to the block of electron-conducting path within the
PNMO particles by the high content CGO particles.
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As an important parameter, cathode overpotential is mea-
sured to evaluate the effect of CGO content on the polarization
properties of PNMO-xCGO composite cathodes. Figure 8
shows the overpotential-current density curves measured at
700 °C in air. Under the same overpotential, the current den-
sity increases with the addition of CGO. The maximum cur-
rent density of 75 mA cm−2 at the overpotential of 28 mV is
obtained in PNMO-30CGO composite cathode. The result
indicates that introducing CGO makes significant effect on
the electrode performance and electrocatalytic activity of
Pr2NiMnO6-xCGO composite cathode.

The electrochemical stability of PNMO-30CGO composite
cathode was further characterized. The Nyquist plots mea-
sured at 700 °C for 10, 20, and 30 h are comparably shown
in Fig. 9a. It is observed that Rp value does not change signif-
icantly with the operation time. In addit ion, the
chronoamperometric plot of the composite cathode is shown
in Fig. 9b. The current density remains almost constant during

30 h at 700 °C in air. These results prove that PNMO-30CGO
composite cathode has good electrochemical stability.

Conclusions

The PNMO-xCGO composite oxides were investigated as po-
tential cathode materials for IT-SOFCs. The addition of CGO
to PNMO made a significant effect on the electrochemical
performance, owing to the increase of TPB length, oxygen
vacancy concentration, and active site. The PNMO-30CGO
composite cathode exhibited the lowest Rp value of
0.23 Ω cm2 at 700 °C in air and the maximum current density
of 75 mA cm−2 at the overpotential of 28 mV. The oxygen
partial pressure dependence study indicated that the major
rate-limiting step was the charge-transfer process. In addition,
PNMO-30CGO composite cathode exhibited good electro-
chemical stability at 700 °C.
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