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ABSTRACT: SrFe,_,Si,0;_sF, cathode materials (x = 0.05, 0.1,
0.15; y = 0, 0.1, 0.5) were prepared via a solid-state method. X-ray
diffraction results show that the synthesized F doping samples were
perovskite structure. X-ray photoelectron spectroscopy findings
show that F~ anions were doped into SrFe,_,Si,O;_s. Transmission
electron microscopy and energy-dispersive spectroscopy were
performed to analyze the microstructure and element distribution
in the materials, respectively. Double-layer composite cathode
symmetric cells were prepared through a screen printing method.
Scanning electron microscopy images revealed that the double-
layer composite cathode adhered well to the electrolyte. The
doping with F~ can increase the coefficient of thermal expansion of
SrFe;_,Si,O;_s5. The electrochemical impedance spectroscopy results indicate that the oxygen transport capacity of the
SrFe(5SigosO3_5 material can be improved by doping with F~, but such a method can decrease the oxygen transport capacity of
SrFeSiy,05_5. At 800 °C, the peak power density of the single cell supported by an anode and SrFeSiy;0;_sF,; as the cathode
reached 388.91 mW/cm? Thus, the incorporation of F~ into SrFe;_,Si,O;_s cathode materials can improve their electrochemical
performance and enable their application as cathode materials for solid-oxide fuel cells.

[l Metrics & More | @ Supporting Information

1. INTRODUCTION

Given the characteristics of environmental protection, safety,
and high energy efficiency, solid oxide fuel cells (SOFCs) have
become one of the development directions of future energy.'
However, problems related to material properties, manufactur-
ing processes, and production costs have slowed the

used in high-temperature electrochemical devices such as
SOFCs, solid oxide electrolytes, and oxygen permeable
membranes, showing application prospects in the field of
energy conversion, utilization, and storage.
La,_,Sr,Co,_,Fe, O3, Ba;_,Sr,Cog3Fey,0;_5 and
Sm,_,Sr,Co0O;_;,SrFeO;,s are used as SOFC cathode

commercialization of SOFCs. The problems associated with
the development of SOFCs relate to operations at a high-
temperature environment of 800—1000 °C. While operating at
high temperature can improve the energy efficiency of SOFCs,
it also results in a short lifetime and high maintenance costs.”
Reduction of the operating temperature can improve the
thermodynamic efficiency, expand the selection range of
materials, reduce costs, and extend the lifespan of SOFCs.
However, with the decrease in operating temperature, the
electrochemical reaction kinetics of the cathode extremely slow
down. Therefore, the development of novel low-temperature
(600—800 °C) cathode materials is the key to developing
SOFECs.

Oxides with mixed ion—electron conductivity exhibit good
stability and high catalytic activity for the oxygen reduction
reaction (ORR) and have attracted considerable research
attention. As for mixed ionic—electronic conductor materials,
perovskite oxides usually exhibit a cubic crystal configuration
with the molecular formula ABO; s (§ indicates oxygen
vacancy). Mixed electron—ion conductive perovskite oxides
have excellent chemical and structural stability and have been
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materials.” Perovskite oxides possess a chemical composition
with a wide adjustable range. Appropriate doping can enhance
the ionic conductivity to improve the performance of fuel cell
devices." Combining a-Fe,O; with carbon materials with good
electrical conductivity (such as carbon nanosheets, carbon
nanotubes, and graphene nanosheets) can increase the
conductivity of a-Fe,O; and improve its electrochemical
performance.” The electrochemical properties of Li,Mo0,,
are improved by the MoOj oxyanion.’ Researchers regulate the
phase structure of perovskite oxides through element doping,
which improves the catalytic activity of ORR and coeflicient of
thermal expansion (CTE).” The change of the valence state of
B-site elements and the oxygen vacancy caused by doping
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elements will affect the mixed conductivity of the perovskite. In
addition to transition metal elements, nonmetallic elements Si
can also partially replace the B-position. The apatite structure
of oxygen ion conductor Ln;((SiO,)¢O; (Ln = La, Nd, Sm,
Gd, and Dy) can be used as the electrolyte material of SOFC.
The conductivity of the above materials can reach 2.3 X 107*
S/cm at 500 °C. The ionic conductivity of Sr(Si, Ge)O; doped
with Na/K at 625 °C is 1 X 1072 S cm™2.° Merkulov et al.
studied the crystal structure of SrFe,_,Si,O;_s and analyzed
the effects of Si doping on the valence state of Fe and O
vacancies.” The perovskite SrFe;_.Si,O;_s (x < 0.15) was
synthesized under ordinary pressure via a solid-state method."
The stability after the reduction reaction, conductivity, and
area specific resistance (ASR) of SrFe,;_,Si O;_s were tested.
SiO, is a widely recognized harmful pollutant that degrades the
properties of SOFC electrolyte materials, which results in a
high grain-boundary resistance.'' However, the substitution of
Si** with Fe has a positive influence on the structural stability
and electrochemical properties of the iron-based perovskite
SrFe; ,Si,O;_s. The doping of Si inhibits the suppression of
perovskite — brownmillerite transition in SrFeO;_s which is
conducive to vacancy order in the low-temperature range
(450—600 °C). The SrFe;,Si;_s material has the ASR of
SrFeq ¢Siy105_s of 0.08 Q-cm? at 800 °C. Its conductivity peaks
at 400 °C and decreases with increasing temperature. At 800
°C, the conductivity of the SrFe;,Siy;O;_; material decreases
to 24.1 S/cm, which does not meet the basic requirement of
cathode material conductivity >100 S/cm. Therefore,
SrFe,_,SixO;_s can be used as a new low-temperature cathode
material.

