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The ionic conductivity of the interlayer in the intermediate temperature solid oxide electrolysis cell (IT-

SOECQC) affects the polarization resistance of the oxygen electrode. Improving the ionic conductivity of

the interlayer can improve the performance of the oxygen electrode. In this work, the ionic conductivity

of a samarium-doped ceria (SDC) interlayer is improved by doping the transition metal oxide Fe,Os. The

experimental results show that the oxygen electrode polarization resistance of the symmetrical cell
based on the SDC-Fe,Os interlayer is 0.09 Q@ cm™2 at 800 °C and under the open circuit voltage, which

is obviously lower than that of the symmetrical cell based on an SDC interlayer (0.22 Q cm

~2). Besides,

the electrolysis current of the SOEC based on the SDC-Fe,Os interlayer is 0.5 A cm~2 at 800 °C and
1.5V, which is higher than that of the SOEC based on the SDC interlayer (0.3 A cm™2). The above results
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show that improving the ionic conductivity of the SDC interlayer in the SOEC by doping Fe,Os can

reduce the polarization resistance of the oxygen electrode and enhance the performance of the SOEC.

DOI: 10.1039/d1ra04361g

rsc.li/rsc-advances SOEC.

1. Introduction

Due to the depletion of traditional fossil energy and the serious
environmental pollution caused by the use of traditional fossil
energy, human beings attach great importance to the develop-
ment of green and efficient energy. Hydrogen energy has the
advantages of being green, environmentally protective and
highly efficient, and is expected to become the mainstream
energy for the development of human society in the future.>”
Therefore, countries all over the world devote great efforts to the
development of advanced hydrogen production technology.
The solid oxide electrolysis cell (SOEC) is considered as an
excellent and ideal hydrogen production technology because of
its solid-state structure, no pollutant emission and high elec-
trode reactivity.**> Currently, yttria-stabilized zirconia (YSZ)
with low electron conductivity is the dominant electrolyte
material for the intermediate temperature SOEC (IT-SOEC). In
the process of preparation and operation of IT-SOECs, the Sr
element in Sr-containing oxygen electrode materials (e.g,
Ba, ,Sr,CoyFe; ;03 5,  La; ,Sr,FeO; ;  La; ,Sr,Co0;
La;_,Sr,Co;_,Fe,05_, etc.) is easy to diffuse and react with the
Zr element in YSZ electrolyte to form the SrZrO; insulating
phase. This hinders the transportation of oxygen ions from the
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Thus, this work provides an effective way for improving the performance of the SDC interlayer in the IT-

electrolyte to the oxygen electrode, and thereby increases the
polarization resistance of the oxygen electrode and affects the
electrolytic performance of the IT-SOEC. To prevent the solid-
state reactions, a doped ceria interlayer is added between the
YSZ electrolyte and Sr-containing oxygen electrode to inhibit Sr
diffusion and avoid the generation of the SrZrO; insulating
phase, so as to improve the performance of the oxygen elec-
trode.”*™ A lot of work has been done to improve the interlayer
performance of IT-SOECs. For example, Kazuki Shimura et al.
prepared a dense samarium-doped ceria (SDC) interlayer with
uniform thickness by optimizing the preparation process,
which made the oxygen ions be uniformly transported to the
oxygen electrode, expanded the effective reaction area and
improved the performance of the SOEC." Sun Jae Kim et al.
studied the effect of the density of a Gd-doped ceria (GDC)
interlayer on the polarization resistance stability of the oxygen
electrode. Three kinds of GDC interlayers were prepared by
sputtering and firing at 1300 °C for 5 h, sputtering and firing at
1100 °C for 2 h, and screen printing and firing at 1300 °C for 5 h,
respectively. The oxygen electrode polarization resistance of
a SOEC based on a GDC interlayer deposited by sputtering and
annealed at 1300 °C was the most stable because the GDC
interlayer was compact and had no pinholes, which was bene-
ficial to hinder the diffusion of the Sr element.** Hyun Jong Choi
et al. reported that the transition metal oxide CuO additive was
used to reduce the sintering temperature of the GDC interlayer,
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and realize co-sintering of the GDC interlayer with the LSCF air
electrode."” By reducing the sintering temperature of the GDC
interlayer, the solid-state reaction between the interlayer and
YSZ electrolyte can be prevented. Solid state reaction would
occur between the YSZ electrolyte and the GDC interlayer during
high-temperature sintering. It forms a solid solution with lower
conductivity as compared to that of GDC or YSZ. This is not
conducive to the transport of oxygen ions. So too high a sinter-
ing temperature of the interlayer should be avoided. By adding
CuO in the GDC interlayer, the sintering temperature of the
interlayer is reduced, so as to prevent the solid-state reaction
between the interlayer and YSZ electrolyte.***® In addition, co-
sintering can reduce the cost of the manufacturing process by
reducing the necessary heat-treatment temperature, which is
conducive to the commercialization of SOECs. It can be seen
that improving the interlayer performance can enhance the
performance of the oxygen electrode and the SOEC.

