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¼ Pr, Nd, and Gd) as promising
oxygen electrodes for intermediate-temperature
solid oxide electrolysis cells

Shaoming Liu, Wenqiang Zhang, Yifeng Li and Bo Yu*

Double-perovskite REBaCo2O5+d (RE ¼ Pr, Nd, and Gd) oxides were synthesized and evaluated as oxygen

electrodes for intermediate-temperature solid oxide electrolysis cells (IT-SOECs). The crystal structures,

thermal stability properties, electrical conductivities, and electrochemical performances of the

REBaCo2O5+d materials were investigated systematically. Among the three oxides, PrBaCo2O5+d (PBCO)

has the highest electrical conductivity of 645 S cm�1 at 600 �C. The electrical conductivity decreases as

the ionic radius of the RE decreases, which is related to the increase in oxygen vacancy concentration.

NdBaCo2O5+d (NBCO) has the lowest polarization resistance of 0.95 U cm2 among the three oxides at

650 �C, which is mainly because NBCO has a better balance between thermal expansion compatibility

and conductivity than PBCO and GdBaCo2O5+d (GBCO). For electrochemical performance in SOECs,

NBCO has the smallest current/voltage loss; at a voltage of 1.2 V, the power density of NBCO is 1.58 W

cm�2 at 800 �C. Even at 700 �C, a maximum power density of 0.857 W cm�2 can still be achieved by

NBCO. These results suggest that NBCO is a novel and promising candidate oxygen electrode material

for IT-SOECs.
1 Introduction

A solid oxide electrolysis cell (SOEC) is a highly efficient energy
converter that can generate hydrogen fuel by the electrolysis of
steam using electricity and heat. If coupled to nuclear or
renewable energy (such as solar energy, geothermal energy and
wind power), it can achieve a high overall electrical-to-hydrogen
energy conversion efficiency with low or zero CO2 emissions.1,2

An additional advantage of the SOEC is that it can be used in the
power-to-gas process, especially in transforming redundant
renewable energy into hydrogen gas.3 Moreover, it can be
operated in fuel cell mode, generating energy when electricity
demand is high.4

Elevated temperature is favorable for high-efficiency hydrogen
production by SOECs.5 However, high operating temperatures
(900–1000 �C) also bring many serious problems, including
interfacial reactions, delamination and high-cost interconnect
materials. A way to solve these problems is by lowering the
operating temperature of the SOEC into the intermediate
temperature (IT, 600–800 �C) range, which can suppress the
solid-state reactions between the cell components and use
low-cost metallic interconnecting materials, consequently
increasing the reliability and durability of the SOEC materials
and components.6 Although the IT range is more suitable for
logy, Collaborative Innovation Center of

ghua University, Beijing 100084, China.

-10-6277-1740; Tel: +86-10-8019-4039

0

SOFCs, the increase in ohmic resistance from the electrolyte and
polarization resistance from the electrodes becomes the main
barrier as the temperature decreases. The ohmic resistance can
be reduced with a thin-lm electrolyte. The conventional mate-
rials for SOECs include dense YSZ electrolytes, porous Ni-YSZ
hydrogen electrodes, and perovskite-based La0.6Sr0.4MnO3�d

YSZ oxygen electrodes.7 When operating in the IT range, the
polarization losses of the oxygen electrodes become the major
source of performance degradation in SOECs.8–10 Therefore,
much research has been devoted to nding candidates to replace
La0.6Sr0.4MnO3�d YSZ oxygen electrodes. Although SOECs can be
seen as the inverse of SOFCs in principle, because of the exis-
tence of a large amount of water in SOECs, delamination
phenomenon is more serious.