As for the improvement of the properties of SOFC cathode
materials, doping cations with different radii or valences to
partially replace A or B sites can increase the oxygen vacancy
concentration and improve surface reaction kinetics, but the
process will lead to the transformation of the cubic symmetric
configuration of perovskite, which is disadvantageous for its
catalytic activity at low temperatures.'” Therefore, the partial
replacement of oxygen ions of perovskite oxides with anions,
such as CI5,"® F-,"* N> or $*,'° can be considered to
improve the interfacial reactivity of perovskite oxides. If S is
introduced into the Li,TisO,, electrode material, the electro-
chemical performance can be improved environmentally and at
low cost.'” Sr,Fe, Moy sOssCly, still maintains the cubic
structure of Fm3m and reduces the ASR value about 21%
compared with Sr,Fe; MoysOg.'" The high electronegativity
of F can reduce the valence electron density of oxygen,
weakening the chemical bond between A/B cations and
oxygen. The partial replacement of the ion with the
asymmetrical oxidation of O*~ by the F~ ion can improve
the electrochemical performance of SrFe; Mo,sO,0F,;. The
ionic radius of F~ is close to that of the ring of O*~, and doping
does not affect the cubic structure of Sr,Fe; {MogOg.
Meanwhile, F has a higher electronegativity and a lower
valence electron density; therefore, doping F can weaken the
M-O bond in Sr,Fe; Mo, sO4 and increase the activity of
lattice oxygen. Some researchers added F to the Co-based
perovskite oxide Lag¢Sr,4Cog,Fe3O5_s, which enhanced its
oxygen-transport performance and ORR activity.'” The double
perovskite oxide LaBa, ;SrysFe,Og475_sFq 125 cathode material
has good electrochemical performance and electrode stability,
and the assembled single cell has a power density that can
reach 511 mW/cm.”*° StFeQ,_,_sF, and SrFe;oTiy,03_,_sF,
cathode materials can improve the bulk phase diffusion and

oxygen surface exchange properties.”’ In summary, doping
anions at O sites can effectively improve the ORR activity of
perovskite oxide materials.

In this paper, F was introduced into SrFe,_,Si,O;_sF, (x =
0.0, 0.1, 0.15; y = 0, 0.1, 0.5) cathode materials, and the
effects of anion doping on the structure and comprehensive
electrochemical properties of the SrFe,_.SiO;_s perovskite
were studied in detail.

2. EXPERIMENTAL SECTION

2.1. Cathode Powder. SrFe,_Si,O;_sF, (x = 0.05, 0.1,
0.15; y =0, 0.1, 0.5) cathode powder was prepared via a solid-
state method. SrCO; (AR, 99%), StF, (AR, 99%), Fe,O; (AR,
>99.0%), and SiO, (AR, 99%) were calculated and weighed at
certain stoichiometric ratios. The reactants were ground and
heated to 1000 °C in a Muffle furnace for 12 h. A planetary ball
mill was used for ball milling (350 rpm) for 1 h, and the
powder was heated to 1050 °C for 12 h. The powder was
milled again for 1 h and then heated to 1100 °C for 12 h. The
black powder was obtained as the target material.
SrFe,_,Si,0;_sF, was named as SFS,F, (x = 0.05, 0.1, 0.15;
y =0, 0.1, 0.5) based on the doping amount of Si and F.

