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stable Er0.4Bi1.6O3 decorated
La0.76Sr0.19MnO3+d nanostructured oxygen
electrodes for reversible solid oxide cells†
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Bismuth based oxides have excellent ionic conductivity and fast oxygen surface kinetics and show

promising potential as highly active electrode materials in solid oxide cells (SOCs) such as solid oxide

fuel cells (SOFCs) and solid oxide electrolysis cells (SOECs). However, the low melting temperature and

high activity of bismuth based oxides severely limit their wide applications in SOCs. Herein, we

successfully synthesized a 40 wt% Er0.4Bi1.6O3 decorated La0.76Sr0.19MnO3+d (ESB–LSM) electrode via

a new gelation method and directly assembled it on a Ni–yttria-stabilized zirconia (Ni–YSZ) cermet

supported YSZ electrolyte cell without the conventional high temperature pre-sintering step. ESB

decoration substantially enhances the electrocatalytic activity of the LSM electrode for the oxygen

reduction/evolution reactions (ORR/OER). A YSZ electrolyte cell with the directly assembled ESB–LSM

electrode exhibits a peak power density of 1.62 W cm�2 at 750 �C, significantly higher than 0.48 and

0.88 W cm�2 obtained on cells with a directly assembled pristine LSM and LSM–YSZ composite

electrode, respectively. Most importantly the cells with the directly assembled ESB–LSM oxygen

electrodes show excellent stability in SOFC, SOEC and reversible SOC operating modes for over 200 h.

The present study demonstrates a significant advancement in the development of bismuth based oxide

decorated high performance and stable oxygen electrodes for reversible SOCs.
1. Introduction

Solid oxide cells (SOCs) are electrochemical devices which can
reversibly operate in solid oxide electrolysis cell (SOEC) mode to
store excess renewable energy from sources such as solar, wind
and hydropower in the form of fuels such as H2 and/or CO and
in solid oxide fuel cell (SOFC) mode to effectively generate
electricity on demand using the fuels produced.1–5 SOCs are
potentially critical technologies for efficient energy conversion
and storage applications. However, a major challenge in
developing a reliable and durable SOC system is the signicant
performance and structural degradation of oxygen electrodes in
particular the commonly used Sr doped LaMnO3+d (LSM) oxygen
ring, Fuzhou University, Fuzhou, Fujian

u.cn; Teng_Zhang@fzu.edu.cn; Fax: +86

artment of Chemical Engineering, Curtin

ail: S.Jiang@curtin.edu.au; Fax: +61 8

ity of Science and Technology, Harbin

nd Analysis, The University of Western

tion (ESI) available. See DOI:

hemistry 2017
electrodes in the SOEC mode.6–11 Recent reports have revealed
that tuning the materials or electrode structure can substan-
tially enhance the electrocatalytic activity and operational
stability of oxygen electrodes.12–19 One of the most effective
strategies is to add ion conducting oxides or catalysts such as
gadolinium-doped ceria (GDC), yttria-stabilized zirconia (YSZ)
and Pd to the LSM electrodes.16,17,20–22

Bismuth based oxides possess a very high ionic conductivity
with excellent surface exchange properties as compared with
other ion conducting materials such as YSZ and GDC and have
been applied as electrodes and electrolytes in SOFCs.23–25

Wachsman's group has demonstrated that the fabrication of
a bismuth oxide layer on the air side of the GDC electrolyte
blocked its electronic pathway and increased the open circuit
voltage, enhancing the electrocatalytic activity of the oxygen
electrode.26–28 Incorporation of bismuth oxide into LSM was
reported to remarkably improve the electrode activity for the
oxygen reduction reaction (ORR).28–31 Construction of a nano-
structured bismuth oxide–LSM composite electrode using a co-
synthesis or solution inltration approach enhances the elec-
trode surface area for the ORR,32–36 but little attention is paid to
the operational stability of the composite electrodes. However,
the application of bismuth based oxides is much less common
as compared to other oxygen ion conducting oxide materials
largely due to issues such as low melting temperature, high
J. Mater. Chem. A, 2017, 5, 12149–12157 | 12149

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ta02950k&domain=pdf&date_stamp=2017-06-15
http://orcid.org/0000-0002-7469-0812
http://orcid.org/0000-0002-9137-6438
http://orcid.org/0000-0002-7042-2976
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ta02950k
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA005024


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 5

/5
/2

02
6 

7:
41

:5
4 

PM
. 

