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REBaCo,0s5,; (RE = Pr, Nd, and Gd) as promising
oxygen electrodes for intermediate-temperature
solid oxide electrolysis cells

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

Double-perovskite REBaCo,0s,4 (RE = 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
REBaCo,0s,s materials were investigated systematically. Among the three oxides, PrBaCo,0s,, (PBCO)
has the highest electrical conductivity of 645 S cm™! 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.
NdBaCo,0s,s (NBCO) has the lowest polarization resistance of 0.95 Q cm? 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 GdBaCo,0s,s (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

rsc.li/rsc-advances 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 CO, emissions."*
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.> Moreover, it can be
operated in fuel cell mode, generating energy when electricity
demand is high.*

Elevated temperature is favorable for high-efficiency hydrogen
production by SOECs.* 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.® Although the IT range is more suitable for
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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-film electrolyte. The conventional mate-
rials for SOECs include dense YSZ electrolytes, porous Ni-YSZ
hydrogen electrodes, and perovskite-based Lag¢Sro4MnO;_s
YSZ oxygen electrodes.” When operating in the IT range, the
polarization losses of the oxygen electrodes become the major
source of performance degradation in SOECs.>* Therefore,
much research has been devoted to finding candidates to replace
Lay ¢St9.4MnO;_; 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."*™ In addition, research
on MIEC oxygen electrode materials with perovskite-type structures
such as La;_,Sr,Co;_Fe,O;_; (LSCF),"** Ba;_,Sr,Co,_,Fe,0;_;
(BSCF)"*® and SrCo,,Fey,Nby;05_5 (SCFN)," and K,NiF,_stype
structures (first member of the so-called Ruddlesden-Popper
series) such as La,NiOy.5,>*" P1,NiO,,s (ref. 22-24) and Nd,NiOy.5
(ref. 25 and 26) has been carried out. One of the main advantages of
these materials is high OER activity and oxygen reduction reaction
(ORR) activity. Recently, the double perovskite-type structure
(AA'B,0s.,) has attracted much attention due to the particularity of
the structure, where alkali-earth ions and lanthanides take up the
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A-site sub-lattice, and oxygen vacancies are localized into layers.””*°
Actually, the ordered double-perovskite structure provides chan-
nels for the oxygen ions to move more easily,” and the difference in
the ionic radii in the A and A’ sites has been found to be the driving
force for producing the desired ordered double-perovskite struc-
ture. Rare earth elements are often used to occupy the A-site ion. At
the A’ 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.*» Among these different double-
perovskite materials, REBaCo0,0s.; (RE = La, Pr, Nd, Sm, Gd and
Y) have been investigated as promising oxygen electrode materials
for IT-SOFCs because of their high electronic conductivity,* rapid
oxygen ion diffusion, surface exchange kinetics,**** and excellent
electrochemical performance.***® However, 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,***° 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, PrBaCo,Os.s5, NdBaCo0,0s,; and
GdBaCo,0s.;5, have been prepared and characterized. The
effects of the RE*" 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 REBaCo,-
Os.; series of oxides with RE = Pr, Nd, and Gd used as oxygen
electrodes for IT-SOECs were systematically investigated.

2 Experimental

2.1 Materials synthesis and cell fabrication

REBaCo,0s.; (RE = Pr, Nd, and Gd) powders were synthesized
by the EDTA-citrate method, as described by Zhou et al.** The
procedure was as follows: Pr,0;, Nd,O;, and Gd,O; were
initially dissolved separately in HNO; (= 30%) 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(NO;);/(Nd(NO3)s/Gd(NO3)3),
Ba(NO3), and Co(NO3),. Given amounts of EDTA and citric acid
were added to the starting precursor (total metal cati-
on : citric : EDTA acid = 1:1.5:1), and the pH values were
controlled by NH;-H,0. When place in an oil bath at 90 °C, the
solutions changed into transparent purple gels. After evapora-
tion for 24 h at 120 °C in a drying oven, the gels were pre-fired
for 5 h at 250 °C and calcined for 5 h at 1000 °C to obtain the
desired oxide powders.

Powders of Gd,,Cey 3019 (GDC) oxides were synthesized
using the citrate-nitrate combustion method.** Solutions of
Gd(NO3); and Ce(NOs); (1 M) were prepared, and their
concentrations were titrated with EDTA. A stoichiometric
amount of Gd(NO;); and Ce(NOj3); were previously mixed into
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a solution under mechanical stirring. The necessary amount of
citric acid (citric acid : total metal ions = 1.5 : 1) was then added
to the solution. After 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 REBaC0,0s.; (RE = Pr, Nd, and Gd)
powders were reground and pressed into bars (5 mm x 30 mm
x 3 mm) with 150 MPa hydraulic pressure. After 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 configurations of REBaC0,0s5.5|GDC|REBaC0,05.5 (RE =
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 REBaC0,05.; (RE =
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
Ko radiation with a step size of 0.02°. The scanning range was
10° to 80°. The microstructures of the powders were confirmed
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 .