In recent years,mixed ionic–electronic conductors (MIECs) have
attracted more attention. This is because MIECs can accelerate the
oxygen evolution reaction (OER) in the oxygen electrodes of the
SOECs, further increasing the active area.11–13 In addition, research
onMIEC oxygen electrodematerials with perovskite-type structures
such as La1�xSrxCo1�yFeyO3�d (LSCF),14–16 Ba1�xSrxCo1�yFeyO3�d

(BSCF)17,18 and SrCo0.7Fe0.2Nb0.1O3�d (SCFN),19 and K2NiF4�d-type
structures (rst member of the so-called Ruddlesden–Popper
series) such as La2NiO4+d,20,21 Pr2NiO4+d (ref. 22–24) and Nd2NiO4+d

(ref. 25 and 26) has been carried out. One of themain advantages of
these materials is high OER activity and oxygen reduction reaction
(ORR) activity. Recently, the double perovskite-type structure
(AA0B2O5+d) has attracted much attention due to the particularity of
the structure, where alkali-earth ions and lanthanides take up the
This journal is © The Royal Society of Chemistry 2017
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A-site sub-lattice, and oxygen vacancies are localized into layers.27–30

Actually, the ordered double-perovskite structure provides chan-
nels for the oxygen ions tomovemore easily,27 and the difference in
the ionic radii in the A and A0 sites has been found to be the driving
force for producing the desired ordered double-perovskite struc-
ture. Rare earth elements are oen used to occupy the A-site ion. At
the A0 site, Ba or Sr, which has a larger ionic radius compared to
rare earth elements, is more suitable. At the B site, transition
metals such as Co, Fe, Cu and Mn are the most commonly used,
and Co-based double perovskites were found to offer the highest
electrochemical performance.31 Among these different double-
perovskite materials, REBaCo2O5+d (RE ¼ La, Pr, Nd, Sm, Gd and
Y) have been investigated as promising oxygen electrode materials
for IT-SOFCs because of their high electronic conductivity,32 rapid
oxygen ion diffusion, surface exchange kinetics,33–35 and excellent
electrochemical performance.36–38However, research on SOECs still
focuses on traditional high-temperature SOFC materials, and few
studies have addressed the differences among these double
perovskite-type oxides and the feasibility of their application in
SOECs.

In the literature,38–40 it has been demonstrated that the best
SOFC performance can be obtained by middle-sized ions such
as Pr, Nd, and Gd occupying the A site, which can produce
a good balance between electrochemical performance and
thermal expansion coefficient (TEC). In this paper, three
double-perovskite oxides, PrBaCo2O5+d, NdBaCo2O5+d, and
GdBaCo2O5+d, have been prepared and characterized. The
effects of the RE3+ ions on the crystal structure, thermal stability
properties, concentration of oxygen vacancies, electrical
conductivity, and catalytic activity for the OER in SOECs are
presented. The electrochemical performances of the REBaCo2-
O5+d series of oxides with RE ¼ Pr, Nd, and Gd used as oxygen
electrodes for IT-SOECs were systematically investigated.

2 Experimental
2.1 Materials synthesis and cell fabrication

REBaCo2O5+d (RE ¼ Pr, Nd, and Gd) powders were synthesized
by the EDTA–citrate method, as described by Zhou et al.41 The
procedure was as follows: Pr2O3, Nd2O3, and Gd2O3 were
initially dissolved separately in HNO3 (z30%) to form the metal
nitrate solutions, and precise concentrations were titrated using
the EDTA method. The starting precursor was prepared with
stoichiometric amounts of Pr(NO3)3/(Nd(NO3)3/Gd(NO3)3),
Ba(NO3)2 and Co(NO3)2. Given amounts of EDTA and citric acid
were added to the starting precursor (total metal cati-
on : citric : EDTA acid ¼ 1 : 1.5 : 1), and the pH values were
controlled by NH3$H2O. When place in an oil bath at 90 �C, the
solutions changed into transparent purple gels. Aer evapora-
tion for 24 h at 120 �C in a drying oven, the gels were pre-red
for 5 h at 250 �C and calcined for 5 h at 1000 �C to obtain the
desired oxide powders.

Powders of Gd0.2Ce0.8O1.9 (GDC) oxides were synthesized
using the citrate–nitrate combustion method.42 Solutions of
Gd(NO3)3 and Ce(NO3)3 (1 M) were prepared, and their
concentrations were titrated with EDTA. A stoichiometric
amount of Gd(NO3)3 and Ce(NO3)3 were previously mixed into
This journal is © The Royal Society of Chemistry 2017
a solution under mechanical stirring. The necessary amount of
citric acid (citric acid : total metal ions¼ 1.5 : 1) was then added
to the solution. Aer continuous evaporation and stirring at
80 �C for 3 h, the solutions turned into gels, which were heated
in a resistance furnace until spontaneous combustion occurred.
Finally, the collected powders were sintered at 1000 �C for 2 h.