 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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
reactivity, phase instability in reducing environments and drop
of ionic conductivity due to structural instability at a reduced
temperature.37–39 Bismuth oxides exhibit a room temperature
monoclinic a phase and transfer to a cubic d phase at 730 �C,40

and the melting temperature of undoped d-Bi2O3 is as low as
824 �C,23 which signicantly restricts the high temperature
sintering steps in SOFCs. In the conventional electrode fabri-
cation process of SOFCs, the sintering temperature is generally
in the range of 1000–1200 �C.41–43 Esposito et al. studied lead
ruthenate, Pb2Ru2O6.5, as a potential new cathode for the (Er2-
O3)0.2(Bi2O3)0.8 (ESB) based electrolyte and showed that sinter-
ing of the lead ruthenate electrode at a temperature of 850 �C
leads to the formation of new phases, resulting in the increase
of electrode polarization resistance.44 Bi2O3 can react with LSM
and form a solid solution at temperatures as low as 800 �C.45

Most recently, we discovered that perovskite oxide based
cathodes such as La0.8Sr0.2MnO3 (LSM) and (La, Sr) (Co, Fe)O3�d

(LSCF) can be directly assembled on YSZ electrolyte cells
without a doped ceria barrier layer and without pre-high
temperature sintering steps.46–50 Further studies showed that
the electrode/YSZ electrolyte interface can be formed in oper-
ando at 700–800 �C under the inuence of a polarization
current.48 This direct assembly and low temperature approach
opens an exciting and new opportunity for the direct applica-
tion of bismuth based oxides in SOCs. To incorporate bismuth
oxides such as Er0.4Bi1.6O3 (ESB) into LSM with high loading, we
developed a new synthesis method to decorate LSMwith ESB via
a gelation process. ESB decorated LSM shows a very ne and
stable nanostructure and high activity for O2 reduction and
evolution reactions. The results show that the nanostructured
ESB decorated LSM oxygen electrode exhibits excellent perfor-
mance and stability under SOFC, SOEC and reversible SOC
operating conditions.

2. Experimental section
2.1 Cell fabrication and synthesis of ESB decorated LSM

NiO–YSZ cermet anode support/anode functional layer (AFL)/
YSZ lm tri-layers were fabricated by slurry spin coating and
co-sintering at 1450 �C in air for 5 h. The diameter of the cells
was 14.5 mm. The thickness of the anode support, AFL layer and
YSZ lm was 0.8 mm, 13 mm and 14 mm, respectively. Detailed
fabrication processes were given elsewhere.51

La0.76Sr0.19MnO3+d (LSM) powder was synthesized using
a modied Pechini method. The starting chemicals were
La(NO3)3$6H2O (99.9%, Alfa Aesar), Sr(NO3)2 (99%, Sigma-
Aldrich), Mn(NO3)2 (50 wt% aqueous solution, Alfa Aesar), cit-
ric acid (99.5%, Chem Supply), ethylenediaminetetraacetic acid
(EDTA, 99%, Acros Organics) and ammonia solution (28%, Ajax
Finechem). The molar ratio of metal ions/citric acid/EDTA was
1 : 1.5 : 1. The resultant black LSM powder was calcined at
900 �C in air for 2 h. Er0.4Bi1.6O3 (ESB) decorated LSM powder
with 40 wt% ESB and 60 wt% LSM was synthesized by the
gelation process. In this process, an ESB aqueous precursor
solution consisting of Er(NiO3)3 (Er(NiO3)3$5H2O, 99.9%,
Sigma-Aldrich), Bi(NO3)3 (Bi(NO3)3$5H2O, 98%, Sigma-Aldrich),
citric acid, EDTA and ammonia solution was stirred on
12150 | J. Mater. Chem. A, 2017, 5, 12149–12157
a hotplate for 2 h. Subsequently the LSM powder was added to
the solution and stirred continuously until the occurrence of
gelation. The gel was thoroughly dried in an oven at 180 �C for
8 h and calcined at 600 �C in air for 2 h, forming ESB decorated
LSM powder. The ESB decorated LSM powder was denoted as
ESB–LSM. For the purpose of phase identication, the ESB
powder was also synthesized using a modied Pechini method
and sintered at 600 �C for 2 h. Er doping can stabilize the cubic
structure of d-Bi2O3 in a wider temperature region and it has
been reported that ESB remains cubic at temperatures as low as
500 �C.39 Therefore, in the testing temperature range of 500–
750 �C, ESB would adopt the cubic structure without under-
going structural and volume changes. The addition of Er will
also increase the melting temperature of Bi2O3 up to 1100 �C,39