Since the interlayer can not only inhibit the diffusion of Sr
but also act as a bridge to transport oxygen ions from the
electrolyte to the oxygen electrode, the interlayer performance
can be improved by increasing its density and oxygen ion
conduction. It is reported that the transition metal oxide Fe,O3
can play the role of a sintering aid and grain boundary cleaning
agent for the doped ceria electrolyte,>*>* so doping Fe,O; can
improve the density and oxygen ion conduction of the doped
ceria interlayer. Based on this, this work will study the effect of
the transition metal oxide Fe,O; on the performance of
a samarium-doped ceria (SDC) interlayer of IT-SOECs. Gener-
ally, the sintering temperature of the SDC interlayer of IT-SOECs
is 1250 °C,>**?¢ and a higher sintering temperature will lead to
the solid state reaction between the SDC interlayer and YSZ
electrolyte. Besides, the optimum content of Fe,O; in the SDC-
Fe,O; electrolyte is 0.25 mol%.>*** So the effect of 0.25 mol%
Fe,0; additive on the properties of the SDC interlayer sintered
at 1250 °C will be studied in this work.

2. Experimental
2.1 Preparation of the samples

Both SDC and SDC-Fe,0; electrolyte materials were prepared by
glycine-nitrate method.”® YSZ ((Y203)0.0s(Zr0O5)0.02) electrolyte
material was purchased from the Ningbo SOFCMAN Energy
Technology Co., Ltd. (Lay 6S¢.4)0.95C00.2F€0.605_s (LSCF) oxygen
electrode material was purchased from the Nexceris, LLC,
Fuelcellmaterials, Lewis Center, OH, USA. NiO hydrogen elec-
trode material was prepared by glycine-nitrate method. SDC and
SDC-Fe,0; electrolyte sheets were prepared by pressing SDC
and SDC-Fe,0O; powders into green sheets with a diameter of
16 mm at 10 MPa, and sintering at 1250 °C for 4 h. YSZ elec-
trolyte sheets were made by pressing YSZ powder into green
sheets with diameter of 16 mm at 10 MPa and sintering at
1400 °C for 4 h. NiO-YSZ support was prepared by pressing NiO
powder, YSZ powder and starch with a mass ratio of 5 : 5 : 2 into
green sheets with diameter of 16 mm at 1 MPa and sintering at
1000 °C for 4 h. LSCF-SDC/SDC/YSZ/SDC/LSCF-SDC or LSCF-
SDC/SDC-Fe,03/YSZ/SDC-Fe,03/LSCF-SDC structured symmet-
rical cell was obtained by painting SDC or SDC-Fe,O; interlayer
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on both sides of YSZ electrolyte by screen printing and sintering
at 1250 °C for 4 h, and then LSCF-SDC oxygen electrode
material (the mass ratio of LSCF to SDC was 7 : 3) was coated on
the interlayers by screen printing and sintering at 1000 °C for
4 h. NiO-YSZ/YSZ/SDC/LSCF-SDC or NiO-YSZ/YSZ/SDC-Fe,O3/
LSCF-SDC structured SOEC was prepared as follows: YSZ elec-
trolyte layer was coated on NiO-YSZ support by screen printing
and sintered at 1400 °C for 4 h. Then SDC or SDC-Fe,0; interlayer
was coated on YSZ electrolyte layer by screen printing and sintered
at 1250 °C for 4 h. Next, LSCF-SDC oxygen electrode material was
screen printed on the surface of the interlayer and sintered at
1000 °C for 4 h. Silver paste was used to seal the SOEC, and silver
paste was used as the collector of oxygen electrode and hydrogen
electrode, and silver wire was used as the conductor of the SOEC.
Note that the effective oxygen electrode area of the above
symmetric cells and SOECs was 0.4 x 0.4 cm®,