Some of the calcined REBaCo2O5+d (RE ¼ Pr, Nd, and Gd)
powders were reground and pressed into bars (5 mm � 30 mm
� 3 mm) with 150 MPa hydraulic pressure. Aer calcining for
5 h at 1150 �C, dense samples were prepared for electrical
conductivity measurement. The electrochemical performances
of the oxygen electrodes were measured using symmetrical cells
with congurations of REBaCo2O5+d|GDC|REBaCo2O5+d (RE ¼
Pr, Nd, and Gd), as shown in Fig. 2(g). Pressed pellets of GDC
were calcined at 1500 �C for 2 h in air. The REBaCo2O5+d (RE ¼
Pr, Nd, and Gd) powders were prepared into slurries with ethyl
cellulose and terpineol as the binders and coated on the surface
of the GDC pellets. Finally, the symmetrical cells were calcined
at 1000 �C for 2 h.
2.2 Characterization

The crystal structures of the obtained products were charac-
terized by X-ray diffraction (XRD; BRUKER, Germany) using Cu
Ka radiation with a step size of 0.02�. The scanning range was
10� to 80�. The microstructures of the powders were conrmed
by scanning electron microscopy (SEM; LEO 1530).

The electrical conductivities were studied using a four-probe
DC method from 350 �C to 1000 �C at intervals of 50 �C under
air atmosphere. The TECs were examined with a dilatometer
from 150 �C to 900 �C at a heating rate of 5 �C min�1.

Electrochemical impedance spectroscopy was carried out
using a Zahner IM6 electrochemical workstation over the
frequency range of 100 kHz to 100 mHz. The signal voltage
amplitude was 10 mV, and the operating temperature range was
650 �C to 800 �C.

The conguration of a single SOECwasNi-YSZ|YSZ|GDC|oxygen
electrode. The electrochemical measurements were performed in
the temperature range of 650 �C to 800 �C. The electrochemical
performances of the single-button cells were evaluated based on
voltage–current (V–I) curves.
3 Results and discussion
3.1 Powder characterization

Samples of the REBaCo2O5+d (RE ¼ Pr, Nd, and Gd) particles
were obtained from the precursors and calcined at 1000 �C for
5 h under an air atmosphere, and GDC powder was calcined at
1000 �C for 2 h. The XRD patterns of PBCO, NBCO, GBCO and
GDC at room temperature are shown in Fig. 1(a) and (b). These
samples clearly consist of only single phases, in agreement with
the previously reported results.30,43,44 Ref. 39 and 45 indicated
that the double perovskite can have one of two different crystal
structures depending on the temperature and oxygen content.
Chavez et al.39 found that cooling rate plays an important role in
the crystal structure. The crystal structures of REBaCo2O5+d (RE
¼ Pr, Nd, and Gd) powders are listed in Table 1. PBCO and
RSC Adv., 2017, 7, 16332–16340 | 16333
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Fig. 1 XRD patterns of (a) double-perovskite REBaCo2O5+d (RE ¼ Pr,
Nd, andGd) and (b) REBaCo2O5+d (RE¼ Pr, Nd, andGd)–GDCmixtures
sintered at 1000 �C for 5 h.
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NBCO crystallize in a tetragonal structure with P4/mmm, while
GBCO crystallizes in an orthorhombic structure with Pmmm; the
change of the structure from tetragonal to orthorhombic is
related to the splitting of the peak around 2q ¼ 22.7�. This
distortion may be due to the difference in the oxygen content.
Table 1 also illustrates the associated lattice parameters and
Table 1 Crystal chemistry data and physicochemical properties of PBCO

Material Space group A (Å) b (Å) c (Å)

PBCO P4/mmm 3.90672 3.90672 7.6520
NBCO P4/mmm 3.89406 3.89406 7.6099
GBCO Pmmm 3.90899 3.87454 7.5309
GDC Fm�3m 5.41673 5.41673 5.4167