thus reducing the volatility of bismuth.
The as-prepared ESB–LSM powder was thoroughly blended

with an ink vehicle (Fuel Cell Materials) at a weight ratio of 7 : 3
in a mortar. The ink was screen-printed on the YSZ electrolyte
surface of the Ni–YSZ anode supported cell and dried at 100 �C
for 2 h to form the directly assembled oxygen electrode without
further pre-sintering at high temperatures. The direct assembly
bypasses the high temperature sintering steps and avoids the
melting issues associated with the use of bismuth oxides. Fig. 1
shows the schematic of synthesis and direct assembly of the ESB–
LSM oxygen electrode on a barrier-layer-free YSZ electrolyte cell.

The geometric area of the oxygen electrode was 0.25 cm2 with
a thickness of 30–40 mm. Pt ink (Gwent Electronic Materials Ltd)
was painted on the electrodes as the current collector and heat-
treated at 150 �C for 2 h. Similarly, LSM and LSM–YSZ with
a weight ratio of 6 : 4 composite oxygen electrodes were also
directly assembled on a YSZ electrolyte cell and tested under
identical conditions.

2.2 Electrochemical tests

For testing in fuel cell mode, hydrogen at a ow rate of 50 ml
min�1 was supplied to the hydrogen electrode, while H2O + H2

or CO2 + H2 at a total ow rate of 50 ml min�1 was used for
testing in electrolysis or reversible mode. The oxygen electrode
was exposed to static surrounding air. The Ni–YSZ hydrogen
electrode was reduced in hydrogen at 750 �C for 1 h prior to the
performance evaluation. Electrochemical polarization and
impedance curves were measured in a temperature range of
500–750 �C, using a Gamry Reference 3000 Potentiostat. The
impedance spectra were obtained in a frequency range of 100
kHz to 0.1 Hz with a signal amplitude of 10 mV at open circuit.
The cell ohmic resistance, RU, was obtained from the high
frequency intercept of impedance spectra and the electrode
polarization resistance, Rp, was obtained from the difference
between the low and high frequency intercepts. To evaluate the
cell stability, the cell voltage was recorded in fuel cell, electrol-
ysis or reversible mode at a constant current of 500 mA cm�2 at
750 �C or 650 �C.

2.3 Characterization

The phases of the as-synthesized powders were identied by X-
ray diffraction (XRD) using a Bruker D8 Advance X-ray
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic of the (a) synthesis of nanostructured ESB decorated LSM (ESB–LSM) powder via the gelation process and (b) direct assembly of
the ESB–LSM electrode on a Ni–YSZ anode-supported YSZ electrolyte cell.
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diffractometer with a Cu Ka X-ray source. The powders were also
dispersed in isopropanol using ultrasound treatment, loaded
on copper grids and characterized with a Zeiss Neon 40EsB
scanning electron microscope (SEM) and a high angle annular
dark eld scanning transmission electron microscope (HAADF-
STEM, FEI Titan G2 80-200 TEM/STEM with ChemiSTEM
Technology) at 200 kV. To investigate the electrode/electrolyte
interface, a lamella was prepared on the ESB–LSM/YSZ cross-
section region using an FEI Helios Nanolab G3 CX DualBeam
focused ion beam (FIB)-SEM. Microstructural observation and
elemental mapping analysis of the lamella were performed
using the aforementioned HAADF-STEM. The microstructure of
the cells was also examined by SEM. In some cases, the oxygen
electrodes were removed from the YSZ surface by acid treatment
in 32% HCl solution at room temperature for 24 h.
Fig. 2 (a) XRD patterns of ESB, LSM and ESB–LSM powders. SEM micro
surface of a directly assembled ESB–LSM electrode and (f) cross-section
directly assembled ESB–LSM electrode.

