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perovskite with Zn doping for
enhanced electrochemical performance as
intermediate-temperature solid oxide fuel cell
cathode material†

Liang-Mei Xue,a Song-Bo Li, *a Sheng-Li An,b Ning Li,a Hui-Pu Maa

and Meng-Xin Lia

This study aims to investigate the implications of transition-metal Zn doping at the B-site on the crystal

structure, average thermal expansion coefficient (TEC), electrocatalytic activity, and electrochemical

performance of LaBaFe2O5+d by preparing LaBaFe2−xZnxO5+d (x = 0, 0.05, 0.1, 0.15, 0.2, LBFZx). The X-

ray diffraction (XRD) results show that Zn2+ doping does not change the crystal structure, the unit cell

volume increases, and the lattice expands. The X-ray photoelectron spectroscopy (XPS) and mineral

titration results show that the oxygen vacancy concentration and Fe4+ content gradually increase with

the increase in doping amount. TEC decreases with the increase in Zn2+ doping amount, and the TEC of

LBFZ0.2 is 11.4 × 10−6 K−1 at 30–750 °C. The conductivity has the best value of 103 S cm−1 at the doping

amount of x = 0.1. The scanning electron microscopy (SEM) images demonstrate that the electrolyte

CGO(Gd0.1Ce0.9O1.95) becomes denser after high-temperature calcination, and the cathode material is

well attached to the electrolyte. The electrochemical impedance analysis shows that Zn2+ doping at the

B-site can reduce the (Rp) polarization resistance, and the Rp value of the symmetric cell with

LaBaFe1.8Zn0.2O5+d as cathode at 800 °C is 0.014 U cm2. The peak power density (PPD) value of the

anode-supported single cell is 453 mW cm−2, which shows excellent electrochemical performance.
1. Introduction

As an all-solid-state device, solid oxide fuel cells (SOFCs) have
the advantages of high efficiency, high energy utilization effi-
ciency, and low environmental pollution.1 The high operating
temperature (∼1000 °C) of traditional SOFCs leads to problems
such as thermal stress caused by mismatched connecting
materials, chemical reactions between different components,
sintering between electric electrodes particles, and high
production costs,2 which hinder its commercial development.
Therefore, this study aimed to reduce the operating cost by
reducing the operating temperature of SOFCs from high
temperature to medium-to-low temperature. However, with the
decrease in operating temperature, the sharp increase in
cathodic polarization resistance loss results in major damages
to the output power of IT-SOFCs.3 Therefore, reducing polari-
zation resistance by optimizing the cathode can effectively
improve the performance of IT-SOFCs.
ing, Inner Mongolia University of Science
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The bi-perovskite material has high oxygen diffusion coeffi-
cient, high oxygen surface diffusion coefficient, and good elec-
trochemical performance. The general structure formula is
AA′BO5+d (A = rare earth elements, A′ = Ba, B = Co, Cu, Fe and
Mn). Considering the difference between the ion radius, rare
earth ions and Ba2+ oen occupy different sites, and an ordered
sequence of –A′O–BO2–AOd–BO2–A

′O– is generated along the c
axis.4 This regular layer structure reduces the binding energy of
Ln–O bonds, and oxygen vacancies in the LnOd layer generate
independent channels of oxygen transport to moderate ion
movement and promote the rapid diffusion of O2−. Cobalt-
based bi-perovskite LnBaCo2O5+d is widely used as a SOFC
cathode because of its excellent conductivity and oxygen
transport properties. However, considering the high TEC
usually in the range of 20–25 × 10−6 K−1, Co-based bi-
perovskite peroxides do not match the commonly used elec-
trolytes at the operating temperature, resulting in high interface
stress and output performance degradation.5 Fe-based bi-
perovskite peroxides show promising application prospects
because of their low cost, good thermal compatibility, and high-
temperature stability. The current research work mainly focuses
on LaFeO3, BaFeO3, SrFeO3, and LnBaFe2O5+d.6–8 The transition
metal ion Fe has variable oxidation state and spin state, which
may have high catalytic activity.9 In addition, partial
© 2023 The Author(s). Published by the Royal Society of Chemistry
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substitution of alkaline earth elements, rare earth elements or
iron sites is used to optimize the initial structure and create
more oxygen vacancies, thereby promoting oxygen
transport.10–13 The partial substitution of LaFeO3 with perovskite
structure at A and B sites, such as La0.6Sr0.4Fe0.8Cu0.2O3−d and
La0.6Ca0.4Fe0.8Ni0.2O3−d, showed that the catalytic activity of
oxygen reduction reaction (ORR) and electrochemical perfor-
mance were signicantly improved aer substitution.14,15