16334 | RSC Adv., 2017, 7, 16332–16340
unit cell volumes. The increasing trend in the lattice volumes of
REBaCo2O5+d (RE ¼ Pr, Nd and Gd) powders follows the
increasing trend in ionic radii (Pr > Nd > Gd). The chemical
compatibilities between an oxygen electrode and electrolyte
were also examined. The REBaCo2O5+d oxygen electrode and
GDC electrolyte were mixed with a mass ratio of 1 : 1 and then
calcined at 1000 �C for 5 h in air atmosphere. Fig. 1(b) displays
the XRD patterns of the PBCO–GDC, NBCO–GDC and GBCO–
GDC mixtures aer heat treatment. The XRD patterns of GDC
powders are also shown in Fig. 1(b). No structural changes or
new phases are indicated in these patterns, indicating that no
chemical reactions occurred between REBaCo2O5+d (RE ¼ Pr,
Nd, and Gd) and GDC. Fig. 2(a)–(c) show the SEM images
of PBCO, GBCO and NBCO powders calcined at 1000 �C for 5 h
under air atmosphere. The samples are seen to possess
similar particle morphologies and accompany with agglomerate
phenomenon, and the average particle sizes are less than 1 mm.

The microstructures of the three-phase boundaries, which
are related to the active areas of the oxygen electrode, have
a great inuence on the electrochemical performance. There-
fore, the electrochemical performance of the oxygen electrode
depends strongly on the pore size and surface area of the oxygen
electrode powders. Smaller particles with the larger surface
areas have more contact points between particles and electro-
lyte, allowing for the growth and migration of the active
sites.46,47 However, oxygen electrodes consisting of smaller
particles are more fragile, and delaminating phenomena
become more serious at the operating temperature. Larger
particles with the smaller surface areas have larger contact
points, facilitating gas diffusion but limiting the formation of
oxygen vacancies and oxygen ions. The surface area (SBET) and
pore size distributions of REBaCo2O5+d (RE ¼ Pr, Nd, and Gd)
samples were measured based on N2 sorption curves using the
BET and BJH methods, respectively (as shown in Table 1). The
analysis of experimental data reveals that surface area decreases
with decreasing RE ionic radius: SBET(PBCO) > SBET(NBCO) >
SBET(GBCO). Moreover, the pore size for all three samples is about
3.4 nm.

3.2 Thermal stability properties

TGA curves of the samples were measured to conrm the
formation temperature of double perovskite. Fig. 3(a) shows
that weight loss occurs with increasing temperature. The TGA
curves consist of three parts. First, the change from room
temperature to about 285 �C is mainly due to the evaporation of
adsorbed water. Second, the change from 285 �C to 800 �C is
attributed to the decomposition of organics. In the last part
, NBCO, GBCO and GDC

Lattice volume (Å3) SBET (m2 g�1)
Mean pore
diameter (nm)

2 116.79 11.756 3.4
7 115.4 9.779 3.39
3 114.06 7.098 3.41
3 158.93 — —

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM images of the various REBaCo2O5+d samples: (a) PBCO, (b) GBCO and (c) NBCO. Cross-sectional images of the symmetrical cells
made from (d) PBCO, (e) GBCO and (f) NBCO and (g) the single cell.
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from 800 �C to 1000 �C, there is almost no weight loss on the TG
curves. Therefore, to obtain the stable double-perovskite phase,
the sintering temperature must be higher than 800 �C.

The TECs were examined by a dilatometer from 150 �C to
900 �C at a heating rate of 5 �C min�1. Fig. 3(b) shows the
thermal expansion curves of PBCO, NBCO, and GBCO. The le
This journal is © The Royal Society of Chemistry 2017
side of the Y-axis represents the TECs of PBCO, NBCO, and
GBCO. Clearly, the average TECs could be acquired by tting the
thermal expansion curves with a quartic polynomial. The TECs
of PBCO, NBCO, and GBCO are much higher than that of GDC,
mainly because Co3+ cations oen present in the form of
high-spin states (HS, t42ge

2
g) at high temperature; these states
RSC Adv., 2017, 7, 16332–16340 | 16335
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Fig. 3 (a) TGA plots of the REBaCo2O5+d (RE¼ Pr, Nd, and Gd) samples
recorded in the air with a heating/cooling rate of 10 �C min�1. (b)
Thermal expansion curves of PBCO, NBCO and GBCO from 150 �C to
900 �C in air with a heating rate of 5 �C min�1.