This journal is © The Royal Society of Chemistry 2017
3. Results and discussion
3.1 Microstructure and phase of the ESB–LSM cathode

Fig. 2 shows the XRD patterns and SEM micrographs of the as-
prepared powders and cross-section of cells with the directly
assembled ESB–LSM oxygen electrode. The XRD patterns of ESB
powders were consistent with those of cubic ESB (Fig. 2a).39 For
the ESB–LSM composite powder, the diffraction peaks can be
assigned to the ESB and LSM phases and there are no additional
peaks (Fig. 2a). This indicates the formation of the ESB phase at
600 �C and no chemical reactions occurred during the synthesis
and calcination of the composite powder, which is advanta-
geous and avoids the formation of impurity phases as in the
case of the co-synthesis process.33,45 ESB and LSM in the
composite powder remained chemically compatible even aer
heat-treatment at 750 �C for 110 h (Fig. S1, ESI†).
graphs of the as-prepared (b) ESB, (c) LSM, (d) ESB–LSM powders, (e)
of a Ni–YSZ hydrogen electrode supported YSZ electrolyte cell with the

J. Mater. Chem. A, 2017, 5, 12149–12157 | 12151
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Fig. 3 STEM-EDS elemental mapping of ESB–LSM powder. The scale bar is 10 nm.
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The ESB powder showed irregular shapes with an average
particle size of 449 � 182 nm (Fig. 2b). LSM powder has
a smooth surface and the average particle size was 198 � 54 nm
(Fig. 2c). In the case of ESB–LSM, the powder is characterized by
a very ne and highly porous structure and the particle size of
the ESB–LSM composite is much smaller as compared to the
separately prepared ESB and LSM powders (Fig. 2d). This indi-
cates that the decoration process via gelation inhibits the
agglomeration and growth of both ESB and LSM particles. The
directly assembled ESB–LSM electrode showed a ne and
porous structure despite the high ESB loading of 40 wt%
(Fig. 2e), which is also different from that of the directly
assembled ESB/LSM electrode prepared by direct mixing
(Fig. S2, ESI†). The decoration approach avoids multiple
inltration/heat-treatment processes and therefore is much
faster and more effective as compared to the conventional wet
inltration processes.35,36,52 The ESB–LSM electrode maintained
ne and nanostructure characteristics even aer heat-treatment
at 750 �C in air for 110 h (Fig. S3, ESI†), indicating that the
decorated structure has an excellent ability to resist thermal
ripening. The oxygen electrode adhered well to the YSZ elec-
trolyte lm aer the electrochemical and stability tests (Fig. 2f).

The elemental distribution of ESB–LSM powder was studied
by EDS elemental mapping, as shown in Fig. 3. Bismuth oxide
was uniformly deposited on the surface of LSM particles but
also occupied the voids between LSM particles. The coverage of
LSM by decorated ESB would inhibit the grain growth of LSM,
consistent with the SEM observations. Therefore, the ne ESB
layer decorated LSM structure would produce a large amount of
ESB/LSM interfaces for the oxygen reduction/oxidation reac-
tions (ORR/OER). In addition, the incorporation of ESB with
high ionic conductivity would also form an ion-conducting
network, extending the reaction site from the electrode/
electrolyte interface to the bulk of the electrode.

3.2 Performance and stability of directly assembled ESB–
LSM cathodes

Fig. 4 shows the performance and stability of Ni–YSZ cermet-
supported YSZ electrolyte cells with directly assembled ESB–
LSM, pristine LSM and LSM–YSZ composite oxygen electrodes.
The initial peak power density (PPD) of the cell with a ESB–LSM
electrode was 1.55 W cm�2 and increased slightly to 1.62 W
cm�2 aer polarization at 500 mA cm�2 and 750 �C for 20 h
12152 | J. Mater. Chem. A, 2017, 5, 12149–12157
(Fig. 4a). The change of the cell performance with the polari-
zation is very small and the cell voltage is very stable under
a constant current of 500 mA cm�2 at 750 �C for 20 h and 650 �C
for 70 h (Fig. 4b). This is in good agreement with the observa-
tion that the cell impedance spectra were almost unchanged
aer the stability test (Fig. S4, ESI†). The high power output and
insensitivity of the performance with the polarization current
passage may indicate the instantaneous formation of an inti-
mate electrode/electrolyte interface in the case of the directly
assembled ESB–LSM oxygen electrode.