B-site transition metal ions have various valence changes,
and B-site doping can adjust the ion valence directly in order to
change the crystal structure, affect the oxygen ion diffusion
ability, and improve the catalytic activity. Given the effect of
charge compensation, low-valence Zn2+ can promote the
formation of holes and oxygen vacancies, thereby regulating the
mixed oxygen ion and electronic characteristics of LaBaFeO5+d.
Therefore, appropriate Zn2+ doping can effectively improve the
electrocatalytic activity of Fe-based bi-perovskite peroxides and
make them serve as high-performance cathodes for SOFC.
Therefore, in this paper, LaBaFe2−xZnxO5+d (x = 0, 0.05, 0.1,
0.15, 0.2, LBFZx) series materials were synthesized, and the
effects of Zn2+ doping on the physical and chemical properties
were studied. The electrochemical performance of LBFZx as the
cathode of IT-SOFC was tested by preparing a symmetrical cell
and an anode-supported single cell.
2. Experimental
2.1 Preparation

LaBaFe2−xZnxO5+d (x = 0, 0.05, 0.1, 0.15, 0.2, LBFZx) series
cathode powders were prepared using the sol–gel method.
La(NO3)3$6H2O(AR), Ba(NO3)2(AR), Fe(NO3)2$9H2O(AR), and
Zn(NO3)2$3H2O(AR) were weighed according to the stoichio-
metric ratio calculation. An appropriate amount of deionized
water and the raw materials were stirred and dissolved in the
beaker, then EDTA dissolved in ammonia was added and stirred
continuously. Citric acid was added to the above solution aer
1 h (nctric acid : nmetal ions : nEDTA = 1.5 : 1 : 1), and the pH value of
the solution was adjusted to 8 by using an appropriate amount
of ammonia. Then, the sample was placed in a water bath at 80 °
C until a gel was formed. The gel was heated until it sponta-
neously combusted to form a uffy black precursor. Aer the
precursor was calcined at 1100 °C for 5 h, the target cathode
powder was obtained. According to the different Zn contents,
the materials with Zn doping were named as LBFZx (x = 0, 0.05,
0.1, 0.15, and 0.2).
2.2 Cell fabrication

The cathode paste was evenly coated on both sides of the CGO
electrolyte through screen printing, and then dried and calcined
at 1100 °C for 5 h to make a symmetrical cell. The silver paste
and wire were used as current collector.

The anode and uppy CGO electrolyte powder were evenly
spread in a circular mold with a diameter of 15 mm, and then
dry-pressed at a pressure of 200 MPa to obtain a half cell brick.
The brick was calcined at 1450 °C for 5 h to obtain the half cell.
The slurry made of cathode material was uniformly coated on
© 2023 The Author(s). Published by the Royal Society of Chemistry
the half cell (electrolyte CGO side) through screen printing, and
the single cell was obtained nally.
2.3 Characterization