Fig. 4 Arrhenius plots of ln(sT) vs. 1000/T for REBaCo2O5+d (RE ¼ Pr,
Nd, and Gd) and La0.8Sr0.2MnO3�d (LSM) in air.
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have larger ionic radii compared to low-spin (LS, t62ge
0
g) or

intermediate-spin (IS, t52ge
1
g) states.48,49 The mismatch between

the oxygen electrode and electrolyte in TEC may reduce the
long-term stability and electrochemical performance of single
cells due to the stress formed at the boundary between the
electrode material and electrolyte material. The average TECs in
Fig. 3(b) decrease upon changing the RE from Pr to Gd, which is
consistent with the decreasing size of the RE3+ ion.
3.3 Electrical conductivity

The electrical conductivities of the REBaCo2O5+d materials were
measured using the four-probe DC method under air atmo-
sphere. The traditional oxygen electrode material La0.8Sr0.2-
MnO3�d (LSM) was used as the reference material. Fig. 4 shows
the electrical conductivities of REBaCo2O5+d and LSM. It can be
seen that the conductivities of REBaCo2O5+d are higher than
those of LSM at temperatures below 800 �C, and PBCO has
a higher conductivity than NBCO and GBCO. For all samples,
the electrical conductivity decreases with increasing tempera-
ture, and the conductivity decreases from Pr to Ga. While
16336 | RSC Adv., 2017, 7, 16332–16340
exposed to air atmosphere, the conductivities of REBaCo2O5+d

oxides decrease with increasing temperature. These results
suggest metallic behavior in the oxides, which agrees with
previous reports.30 When the temperature reaches a certain
value, the conductivity of REBaCo2O5+d decreases dramatically.
This is caused by the evolution of lattice oxygen, which not only
forms many oxygen vacancies, but also causes the reduction of
Co(IV) to Co(III). The high concentration of oxygen vacancies
decreases the covalence of the O–Co–O bonds and leads to
a decline in the concentration of mobile charge carriers,
resulting in a dramatic drop in conductivity.35,50–52 The
maximum electrical conductivities of PBCO, NBCO and GBCO
are 775, 361, and 328 S cm�1 at 350 �C, respectively. When the
temperature reached 600 �C, the electrical conductivities of the
samples reaches 645 S cm�1 (PBCO), 308 S cm�1 (NBCO) and
318 S cm�1 (GBCO). The conductivity differences in reported
studies for PBCO, NBCO and GBCO are quite high.37,53–56 This is
mainly due to the different synthesis methods used to make the
powders. The highest reported conductivity values are 844 S
cm�1 for PBCO,57 952 S cm�1 for NBCO and 512 S cm�1 for
GBCO38 at 600 �C. The lowest conductivity values are 161 S cm�1

for PBCO, 192 S cm�1 for NBCO and 105 S cm�1 for GBCO58 at
600 �C. Throughout the IT range, the electrical conductivity
decreases with decreasing RE ionic radius: sPBCO > sNBCO >
sGBCO. We can explain this trend by ionic polarization; an RE3+

with a positive charge typically has a stronger attraction to the
O2� electron clouds and deforms them towards the RE3+ ion,
thus improving the covalent interactions between RE3+ and O2�.
We take PBCO and GBCO as examples. In these two mixed
oxides with the same double-perovskite crystal structure, Pr3+

and Gd3+ have the same charges. In this situation, Gd3+ with
a smaller radius deforms the electron cloud of O2� more
severely and strengthens the covalent interactions of the RE–O
bond. As a result, the O 2p electrons are more likely to transfer
to the Gd 5d states rather than to the Co 3d states (Fig. 5(a)).