In the case of the directly assembled pristine LSM electrode,
the cell performance was enhanced by the polarization (see
Fig. 4d). The initial PPD was 0.27 W cm�2 and increased to
0.48 W cm�2 aer polarization at 500 mA cm�2 and 750 �C for
20 h (Fig. 4d). The cell voltage at 500 mA cm�2 increased rapidly
from 0.59 V to 0.78 V aer polarization for 1 h and was almost
stable with the further polarization (Fig. 4e). The polarization
and stability behavior of the cell with the LSM–YSZ composite
oxygen electrode is very similar to that of the LSM electrode
(Fig. 4g and h). The initial PPD was 0.17 W cm�2 and increased
signicantly to 0.42 and 0.88 W cm�2 aer polarization at 500
mA cm�2 and 750 �C for 4 and 60 h, respectively (Fig. 4g). The
increase in performance corresponds to the decrease in cell RU

from 0.63 U cm2 to 0.10 U cm2 and cell Rp from 1.67 U cm2 to
0.67 U cm2 aer polarization for 60 h (Fig. 4i). The signicant
increase of the PPD and cell voltage in the case of pristine LSM
and LSM–YSZ composite electrodes is due to the promoting
effect of polarization current on the in situ formation of the
electrode/electrolyte interface.48

Aer the polarization at 750 �C for 20 h, the polarization
curves with the pristine LSM and ESB–LSM electrodes were
obtained at different temperatures. In the case of the ESB–LSM
electrode, the PPDs are 1.62, 1.12, 0.71, 0.40 and 0.20 W cm�2 at
750, 700, 650, 600 and 550 �C, respectively (Fig. 4c), signicantly
higher than 0.48, 0.32, 0.17, 0.09 and 0.04 W cm�2 of the cell
with the pristine LSM electrode (Fig. 4f). The PPD with the ESB–
LSM electrode is also signicantly higher than 0.88 W cm�2 of
the cell with the directly assembled LSM–YSZ composite elec-
trode at 750 �C. The PPD versus the reciprocal temperature gave
an activation energy of 74� 3 kJ mol�1 for the cell with the ESB–
LSM electrode, lower than 83 � 3 kJ mol�1 for the cell with the
pristine LSM electrode (Fig. S5, ESI†). As the YSZ electrolyte and
Ni–YSZ anode are the same in both cells, the reduction in the
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Polarization and stability performance of cells with directly assembled (a–c) ESB–LSM, (d–f) pristine LSM and (g–i) LSM–YSZ composite
electrodes as a function of polarization time at a constant current of 500mA cm�2 and 750 �C: (a, d and g) polarization curves, (b, e and h) stability
curves, and (c and f) polarization curves as a function of temperature after the cells were polarized for 20 h. Impedance curves of the cell with
LSM–YSZ composite electrodes measured at open circuit before and after polarization at 500 mA cm�2 and 750 �C for 60 h.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 5

/5
/2

02
6 

7:
41

:5
4 

PM
. 

 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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
cell power density activation energy would be mainly contrib-
uted by the cathode. This demonstrates the effectiveness of ESB
decoration in enhancing the electrocatalytic activity of the ORR
and lowering the activation energy on the LSM electrode.

The cell was also investigated in both fuel cell and electrol-
ysis modes in H2–H2O and H2–CO2 atmospheres and the results
are shown in Fig. 5. The fuel cell performance decreases with
the increase in the concentration of H2O and in particular CO2,
while the electrolysis performance is enhanced with increasing
the concentration of CO2 and in particular H2O, consistent with
previous studies.53 This implies the type of reactant and its
concentration have a dramatic effect on the cell performance.
Under 50% H2O/50% H2 and 50% CO2/50% H2, the cell voltage
was 1.05 and 1.10 V at a current density of 0.5 A cm�2, respec-
tively, and increased to 1.31 and 1.61 V at a current density of
1.5 A cm�2, respectively. This implies that at low current
densities the electrolysis performance in H2O and CO2 is
similar, but at high current densities the electrolysis perfor-
mance in H2O is much better than that in CO2. The higher
performance of H2O electrolysis than that of CO2 electrolysis is
This journal is © The Royal Society of Chemistry 2017
due to the fast adsorption and dissociation processes and high
diffusion coefficient of steam.54,55