The phase structures of the prepared cathode materials were
analyzed using an X-ray diffractometer (XRD, Malvern Pan-
alytical B. V.) at a scan rate of 5° min−1 in the range of 10°–80°,
and the results were Rietveld nished using the GSAS/EXPGUI
soware. The variation in the oxygen content of samples in
air from 30 °C to 750 °C at a rate of 5 °C min−1 was analyzed by
thermogravimetry (NETZSCH, STA2500). The valence states of
surface elements in the LBFZx sample were analyzed using XPS
(Thermo Scientic, EscaLab250Xi). The average TEC of sintered
cathode strips was measured using a thermal dilatometer
(NETZSCH, DIL 402C) at 30–750 °C in air atmosphere. The UV-
vis absorption spectra were measured by UV-vis-NIR-scanning
spectrophotometer (UV-3101PC). The lattice spacing was char-
acterized as well using transmission electron microscopy (TEM,
JEOL-2100F). Electrochemical workstation (Metrohm,
PGSTAT302) was used to test the conductivity of the material in
the range of 200°–800 °C, and the electrochemical impedance
spectrum (EIS) of the symmetrical cell was obtained. The test
frequency range was 0.1 Hz to 100 kHz, and the AC signal
amplitude was 10 mV. In addition, the output power of a single
cell was tested in the range of 650–800 °C at 50 °C intervals.
Through scanning electron microscopy (SEM, TESCAN, GAIA3),
the cross sections of symmetrical cells and single cells aer
performance testing were observed.
3. Results and discussion

Fig. 1(a) shows the XRD pattern of LBFZx (x = 0, 0.05, 0.1, 0.15,
0.2) obtained by calcinating the samples at 1100 °C in air for 5 h.
The gure indicates the absence of impurity phase, indicating
that LBFZx is a pure phase with double perovskite structure,16

and the local area is magnied as shown in Fig. 1(b). The XRD
diffraction peak of LBFZx gradually shis to low angle with the
increase in Zn2+ doping, indicating that the unit cell volume of
LBFZx gradually increases and the lattice expands. The crystal
structure of LBFZx was further determined by rening the XRD
patterns of LBFZx by using the GSAS soware (Fig. 1(c) and S1†),
which showed a goodmatch between the rened results and the
XRD patterns. The results of LBFZx are listed in Table S1,† in
which the unit cell parameters of LBFZx gradually increased
with the increase in doping amount, and the lattice expanded,
because the radius of Zn2+ (0.74 Å) is larger than that of Fe3+/4+

(Fe3+ ∼0.65 Å, Fe4+ ∼0.0.585 Å).17 The results show that the
fabricated LBFZx has the same structure as the undoped LBF,
indicating that the doping of Zn2+ does not change the original
crystal structure. Considering the large difference between the
ionic radius of Ba and La, cations are arranged in the alternate
layer of –BaO–FeZnO2–LaOd–FeZnO2–BaO– along the C axis, as
shown in Fig. 1(d). Oxygen vacancies are mainly formed and
migrate in the LaOd layer. For MIEC peroxide materials, oxygen
vacancies play an important role in the process of complex
electrochemical reactions and directly affect the output
RSC Adv., 2023, 13, 30606–30614 | 30607
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Fig. 1 (a) XRD pattern of cathode material LBFZx; (b) partial magnification; (c) Rietveld refined pattern of LBFZ0.1 sample; (d) crystal structure of
LBFZ0.1; (e) EDS diagram of LBFZ0.1 material (f) HRTEM of the LBFZ0.1; (g) high temperature XRD patterns of LBFZ0.1l.
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performance of batteries.4 Fig. 1(e) shows the EDS diagram of
LBFZ0.1 cathode powder attached to CGO electrolyte, which
conrms that Zn successfully replaced Fe at site B, La, Ba, Fe,
Zn, and O are evenly distributed, and no element aggregation
occurred. Good chemical compatibility between cathode and
electrolyte is crucial for the practical application of SOFC. The
TEM images of the sample LBFZ0.1 is shown in Fig. 1(f), where
the lattice spacing is calculated to be 3.945 Å corresponding to
the (100) crystallographic plane, in agreement with the rene-
ment results. The excessive reaction between electrode and
electrolyte may form a new phase and an insulating layer,
leading to a signicant decline in the electrochemical perfor-
mance of the battery during long-term operation.18 Therefore,
the prepared LBFZ0.1 sample and electrolyte (CGO) powder were
pressed at a mass ratio of 1 : 1 and sintered at 1100 °C for 5 h.
The XRD data of the mixture is shown in Fig. S2,† showing no
signicant shi of diffraction peaks and no new phase forma-
tion during high-temperature heating. Hence, LBFZ0.1 has good
high-temperature chemical compatibility with the electrolyte
CGO. HT-XRD tests were performed on the samples under air
atmosphere to evaluate the thermal stability of the Zn2+ doped
materials, as shown in Fig. 1(g), there is no obvious shi of the
diffraction peaks of the samples within 200–800 °C and no
heterogeneous phase is generated, which indicates that the
doped samples have good thermal stability.