2.2 Measurement of the samples

The crystal structure of SDC and SDC-Fe,O; powder samples
was characterized by a Japan Rigaku-D-Max Ra X-ray diffrac-
tometer (XRD). The surface morphologies of SDC and SDC-
Fe,0; electrolyte sheets, the surface and cross section
morphologies of SDC and SDC-Fe,O; interlayer were charac-
terized by scanning electron microscope (SEM, FEI Quanta 250
FEG). The electrochemical impedance spectra of electrolyte
sheets, symmetrical cells, and SOECs were characterized by an
electrochemical workstation (CHI 760E, Shanghai Chenhua
Instrument Corporation, China) with the frequency range of
0.1 Hz to 1 MHz and a signal amplitude of 50 mV. The current
density-voltage characteristic curve of the SOEC was measured

by a linear voltage sweep at a scanning rate of 9 mV s~ .

3. Results and discussion

Fig. 1(a) shows the XRD patterns of SDC and SDC-Fe,O; powder
samples calcined at 1250 °C for 4 h. It can be seen that both
samples have a cubic fluorite phase of CeO,. No secondary
phases (Fe,O; or Fe-related impurities) are found in the XRD
spectrum of SDC-Fe,O;. To study the effect of Fe,O; on SDC
lattice structure, the Rietveld refinement is performed on SDC
and SDC-Fe,0; samples. The results of the Rietveld refinement
for SDC and SDC-Fe, 03 samples are shown in the Fig. 1(b) and
(c), respectively. The lattice constant of SDC and SDC-Fe,O3
samples is 0.5442 nm and 0.5435 nm, respectively. It can be
noted that the lattice constant of SDC-Fe,O; is slightly lower
than that of SDC. This decrease may be due to the substitution
of Ce*" ions (r = 0.097 nm) by smaller Fe*" ions (r = 0.078 nm)
in the cubic lattice of CeO, structure.?®

Scanning electron micrograph (SEM) of SDC and SDC-Fe,O3
electrolyte sheets sintered at 1250 °C for 4 h is shown in the
Fig. 2(a) and (b), respectively. It can be found that the SDC-
Fe,0; electrolyte sheet is more dense, while the SDC electrolyte
sheet has many pores. To study the density of the two electro-
Iytes, the density of the two electrolytes is measured by Archi-
medes' method. The relative density of the two electrolyte
sheets is 90% and 97% respectively, which indicates that the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD patterns of SDC and SDC-Fe,Os powder samples
calcined at 1250 °C for 4 h. XRD Rietveld refinement result of SDC
sample (b) and SDC-Fe, O3 sample (c). Where, the value of R,,, for SDC
and SDC-Fe,Oz samples is 7.3% and 5.2%, respectively.

dense SDC electrolyte sheets can be obtained by doping Fe,O;.
It also illustrates that the compactness of SDC interlayer of
SOEC sintered at 1250 °C for 4 h can be enhanced by doping
Fe,0;.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Scanning electron micrograph (SEM) of SDC (a) and SDC-Fe,Osx
(b) electrolyte sheets sintered at 1250 °C for 4 h.

The temperature dependences of the grain interior conduc-
tivity, the grain boundary conductivity and total conductivity of
SDC and SDC-Fe,O; electrolyte sheets are shown in Fig. 3. From
the Fig. 3(a), it can be noted that the grain interior conductivity
of the SDC-Fe,0; electrolyte sheet is similar with that of the SDC
electrolyte sheet at 300-500 °C, which suggests that adding
Fe,0; has little impact on grain interior conductivity of SDC.
This means that little Fe element is incorporated within the
bulk structure of SDC, which is consistent with the XRD results.
From the Fig. 3(b), it can be found that the grain boundary
conductivity of SDC-Fe,O; electrolyte sheet is obviously higher
than that of SDC electrolyte sheet. It suggests that adding Fe,0;
can significantly enhance the SDC grain boundary conductivity.
The possible reason is that Fe,O; plays a role in reducing SDC
grain boundary blocking effect caused by the siliceous layers
and space charge effects, thus improving the oxygen ion
conduction of SDC grain boundary.?*** From the Fig. 3(c), it can
be seen that the total conductivity of SDC-Fe,O; is higher than
that of SDC. It indicates that the total conduction of SDC is
dominated by grain boundary conduction. Therefore, it can be
concluded that the oxygen ion conduction of SDC interlayer can
be improved by doping Fe,O;.