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 configuration of a single SOEC was Ni-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 REBaCo0,0s.; (RE = 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.>**** 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.* found that cooling rate plays an important role in
the crystal structure. The crystal structures of REBaC0,05.; (RE
= Pr, Nd, and Gd) powders are listed in Table 1. PBCO and

RSC Adv., 2017, 7, 16332-16340 | 16333


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra28005f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 14 March 2017. Downloaded on 12/4/2025 4:49:33 PM.

(cc)

RSC Advances
a
GBCO
s i)
A
- o ISP WV WV )
H \,NNFNJ‘ (WA NBCO
c
o
t 1
oA PBCO

10 20 30 40 50 60 70 80
20/(°)
L o
wwwww _,_/‘JL_WAJ LN LM-_J\‘_«.AJF TR, LJ\'L.,WNW el s
-
3 | \BO0GD0
S | U \ il L
> e S WA e M P ir A
x
g PBCO+GDC
0 ﬁ \ |
£ N
[ ST YR | YOI & WY SN0 ! WRPTONY U VY R W |
-—
PAY
T//\\?
. ‘ | * O
- | L L
r—— . ! 1 1 et

29(9)

Fig. 1 XRD patterns of (a) double-perovskite REBaCo,0s,s (RE = Pr,
Nd, and Gd) and (b) REBaCo0,0s, 5 (RE = Pr, Nd, and Gd)-GDC mixtures
sintered at 1000 °C for 5 h.

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 26 = 22.7°. This
distortion may be due to the difference in the oxygen content.
Table 1 also illustrates the associated lattice parameters and
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unit cell volumes. The increasing trend in the lattice volumes of
REBaC0,0s.; (RE = 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 REBaCo,0s,; 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 after 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 REBaCo,0s.; (RE = 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 pm.

The microstructures of the three-phase boundaries, which
are related to the active areas of the oxygen electrode, have
a great influence 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-
Iyte, allowing for the growth and migration of the active
sites.***” 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 (Sger) and
pore size distributions of REBaC0,0s,, (RE = Pr, Nd, and Gd)
samples were measured based on N, 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: Sggrpsco) > Sser(neco) >
SgET(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 confirm 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

Table 1 Crystal chemistry data and physicochemical properties of PBCO, NBCO, GBCO and GDC

Mean pore
Material Space group A (A) b (A) c (&) Lattice volume (A%) Sger (M* g™ 1) diameter (nm)
PBCO PA/mmm 3.90672 3.90672 7.65202 116.79 11.756 3.4
NBCO PA/mmm 3.89406 3.89406 7.60997 115.4 9.779 3.39
GBCO Pmmm 3.90899 3.87454 7.53093 114.06 7.098 3.41
GDC Fm3m 5.41673 5.41673 5.41673 158.93 — —
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This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra28005f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 14 March 2017. Downloaded on 12/4/2025 4:49:33 PM.

(cc)

Paper

View Article Online

RSC Advances

hydrﬁgen electrode

14.5pm

electrolyte

GDC layer dpm

oxygen electrode ' 18m

Fig. 2 SEM images of the various REBaC0,0s,; 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.

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~". Fig. 3(b) shows the
thermal expansion curves of PBCO, NBCO, and GBCO. The left

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 fitting the
thermal expansion curves with a quartic polynomial. The TECs
of PBCO, NBCO, and GBCO are much higher than that of GDC,
mainly because Co®" cations often present in the form of
high-spin states (HS, ty,ez) at high temperature; these states

RSC Adv., 2017, 7, 16332-16340 | 16335
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Fig.3 (a) TGA plots of the REBaC0,0s5, 5 (RE = Pr, Nd, and Gd) samples
recorded in the air with a heating/cooling rate of 10 °C min*. (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™™,

have larger ionic radii compared to low-spin (LS, t5.ep) or
intermediate-spin (IS, t3,eg) states.*®* 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 RE*" ion.

3.3 Electrical conductivity

The electrical conductivities of the REBaCo0,05,, materials were
measured using the four-probe DC method under air atmo-
sphere. The traditional oxygen electrode material LaggSrg.o-
MnOj;_; (LSM) was used as the reference material. Fig. 4 shows
the electrical conductivities of REBaC0,05,5; and LSM. It can be
seen that the conductivities of REBaCo0,0s.; 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
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Fig. 4 Arrhenius plots of In(eT) vs. 1000/T for REBaC0,0s, 4 (RE = Pr,
Nd, and Gd) and Lao_gsro_zMno_g,é (LSM) in air.