The results of iodine titration showed that the non-
stoichiometric ratio of oxygen in the material decreased with
30608 | RSC Adv., 2023, 13, 30606–30614
the increase in doping amount (Table S2†). Combined with the
analysis of TGA data, Fig. 2(a) shows the variation curve of
oxygen content in the cathode powder of LBFZx (x = 0, 0.05, 0.1,
0.15, 0.2) with the temperature in air. The oxygen content of the
sample remained unchanged with the increase in temperature,
and a similar phenomenon has been reported in the literature.19

This nding was obtained, possibly because the oxygen ion was
frozen in the crystal lattice at low temperature. With the further
increase in temperature, the oxygen content of the sample
gradually decreased, which may be related to the release of
lattice oxygen caused by heat.17 With the increase in doping
amount, the oxygen content of the sample gradually decreased,
indicating that more oxygen vacancies can be generated.
Generally, the increase of oxygen vacancy concentration is
benecial to improve the transport and migration of oxygen
ions in the ORR, improve the catalytic reaction activity, and thus
promote the electrochemical performance of the cathode
material. Fig. 2(b) shows that with the increase in Zn2+ doping
amount, the average valence state of b-site element gradually
decreases, and the average valence state of Fe gradually
increases, indicating that Fe is oxidized to a higher valence state
and coexists with +3 and +4 valence in LBFZx.

The surface ion states of LBFZx series materials were
analyzed by XPS to study the inuence of Zn2+ doping on the
chemical valence states of LBFZx materials. All XPS curves were
calibrated based on the baseline C 1s (284.6 eV) peak. The
quantitative analysis results show that Zn2+ doping reduces the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Variation curve of oxygen content (5 + d) of LBFZx with temperature under air atmosphere; (b) average valence of Fe and B-site
elements.
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oxygen content of the material and generates additional oxygen
vacancies, which can also be conrmed by XPS characterization.
As shown in Fig. 3(a), the high-resolution map of O 1s can t
four different characteristic peaks, indicating the existence of
different types of oxygen species.20 The peak located at 528.35 eV
(±0.2 eV) can be attributed to lattice oxygen (Olattice), the peak
located at 531.12 eV (±0.18 eV) corresponds to adsorbed oxygen
(Oadsorbed), and the peaks located at 529.3 eV (±0.2 eV) belongs
to vacant oxygen (Ovacancy) and 532.11 eV (±0.2 eV) belongs to
water oxygen (Omoisture), respectively. The ratio of (Oadsorbed +
Ovacancy) to Olattice is listed in Table S3.† Its value increases with
the increase in doping amount, indicating that the doping of
Zn2+ at the B site can obtain more oxygen vacancies and active
centers of oxygen adsorption/dissociation. Fig. 3(b) shows the
XPS high-resolution pattern of the LBFZx Fe2p at room
temperature. The spin-orbitals of Fe2p split into Fe2p1/2 and
Fe2p3/2, possessing different valence states. The binding ener-
gies of 709.45 eV (±0.15 eV), 711.1 eV (±0.13 eV), 722.4 eV (±0.2
eV), and 724.0 eV (±0.2 eV) correspond to Fe3+ 2p3/2, Fe

4+ 2p3/2,
Fig. 3 XPS curve of LBFZx (a) O 1s; (b) Fe2p.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Fe3+ 2p1/2, and Fe4+ 2p1/2, respectively.21,22 The percentage values
of Fe3+ and Fe4+ are listed in Table S3.†With the increase in Zn2+

doping amount, the proportion of Fe4+ gradually increased,
indicating that the incorporation of Zn2+ results in the oxidation
of the transition metal element (Fe) in the double perovskite to
a higher valence state.