Fig. 4(a) and (b) are the SEMs of SDC and SDC-Fe,O; inter-
layer, respectively. It can be seen that both SDC and SDC-Fe,0;
interlayers are relatively dense, which can block Sr diffusion,
and provide more transport channels for oxygen ions from YSZ
to the oxygen electrode.” Fig. 4(c) and (d) are the cross-section
SEMs of LSCF-SDC/SDC/YSZ and LSCF-SDC/SDC-Fe,05/YSZ
structures, respectively. It can be found that the interlayers are
closely combined with the YSZ layers and the oxygen electrode
layers. It ensures the stability of the SOEC structure.

Fig. 5(a) shows the AC impedance spectra of symmetrical
cells based on SDC and SDC-Fe,O; interlayer at 800 °C and
under the open circuit voltage (OCV). To directly compare the
polarization impedance of the two symmetrical cells, the ohmic
impedance is subtracted from the impedance spectra. It can be
seen that the oxygen electrode polarization resistance (R,) of the
symmetrical cell based on SDC-Fe,0; interlayer is obviously
lower than that of the symmetrical cell based on SDC interlayer.
This is because doping Fe,O; in SDC improves its oxygen ion
conduction. Oxygen ions migrated from the YSZ electrolyte can
move faster to the oxygen electrode to participate in the elec-
trochemical reaction, and thereby reduces the polarization
resistance of the oxygen electrode. This means that the polari-
zation resistance of the SOEC oxygen electrode can be reduced

RSC Adv, 2021, 11, 30911-30917 | 30913
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Fig. 3 The temperature dependences of the grain interior conduc-
tivity (a), the grain boundary conductivity (b) and the total conductivity
(c) of SDC and SDC-Fe,Os3 electrolyte sheets.
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Fig. 4 Interlayer surface morphologies of (a) SDC and (b) SDC-Fe,Os3,
and cross-sectional morphologies of (c) LSCF-SDC/SDC/YSZ and (d)
LSCF-SDC/SDC-Fe,O3/YSZ structures.

by improving the ionic conductivity of the interlayer. Equivalent
circuit of R,(Ry/CPEy)(R./CPE,) is carried out to fit the spectra,
where R, is the ohmic resistance, CPE is the constant phase
element, the subscripts H and L correspond to the high and low-
frequency arc respectively, and R, = Ry + Ry. The fitting values
of Ry, Ry, and R, of the symmetrical cells are listed in Table 1.
The R, value of the LSCF oxygen electrode in our case is 0.09 Q
cm?. Zehua Pan et al. reported the high performance LSCF
oxygen electrode with the R, of 0.042 Q cm?* Bo Wei et al. re-
ported the remarkable performance LSCF oxygen electrode with
the R, of 0.06 Q cm®?* Evidently, the performance of the LSCF
oxygen electrode in our case can be comparable to that of the
reported LSCF oxygen electrode with remarkable performance.

Stability is an important parameter to evaluate the SOEC
performance. The stability of the symmetrical cells based on
SDC and SDC-Fe,0j; interlayer at 800 °C is shown in Fig. 5(b), in
which the test time is 30 h and the anodic current is 0.8 A cm™>.
During the test, AC impedance measurements of the symmet-
rical cells are carried out per 5 h under OCV conditions with
interrupting the electrolysis test. It can be seen that the oxygen
electrode polarization resistance decay rate (0.16 mQ cm” h™*)
of the symmetrical cell based on the SDC-Fe,O; interlayer is
lower than that (0.78 mQ cm” h™") of the symmetrical cell based
on the SDC interlayer, which indicates that enhancing the ionic
conductivity of the interlayer is conducive to improving the
stability of the oxygen electrode.

Fig. 6(a) shows the current density-voltage curve of the
SOECs based on SDC and SDC-Fe,O; interlayer at 800 °C. It can
be noted that the electrolysis current of the SOEC based on SDC-
Fe,0; interlayer is higher than that of the SOEC based on SDC
interlayer. It indicates that improving the oxygen ion conduc-
tion of the interlayer will make oxygen ions move faster to
participate in the oxygen evolution reaction of the oxygen elec-
trode, which reduces the polarization resistance of the oxygen
electrode and increases the electrolysis current of the SOEC. At
1.5V, the electrolysis current of the SOEC based on SDC-Fe,03
interlayer can be 0.5 A cm ™2, which is obviously higher than that
of the SOEC based on SDC interlayer (0.3 A cm ). The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) AC impedance spectra of symmetrical cells based on SDC

and SDC-Fe,Os interlayer at 800 °C and under the open circuit voltage
(OCV). (b) The stability of the symmetrical cells based on SDC and
SDC-Fe,Os interlayer at 800 °C.