exposed to air atmosphere, the conductivities of REBaC0,0s.;
oxides decrease with increasing temperature. These results
suggest metallic behavior in the oxides, which agrees with
previous reports.** When the temperature reaches a certain
value, the conductivity of REBaCo,0s.,; 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(w) to Co(umr). 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.****** The
maximum electrical conductivities of PBCO, NBCO and GBCO
are 775, 361, and 328 S cm™ ' at 350 °C, respectively. When the
temperature reached 600 °C, the electrical conductivities of the
samples reaches 645 S cm™" (PBCO), 308 S cm ™' (NBCO) and
318 S em ™' (GBCO). The conductivity differences in reported
studies for PBCO, NBCO and GBCO are quite high.*”**~*° This is
mainly due to the different synthesis methods used to make the
powders. The highest reported conductivity values are 844 S
cm™! for PBCO,” 952 S cm ™! for NBCO and 512 S cm ™! for
GBCO™ at 600 °C. The lowest conductivity values are 161 S cm ™
for PBCO, 192 S cm ™ for NBCO and 105 S cm ™! for GBCO® at
600 °C. Throughout the IT range, the electrical conductivity
decreases with decreasing RE ionic radius: opgco > Onpco >
ogeco- We can explain this trend by ionic polarization; an RE**
with a positive charge typically has a stronger attraction to the
0% electron clouds and deforms them towards the RE*" ion,
thus improving the covalent interactions between RE*" and 0>~
We take PBCO and GBCO as examples. In these two mixed
oxides with the same double-perovskite crystal structure, Pr’*
and Gd*" have the same charges. In this situation, Gd** with
a smaller radius deforms the electron cloud of O®>~ 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.*®*

This journal is © The Royal Society of Chemistry 2017
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GBCO. In the GBCO system, the stronger polarization interaction
between Gd>* and 0%~ 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.

Therefore, more significant ionic polarization leads to poorer
electronic conductivity in these three oxides.

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 fitted by Z-view software, and the equivalent
circuit is shown in Fig. 6, wherein L, is the inductance. CPE;
and CPE, represent constant phase elements. The intercept of
the high-frequency impedance arc on the real axis is attributed
to the ohmic resistance (Ronm), 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 (R,) is related to the migration of the oxygen ions
from the three-phase boundary into the electrolyte, while the
polarization resistance at low frequency (R,) is related to
molecular oxygen diffusion, adsorption, and dissociation
processes. The total polarization resistance (R,) corresponds to
the sum of R; and R,. Table 2 shows the total polarization
resistance (R,) for PBCO, NBCO, and GBCO used as oxygen
electrodes. The total polarization resistance (R,) 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 R,
values of PBCO decrease from 1.83 Q cm? at 650 °C to 0.13 Q
ecm® at 800 °C, which agrees with the results of previous
reports.®>® Fig. 6 also shows that the charge transfer reaction is
the rate-limiting step in the OER for the REBaCo0,05.,; oxygen
electrode. Therefore, to improve the performances of IT-SOECs,

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Impedance spectra of the symmetric cells with PBCO, NBCO
and GBCO used as oxygen electrodes at different temperatures.

a lower polarization impedance oxygen electrode material is
necessary. According to our results, NBCO has the lowest
polarization resistance; the polarization resistance R, was only
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Table 2 The polarization resistance of PBCO, NBCO, and GBCO at
different temperatures

The total cathodic polarization resistance R, (Q cm?)

T (°C) 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

0.95 Q em? at 650 °C. When compared with the literature, large
differences in the area-specific polarization resistance (ASR)
values of PBCO, NBCO and GBCO can be found. For example,
the highest ASR values are 0.75 Q cm” for PBCO,* 1.18 Q cm” for
NBCO?¥ and 5.77 Q cm” for GBCO® at 700 °C. The lowest ASR
values are 0.02 Q cm? for PBCO,*® 0.04 Q cm? for NBCO* and
0.03 Q cm? for GBCO® 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 Nd** facilitates the migra-
tion of O*~ in the lattice. As an opposite extreme, the relatively
large Pr’* inhibits the relaxation of the lattice and retains a rigid
structure, which is unfavorable for the migration of O*".
According to this analysis, the ionic conductivity increases with
decreasing RE ionic radius: opgco < 0npco < 0Grco-

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 SrCo,gFey,Gag103_5 (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 Lay 55S1(.4C00 ,Fe( 303 (ref. 63) (for a voltage
of 1.02 V, the power density is 0.75 W cm™~> at 777-780 °C) at
even higher temperature. Fig. 7(d) shows the ASR values for
REBaCo,0s., (RE = 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
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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

REBaCo0,0s.5 (RE = 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™ ' (PBCO), 308 S cm ™' (NBCO) and 318 S
em ™' (GBCO) at 600 °C. The conductivities of REBaC0,05. s 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: gpgco > 0npco > 0grco- This
trend is related to the increasing concentration of oxygen
vacancies. In these oxides, NBCO has the lowest polarization
resistance. The polarization resistance R, of this material at
650 °C is 0.95 Q cm?, 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 1.2V,
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 0.857 W 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 x 10 cm operated in SOEC mode
will be evaluated.
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