Fig. 4 shows the total conductivity (s) of LBFZx measured in
dry air by using the DC four-electrode method versus tempera-
ture. Given that the oxygen ion conductivity of perovskite
structure oxide is several orders of magnitude smaller than the
electron conductivity, the apparent conductivity is the electron
conductivity.23 With the increase in the doping amount, the
conductivity rst increases and then decreases. In the perov-
skite structure cathode material, charge carriers are conducted
by B–O–B network structure.24,25 The doping valence of Zn2+ is
relatively low. The charge neutrality of LBF is maintained by
increasing the Fe4+ content. As shown in eqn (1), the increase in
charge carrier concentration increases the conductivity, where
Fe�

Fe and Fe�Fe represent Fe
4+ and Fe3+, respectively.
RSC Adv., 2023, 13, 30606–30614 | 30609
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Fig. 4 Conductivity of LBFZx in air atmosphere.
Fig. 5 Thermal expansion curve of LBFZx in air atmosphere.
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4ZnOþ 8Fe�Fe þO2/4Zn
0
Fe þ 4Fe�

Fe þ 2Fe2O3 (1)

However, when the doping amount is more than 0.1, the
conductivity gradually decreases, because the xed valence of
the cation cannot provide the jumping point of the small
polaron. At the same time, the position of Fe is replaced by Zn2+,
and the sites available for the small polaron jumping are
reduced. The results of iodometry showed that with the increase
in Zn2+ doping, the non-stoichiometric ratio of oxygen gradually
decreased, indicating that additional oxygen vacancies are
generated, as shown in eqn (2). Fe�Fe; O

�
O ; and V��

O represent Fe3+,
lattice oxygen, and oxygen vacancy, respectively.

2ZnOþ 2Fe�Fe þO�
O/2Zn�

Fe þ 2V��
O þ Fe2O3 (2)

However, the formation of a large number of oxygen vacan-
cies and the presence of too much xed valence Zn2+ have some
adverse effects on the small polarization conduction in Fe4+–O–
Fe3+ bonds. In summary, the conductivity of LBFZ0.15 and
LBFZ0.2 cathode materials decreases with the increase in Zn2+

doping.
Thermal expansion mismatch can lead to the formation of

cracks between the interface of cathode and electrolyte, which
can affect the performance and long-term stability of the fuel
cell. Therefore, the TEC of LBFZxwas measured to evaluate their
thermal matching performance. Fig. 5 shows the thermal
expansion curve of LBFZx measured in the temperature range of
30–750 °C under air atmosphere. The inuence of dL/L0 on
temperature is not completely linear, and the inection point
was observed at approximately 300 °C, which may be related to
the loss of lattice oxygen.26 The average TEC value of LBFZx (x =
0, 0.05, 0.1, 0.15, 0.2) in the temperature range of 30–750 °C was
calculated, and the results are listed in Table S4.† LBFZ0.2
showed the lowest TEC value of 11.4 × 10−6 K−1. Zn doping
decreased the TEC and improved the thermalmatching with the
electrolyte.
30610 | RSC Adv., 2023, 13, 30606–30614
The UV-vis absorption spectrum of the sample is presented
in the provided Fig. 6. The band gap energy (Eg) can be deter-
mined using the Tauc equation, which is as follows:

(ahn)1/n = A(hn − Eg) (3)

where a is the absorption coefficient, hn is the incident photon
energy, n depends on the nature of transition (for the direct-
allowed transition, n is 1