Fig. 6a shows the operational stability of a cell with the ESB–
LSM electrode in CO2 electrolysis mode in CO2/H2. The cell
voltage was very stable at �1.1 V during the continuous elec-
trolysis at 500 mA cm�2 and 750 �C for 100 h, very different from
the substantial decay of conventional pre-sintered LSM elec-
trodes and LSM–YSZ composite electrodes.56–61 The excellent
stability is supported by the cell impedance responses (Fig. 6c).
Cell RU and Rp were 0.12 and 0.11 U cm2, respectively, aer
electrolysis at 500 mA cm�2 and 750 �C in H2/CO2 for 100 h,
almost the same as the initial 0.11 and 0.12 U cm2, respectively,
before electrolysis. This indicates the very stable electrode/
electrolyte interface of the directly assembled ESB–LSM/YSZ
cells in electrolysis mode. This is in contrast to the signicant
loss of electrolysis performance due to chemical and structural
instability such as Sr surface segregation and its transport
across the porous GDC layer to form resistive SrZrO3 on the YSZ
surface in the case of the LSCF electrode62–65 as well as delam-
ination of the La0.6Sr0.4CoO3�d–GDC electrode and the
J. Mater. Chem. A, 2017, 5, 12149–12157 | 12153
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Fig. 5 Polarization curves of the cell with a directly assembled ESB–LSM oxygen electrode in fuel cell and electrolysis modes at 750 �C: (a) as
a function of H2O concentration in H2O/H2 and (b) as a function of CO2 concentration in CO2/H2.

Fig. 6 Stability curves of cells with directly assembled ESB–LSM electrodes at 500 mA cm�2 and 750 �C (a) in electrolysis mode and (b) in
reversible mode. Cell impedance curves measured before and after polarization at 500 mA cm�2 and 750 �C for 100 h in electrolysis mode are
given in (c). The hydrogen electrode was supplied with 25 ml min�1 H2 + 25 ml min�1 CO2.
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Ba0.5Sr0.5Co0.8Fe0.2O3�d electrode.66–68 The operational stability
is also signicantly better than that of the cell with a directly
assembled LSM–YSZ composite electrode under identical elec-
trolysis conditions (Fig. S6, ESI†). In the case of the cell with
a LSM–YSZ composite oxygen electrode, the initial cell voltage
was 1.34 V and increased rapidly to 1.62 V aer electrolysis at
500 mA cm�2 and 750 �C for 60 h in CO2/H2. The cell was also
investigated in reversible cycling of 4 h in fuel cell mode and 4 h
in electrolysis mode (Fig. 6b). No performance degradation was
observed and excellent stability was obtained during the oper-
ation at 500 mA cm�2 and 750 �C for �10 cycles.
3.3 ESB–LSM/YSZ interface

Fig. 7 shows the YSZ surface in contact with the ESB–LSM
electrode aer the electrochemical stability test. The electrode
12154 | J. Mater. Chem. A, 2017, 5, 12149–12157
was peeled off using an adhesive tape. There are a large number
of plate-like at particles adhered on the YSZ surface (indicated
by the arrows, Fig. 7a). This plate-like structure appears to be
different from the grain-shaped porous structure of the elec-
trode (Fig. 7b), indicating that the formation of such a plate-like
particle layer mainly occurs in the electrode/electrolyte interfa-
cial region. The YSZ electrolyte surface aer the HCl treatment
is very clean and shows no contact marks as in the case of the
directly assembled pristine LSM electrode (Fig. 7c).48 This
indicates that the plate-like particles/agglomerates can be
completely removed from the YSZ electrolyte by HCl acid
treatment. The clean YSZ electrolyte surface aer the removal of
the ESB–LSM electrode also indicates that ESB–LSM would not
react with YSZ at 750 �C under the conditions of this study
because once the lanthanum or strontium zirconate phase is
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 SEMmicrographs of the (a) YSZ electrolyte surface, (b) electrode inner surface close to YSZ and (c) YSZ surface after removal of the ESB–
LSM electrode by acid treatment. The cell with the ESB–LSM electrodewas polarized at 750 �C and 650 �C in fuel cell mode for 90 h. In (a) and (b),
the ESB–LSM electrode was removed using an adhesive tape approach.
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formed on YSZ, they cannot be removed by simple HCl
treatment.69,70