Table 1 The fitting values of Ry, R and R, of the symmetrical cells
based on SDC and SDC-Fe,Os interlayer obtained by an equivalent
circuit fitting of the impedance spectra. Note that the unit of R is @ cm?

Ru Ry, R,
SDC 0.08 0.14 0.22
SDC-Fe, 05 0.04 0.05 0.09

comparison of the electrolysis current density for the SOECs is
provided in Table 2 to evaluate the performance of the SOEC in
this work. Clearly, the performance of the SOEC based on SDC-
Fe,O; interlayer in our case can be comparable to that of the
reported SOECs with remarkable performance. The hydrogen
production rate of the SOECs can be calculated from the
measured current as follows:*
=

A]VH2 == ﬁ

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Current density—voltage curve of the SOECs based on SDC

and SDC-Fe,Os interlayer at 800 °C. (b) Impedance spectra of the two
SOECs based on SDC and SDC-Fe,Os interlayer at 800 °C and under
OCV.

where ANy, is the molar rate of hydrogen production; I is the
electrical current and F is Faraday's constant. At 800 °C, the
calculated hydrogen production rate of the SOECs based on
SDC and SDC-Fe,O; interlayer at 1.5 V is 132 and 195 ml cm 2
h™", respectively.

Fig. 6(b) shows the impedance spectra of the two SOECs at
800 °C and under OCV. Equivalent circuit of R,(R,/CPEp) is
carried out to fit the spectra, and the ohmic resistance and
polarization resistance of the two SOECs are listed in Table 3. It
can be seen that the ohmic resistance of the SOEC based on
SDC-Fe,O; interlayer is lower than that of the SOEC based on
SDC interlayer. The ohmic resistance of a single cell is the sum
of electrodes resistance, electrolyte resistance, interlayer resis-
tance and contact resistance. The difference of ohmic resistance
between the two SOECs may be caused by the ionic conductivity
of the interlayers. The polarization resistance of the SOEC based
on SDC-Fe,0; interlayer is significantly lower than that of the
SOEC based on SDC interlayer. Because both of them have the
hydrogen electrode prepared under the same conditions, the
difference of polarization resistance is due to the difference of

RSC Adv, 2021, 11, 30911-30917 | 30915
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Table 2 Comparison of the electrolysis current density for the SOECs at 1.5 V and 800 °C

SOEC Electrolysis current density (A cm™?) Feed gas Ref.
PSTF|YSZ|LSM-YSZ 0.3 60% H,0/Ar 30
NiO-YSZ/YSZ/LSF-YSZ 0.8 50% H,0 + 25% H, + 25% N, 31
YSZ-NiO|GDC|SSZ|LSC 0.5 60% H,O/H, 32
Ni-YSZ|YSZ|GDC|LSCF 1.5 50% H,0 + 50% H, 33
Ni-YSZ|YSZ|GDC|GBCO-GDC 0.6 NA 34
Ni-YSZ|YSZ|SDC-Fe,0;|LSCF-SDC 0.5 40% H,0/N, This work

Table 3 The fitting values of R, and R, of the SOECs based on SDC
and SDC-Fe,Os interlayer. Note that the unit of R is Q cm?

R, R,
SDC 0.74 0.97
SDC-Fe, 05 0.64 0.74

oxygen electrode. It is proved again that improving the oxygen
ion conductivity of SOEC interlayer can reduce the polarization
resistance of the oxygen electrode.

4. Conclusions

In this work, the ionic conductivity of SDC interlayer of the
SOEC is improved by doping the transition metal oxide Fe,O;,
thus the polarization resistance of oxygen electrode is reduced
and the performance of the SOEC is improved. The experi-
mental results show that the oxygen electrode polarization
resistance of the symmetrical cell based on SDC-Fe,O; inter-
layer is obviously lower than that of the symmetrical cell based
on SDC interlayer, and the electrolysis current of the SOEC
based on SDC-Fe,O; interlayer is higher than that of the SOEC
based on SDC interlayer. The above results indicate that doping
Fe,0; with SDC interlayer is an effective method for improving
the SDC interlayer performance of IT-SOEC.
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