2), and A is a constant.27 We plot
energy (hn) on x-axis and (ahn)2 on y-axis. Then by extrapolating
liner part of the curve we draw a line where a = 0. The point
where it touch the x-axis is the Eg of the material as shown in
Fig. 6 and S3.† The band gap of the LBFZx is calculated to be
about 1.66 eV to 2.06 eV, and from the gure, it can be seen that
the band gap of the doped samples gradually increases with the
increase of Zn doping concentration, which may be related to
two factors, including quantum connement effects and charge
jumps in the Fe ions. The relationship between band gap and
Fig. 6 UV-vis absorption spectrum of samples LBFZx.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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particle size can be explained by the quantum connement
effect, when the particle size decreases to a few nanometers (0–3
nm), the value of the band gap increases with decreasing
particle size due to changes in the electronic energy band
structure,28 and when the particle size is larger than a few
nanometers ($8 nm), the band gap increases with increasing
doping. In addition, Zn doping leads to the formation of oxygen
vacancies to compensate for the charge imbalance, which
results in an increase in the band gap value due to a corre-
sponding increase in the content of vacancies.29,30

The effect of Zn2+ doping on the LaBaFe2−xZnxO5+d electro-
chemical properties was investigated by testing the AC impedance
diagram of the symmetric cell LBFZxjCGOjLBFZx at 600–800 °C.
Fig. 7(a) shows the AC impedance diagram of LBFZ0.2-
jCGOjLBFZ0.2 at different temperatures. Considering the multi-
step process of ORR, the equivalent circuit Rs (RHF//CPEHF
RMF//CPEMF RLF//CPELF) was used to t the measured AC
impedance diagram, where Rs is the ohmic resistance due to the
electrolyte as well as the current collector. RHF, RMF and RLF
represent the high-frequency, middle-frequency, and low-
Fig. 7 (a) Nyquist diagram of LBFZ0.2jCGOjLBFZ0.2 in the range of 600–
LBFZx in the range of 600–800 °C; (d) Arrhenius diagram of LBFZx in th

© 2023 The Author(s). Published by the Royal Society of Chemistry
frequency resistance, respectively.17 Rp is the polarization resis-
tance value (Rp = RHF + RMF + RLF). The effect of Zn2+ doping on
the cathodic polarization resistance was further analyzed by
zeroing the ohmic resistance.31,32 Fig. 7(a) shows that the Rp value
gradually decreases with the increase in test temperature,
possibly because the adsorption and dissociation speed of oxygen
and the migration speed of oxygen ions in the cathode and
electrolyte were gradually accelerated with the increase in
temperature. This process accelerated the ORR and led to
a signicant decrease in the polarization resistance of the cathode
with the increase in temperature. Therefore, the electrocatalytic
activity of the cathode material increases with the increase in
temperature.33 Fig. 7(b) demonstrates the Nyquist graph for
LBFZxjCGOjLBFZx at 800 °C. The introduction of Zn2+ resulted in
the decline in the polarization resistance of LaBaFe2O5+d. The Rp
values of the symmetrical cell LBFZxjCGOjLBFZx (x = 0, 0.05, 0.1,
0.15, 0.2) obtained by tting in the range of 600–800 °C are shown
in Fig. 7(c). The Rp value of LBFZ0.2 measured at 800 °C is 0.014 U
cm2, which is approximately 65% lower than the Rp value of LBF
at the same temperature (0.04 U cm2), and lower than those of
800 °C; (b) Nyquist diagram of LBFZxjCGOjLBFZx at 800 °C; (c) Rp of
e range of 600–800 °C.
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Table 1 Polarization resistance Rp of Fe-based materials

Sample Electrode Temperature (°C) Rp (U cm2) Ref.