As shown in Fig. 5(b), the electron transformation from O 2p
to RE 5d will cause the decline of the O 2p center about the
Fermi level, resulting in a decrease in electrical conductivity.38,59
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) The contradistinctive electron distributions in PBCO and
GBCO. In the GBCO system, the stronger polarization interaction
between Gd3+ and O2� decreases the overlap between Co and O and
causes electron transformation towards Gd 5d states. (b) Band struc-
tures of PBCO and GBCO. The electron transformation from O 2p
states to RE 5d states causes the decline of the O 2p center about the
Fermi level (especially in GBCO), resulting in a decrease in electrical
conductivity.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
0/

30
/2

02
5 

6:
23

:0
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Therefore, more signicant ionic polarization leads to poorer
electronic conductivity in these three oxides.
Fig. 6 Impedance spectra of the symmetric cells with PBCO, NBCO
and GBCO used as oxygen electrodes at different temperatures.
3.4 Electrochemical performance

Fig. 6 shows the EIS spectra of symmetrical cells employing
PBCO, NBCO, and GBCO as oxygen electrodes. All the imped-
ance spectra were tted by Z-view soware, and the equivalent
circuit is shown in Fig. 6, wherein L1 is the inductance. CPE1
and CPE2 represent constant phase elements. The intercept of
the high-frequency impedance arc on the real axis is attributed
to the ohmic resistance (Rohm), which comes from the electro-
lyte, electrodes, collectors and lead wires. Two electrode
processes corresponding to two impedance arcs were the main
factors limiting the ORR. The polarization resistance at high
frequency (R1) is related to the migration of the oxygen ions
from the three-phase boundary into the electrolyte, while the
polarization resistance at low frequency (R2) is related to
molecular oxygen diffusion, adsorption, and dissociation
processes. The total polarization resistance (Rp) corresponds to
the sum of R1 and R2. Table 2 shows the total polarization
resistance (Rp) for PBCO, NBCO, and GBCO used as oxygen
electrodes. The total polarization resistance (Rp) decreases with
increasing temperature due to the enhancement in the catalytic
activity of the oxygen electrode and the rate of OER, which
consequently accelerates oxygen diffusion, adsorption and
dissociation processes. Therefore, the increased oxygen ion
mobility rate could facilitate oxygen transport then leading to
the decrease of the polarization resistance. For example, the Rp

values of PBCO decrease from 1.83 U cm2 at 650 �C to 0.13 U

cm2 at 800 �C, which agrees with the results of previous
reports.39,60 Fig. 6 also shows that the charge transfer reaction is
the rate-limiting step in the OER for the REBaCo2O5+d oxygen
electrode. Therefore, to improve the performances of IT-SOECs,
This journal is © The Royal Society of Chemistry 2017
a lower polarization impedance oxygen electrode material is
necessary. According to our results, NBCO has the lowest
polarization resistance; the polarization resistance Rp was only
RSC Adv., 2017, 7, 16332–16340 | 16337
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Table 2 The polarization resistance of PBCO, NBCO, and GBCO at
different temperatures

T (�C)

The total cathodic polarization resistance Rp (U cm2)

650 700 750 800

PBCO 1.83 0.69 0.27 0.13
NBCO 0.95 0.14 0.38 0.07
GBCO 1.55 0.66 0.31 0.14

Fig. 7 I–V curves recorded in SOECmode for single cells in which the
oxygen electrode is (a) PBCO, (b) NBCO and (c) GBCO. (d) Area-
specific polarization resistance (ASR) values for REBaCo2O5+d (RE ¼ Pr,
Nd, and Gd) at different temperatures.
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0.95 U cm2 at 650 �C. When compared with the literature, large
differences in the area-specic polarization resistance (ASR)
values of PBCO, NBCO and GBCO can be found. For example,
the highest ASR values are 0.75U cm2 for PBCO,57 1.18U cm2 for
NBCO37 and 5.77 U cm2 for GBCO61 at 700 �C. The lowest ASR
values are 0.02 U cm2 for PBCO,58 0.04 U cm2 for NBCO58 and
0.03 U cm2 for GBCO58 at 700 �C. This is attributed to many
factors, such as physical and microstructural parameters, that
affect the ASR values measured by impedance spectroscopy.