To identify the composition of the thin layer on the YSZ
electrolyte, a lamella was prepared using FIB-SEM and the
STEM-EDS maps are shown in Fig. 8 (see Fig. S7, ESI†). The
Fig. 8 HAADFmicrograph and EDSmapping of a plate-like flat particle at
electrode was removed using an adhesive tape approach.

This journal is © The Royal Society of Chemistry 2017
plate-like at particle had a thickness of 290 � 80 nm. The
elemental maps indicate that the at particle consisted of
elements of both LSM and ESB. Considering the gelation
process of pre-formed LSM particles with ESB gel, it is most
likely that LSM particles are encapsulated by the ESB network.
the electrode/electrolyte interface after the stability test. The ESB–LSM
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This morphology is consistent with the ESB–LSM structure of
the as-prepared powder (see Fig. 3). The plate-like at particles
at the electrode/electrolyte interface act as a bridge to rmly
adhere the ESB–LSM electrode to the YSZ electrolyte, forming
an intimate contact/interface between the ESB–LSM electrode
and the YSZ electrolyte. The presence of the highly ion con-
ducting ESB network at the interface not only facilitates rapid
ion migration at the electrode/electrolyte interface but also
enhances the electrocatalytic activity of the oxygen electrodes.28

Lee et al. studied the performance of the co-synthesized ESB/
LSM composite electrode and observed the presence of a 50 nm
ESB layer between the YSZ electrolyte and the pre-sintered ESB/
LSM composite electrode most likely due to the high wettability
and great mobility of ESB on the YSZ electrolyte as a result of its
low melting temperature.32 The high wettability of bismuth
oxide on YSZ is also supported by the reported uniform distri-
bution of bismuth oxide along the grain boundary of YSZ pellets
when using bismuth oxide as a wetting or sintering agent.71,72 In
the present study, the formation of the thin bismuth oxide/LSM
layer at the interface implies that the low melting temperature
and good wettability of ESB are benecial and facilitate the
formation of an intimate contact at the electrode/electrolyte
interface of the directly assembled ESB–LSM electrodes. The
instantaneously formed electrode/electrolyte interface appears
to be supported by the excellent power output and much less
sensitivity of the polarization performance under the inuence
of polarization current, in comparison with directly assembled
LSM and LSM–YSZ composite electrodes on YSZ electrolyte
cells.46,48
4. Conclusions

ESB–LSM nanostructured powder has been successfully
prepared by a simple and effective gelation approach and
applied to a Ni–YSZ electrode supported YSZ electrolyte cell
via a direct assembly approach bypassing the conventional
high temperature pre-sintering process. The cell with the
ESB–LSM oxygen electrode exhibits peak power densities of
1.62, 1.12, 0.71, 0.40 and 0.20 W cm�2 at 750, 700, 650, 600
and 550 �C, respectively, substantially higher than 0.48, 0.32,
0.17, 0.09 and 0.04 W cm�2 obtained on the cell with the
pristine LSM electrode. The cell also shows remarkable
durability at 500 mA cm�2 and 750 �C in fuel cell, electrolysis
and reversible SOC modes for over 200 h. The high electrode
activity and stability are most likely due to the highly active
ESB–LSM oxygen electrode for the ORR/OER as well as the
instantaneously formed ESB–LSM electrode/YSZ electrolyte
interface for the rapid oxygen ion migration at the interface.
The high wettability and soening properties of the ESB
phase could be responsible for the excellent activity and
stability of the instantaneously formed interface though the
underlying mechanism requires further investigation. The
present study demonstrates the feasibility and excellent
opportunities for the development of bismuth oxide based
oxygen electrodes for highly active and durable SOCs for
efficient energy storage and conversion.
12156 | J. Mater. Chem. A, 2017, 5, 12149–12157
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