Sm0.8La0.2BaFe2O6−d SDC 800 0.12 35
SrFe0.9Nb0.1O3−d SDC 800 0.083 36
Sr2Fe1.5Mo0.5O6−d LSGM 800 0.076 37
La0.8Sr0.2FeO3−d SDC 750 0.175 38
LaBaFe1.8Zn0.2O5+d CGO 800 0.014 This
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other Fe-based cathode materials (Table 1). Therefore, Zn2+

doping improves the electrochemical performance of Fe-based
double perovskite LaBaFe2O5+d materials, because the Zn substi-
tution of Fe at the B site reduces the oxygen content of the
material and forms additional oxygen vacancies. This process
promotes the oxygen adsorption and dissociation of oxygen
molecules into oxygen ions, thus improving the surface oxygen
exchange and diffusion of oxygen ions. The formation of extra
oxygen vacancies is conducive to the oxygen reduction reaction on
the electrode surface and the electrodejelectrolyte interface and
promotes the transport of oxygen ions in the cathode material.34

In addition, the activation energy decreased from 195.6 kJ mol−1

to 92.6 kJmol−1 aer doping with Zn2+, as shown in Fig. 7(d). This
nding indicates that the LBFZ0.2 sample has great potential as
Fig. 8 (a) SEM of LBFZ0.1jCGOjNiO + CGO single cell section (b) I–V–P
CGO (d) PPD of single cell at different temperature.

30612 | RSC Adv., 2023, 13, 30606–30614
a highly reactive oxygen electrode. Fig. S4† shows the SEM photo
of symmetric cell section LBFZxjCGO, in which the cathode
materials have a porous structure, which will be conducive to the
diffusion of the gas, oxygen ion transport, and charge transfer. In
addition, the good adhesion of CGO electrolyte on cathode
material without obvious cracking and delamination proves that
the electrode and electrolyte have good chemical compatibility
and thermal matching.

The effectiveness of LBFZx as cathode in the output perfor-
mance of SOFC was assessed by preparing the single cell with
anode support. Fig. 8(a) shows the section SEM picture of
LBFZ0.1jCGOjNiO + CGO single cell aer output test, in which
the compact electrolyte layer was formed aer the high-
temperature sintering. This process ensures the high open
circuit voltage (OCV) and avoids short circuit. However, Ce4+ /
Ce3+ leads to the increase in the electronic conductivity of the
electrolyte under high temperature, so the OCV gradually
decreases with the increase of temperature.39,40 Fig. 8(b) and (c)
shows the I–V–P curve of the single cell LBFZxjCGOjNiO + CGO
(x = 0, 0.1) with the anode as the support and CGO as the
electrolyte at 600–800 °C. Wet H2 was added as the fuel gas, and
the PPD values are shown in Fig. 8(d). At 800 °C, the PPD of
single cell LBFZ0.1jCGOjNiO + CGO PPD is 453 mW cm−2. In
comparison with the non-optimized LBF, the output was
curve of LBFjCGOjNiO + CGO (c) I–V–P curve of LBFZ0.1jCGOjNiO +

© 2023 The Author(s). Published by the Royal Society of Chemistry
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improved by approximately 11%. This performance improve-
ment is related to the lower polarization resistance based on
LBFZ0.1 cathode.

4. Conclusion

Zn2+ doping did not change the original crystal structure.
Combined with Rietveld results, the unit cell parameters grad-
ually increased, and the crystal lattice expanded with the
increase in doping amount. The material has good chemical
compatibility with the electrolyte CGO. The oxygen vacancy
concentration and Fe4+ content gradually increased, whereas
the average TEC gradually decreased with the increase in
doping amount. The TEC value of LBFZ0.2 was 11.4 × 10−6 K−1

at the temperature range of 30–750 °C. The polarization resis-
tance of the symmetric cell LBFZ0.2jCGOjLBFZ0.2 was 0.014 U

cm2. When the optimal doping amount was 0.1, the conduc-
tivity reached 103 S cm−1. With the increase in doping
concentration, the conductivity decreased gradually, showing
that the formation of a large number of additional oxygen
vacancy can reduce electrical conductivity. The PPD of the
single cell LBFZ0.1jCGOjNiO + CGO was 453 mW cm−2, and the
output performance of LaBaFe1.9Zn0.1O5+d was improved by
approximately 11% compared with the unoptimized LaBaFe2-
O5+d, indicating that LaBaFe1.9Zn0.1O5+ is a promising material
for IT-SOFC cathode.
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