The electrical conductivity of NBCO is lower than that of
PBCO, whereas the polarization resistance of NBCO is the lowest.
This is because the smaller radius of Nd3+ facilitates the migra-
tion of O2� in the lattice. As an opposite extreme, the relatively
large Pr3+ inhibits the relaxation of the lattice and retains a rigid
structure, which is unfavorable for the migration of O2�.
According to this analysis, the ionic conductivity increases with
decreasing RE ionic radius: sPBCO < sNBCO < sGBCO.

Combined with the preceding analysis in Section 3.3, PBCO
has the highest electrical conductivity but the lowest ionic
conductivity, and the ion-conductive process restricts its
performance; GBCO has the highest ionic conductivity but the
lowest electrical conductivity, and the electronically conductive
process limits its performance. In the case of NBCO, its rela-
tively high mixed ionic–electronic conductivity leads to rela-
tively good electrical properties. On the other hand, NBCO has
the lowest TEC and may have the lowest contact resistance with
the electrolyte. These factors combine to produce the relatively
good performance of NBCO.

Fig. 7(a)–(c) are the V–I curves of the single solid-oxide elec-
trolysis cells in SOEC mode with PBCO, NBCO and GBCO used
as the oxygen electrodes of the single cells. It can be seen that
the electrochemical performances of these materials decrease
with decreasing temperature. For a voltage of 1.2 V, the power
density values for PBCO, NBCO and GBCO at 800 �C are 0.65,
1.58 and 0.4 W cm�2, respectively; at 700 �C, the power density
values for PBCO, NBCO and GBCO are 0.13, 0.857 and 0.208 W
cm�2, respectively. NBCO has the highest power density, which
is higher than that of SrCo0.8Fe0.1Ga0.1O3�d (ref. 62) (for
a voltage of 1.5 V, the power density is 0.873 W cm�2 at 750 �C)
and close to that of La0.58Sr0.4Co0.2Fe0.8O3 (ref. 63) (for a voltage
of 1.02 V, the power density is 0.75 W cm�2 at 777–780 �C) at
even higher temperature. Fig. 7(d) shows the ASR values for
REBaCo2O5+d (RE ¼ Pr, Nd, and Gd), which can be calculated
from the slopes of the V–I curves. The ASR is represented by the
total resistance of the single cell. It can be seen that NBCO has
the least ASR, which may be because NBCO, which has a rela-
tively low TEC and a relatively high electric conductivity, has the
16338 | RSC Adv., 2017, 7, 16332–16340 This journal is © The Royal Society of Chemistry 2017
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lowest contact resistance. The results indicate that the double-
perovskite NBCO oxygen electrode with GDC electrolyte
exhibits excellent electrochemical performance, further sug-
gesting that NBCO is suitable for use as an IT-SOEC oxygen
electrode.

4 Conclusions

REBaCo2O5+d (RE ¼ Pr, Nd, and Gd) oxides with one single
phase structure were synthesized using an EDTA–citrate
process. These oxides have been used as oxygen electrodes for
practical IT-SOECs. The electrical conductivity values of the
samples are 645 S cm�1 (PBCO), 308 S cm�1 (NBCO) and 318 S
cm�1 (GBCO) at 600 �C. The conductivities of REBaCo2O5+d are
higher than those of LSM at temperatures below 800 �C, and
PBCO has a higher conductivity than NBCO and GBCO. At
a given temperature, the electrical conductivity decreases as the
ionic radius of the RE decreases: sPBCO > sNBCO > sGBCO. This
trend is related to the increasing concentration of oxygen
vacancies. In these oxides, NBCO has the lowest polarization
resistance. The polarization resistance Rp of this material at
650 �C is 0.95 U cm2, which is mainly because NBCO could has
a better balance between TEC and electrochemical performance
than PBCO and GBCO. In single SOEC tests, at a voltage of 1.2 V,
the power density values of NBCO, PBCO and GBCO at 800 �C
are 1.58, 0.65 and 0.4 W cm�2, respectively. Even at 700 �C, the
power density for NBCO is 0.857W cm�2. Therefore, the double-
perovskite NBCO oxygen electrode with GDC electrolyte exhibits
an excellent electrochemical performance, indicating that
NBCO is a promising oxygen electrode material for IT-SOECs in
practical applications. In the next step, the performances of
single cells with sizes of 10 cm � 10 cm operated in SOEC mode
will be evaluated.
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