2.2. Characterization. The phase structure of SFS.F, was
determined by X-ray diffraction (XRD, Rigaku, MiniFlex 600).
The atomic position and cell parameters were obtained
through a Rietveld structure refinement. The target was
CuKa (A = 0.15418 nm), the scanning range was 10—80°, and
the scanning rate was 4°/min. X-ray photoelectron spectros-
copy (XPS, Thermo Scientific, Escalab250Xi) was used to
determine the properties of the elements in the obtained
samples. Transmission electron microscopy (TEM, FEI,
Tecnai F20) and energy-dispersive spectroscopy (EDS,
Oxford, X-max20) were applied to analyze the high-resolution
microstructure and element distribution of the materials,
respectively. Ion chromatography (Thermo Fisher Scientific,
Dionex Aquion) and potentiometric titration were used to
analyze the F content in the samples. Field-emission scanning
electron microscopy (SEM, Tescan, GAIA3) was conducted to
observe the microscopic morphology of the symmetric cells.
The CTE of the material was tested by using a thermal
expansion analyzer (NETZSCH, DIL402C).

2.3. Electrical Performance Test. The black cathode
material was milled for 1 h (350 rpm), pressed into strips at
200 MPa, and calcined at 1100 °C for 12 h. Then, its
conductivity was measured via a four-electrode method.

The Gdy,0Ce(300160 (GDC) electrolyte was prepared via a
sol—gel method and calcined at 1250 °C for 10 h after pressing
at 200 MPa. A symmetric cell with a double-layer composite
cathode was prepared in the experiment.”” The preparation of
the first layer of the composite cathode slurry is as follows: The
cathode powder and electrolyte were weighed at the mass ratio
of 1:1, mixed with terpineol and ethyl cellulose at a certain
proportion, and ground evenly. The composite cathode paste
was coated on both sides of the GDC electrolyte through a
screen printing method. After drying in an infrared oven, the
second layer of the cathode paste was obtained by mixing the
cathode powder with terpinol and ethyl cellulose in
proportions. After drying, the composite cathode was calcined
at 1100 °C for 10 h, and silver pulp and silver wire were used
as the collector layer and reference electrode, respectively.
Thus, a symmetric cell with a double-layer composite cathode
was obtained. Polarization impedance was tested in the
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Figure 1. (a) XRD patterns of SES,F,. (b) Local magnification diagram.
Table 1. Tolerance Factors (t) of SES,F,
valence SESo.0s SFSo.05Fo.1 SFSo0sFos SESo. SESo.1Fo1 SES.1Fos SESo.s SFSo.15Fo1 SFSo.15Fos

Sitt Fe’* 0.8817 0.8818 0.8822 0.8865 0.8866 0.8871 0.8914 0.8915 0.8920

Sit Fe?* 0.8348 0.8349 0.8352 0.8415 0.8416 0.8435 0.8483 0.8483 0.8487
Table 2. Cell Parameters of the Crystal Structure for SrFe,_,Si,0;_sF,

SrFe,_,Si,OF,

Si (x) 0.05 0.1 0.15

F(y) 0 0.1 0.5 0 0.1 0.5 0 0.1 0.5

a (A) 3.865 3.870 3.874 3.873 3.874 3.882 3.878 3.883 3.887

c (A) 3.865 3.870 3.874 3.873 3.874 3.882 3.878 3.883 3.887

V/(A%) §7.74 57.98 58.15 58.10 58.15 58.50 58.34 58.54 5875

temperature range of 800—600 °C under an air atmosphere.
The equivalent circuit was fitted by using Z-view software.

NiO and GDC were mixed at a mass ratio of 6:4, and the
anode powder was obtained by ball milling for 10 h. The NiO-
GDC/GDC/SES,F, single cell was obtained by copressing
NiO-GDC and GDC powder together at 200 MPa, calcined at
1250 °C for 10 h, coated with cathode powder via the screen
printing method, and calcined at 1000 °C for 10 h. The anode
used 30 mL/min wet hydrogen (3% H,O) as fuel gas, and the
cathode used static air as the oxidant. The power density of a
single cell was tested by using an electrochemical workstation
(Metrohm, PGSTAT302N).

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of SFS.F, (x = 0.05, 0.1,
0.1S; y = 0, 0.1, 0.5) series materials. The diffraction peaks of
all samples were consistent with the typical cubic perovskite
structure of SrFeO;_; (JCPDS PDF#34-0638). The diffraction
peaks of the samples doped with F all conform to the structure
of SrFeO;_s showing a typical cubic perovskite structure. No
impure phase was produced in the sample doped with F. F(136
pm) with a smaller ionic radius enters the oxygen lattice (140
pm), and the diffraction peak shifts to a lower angle. The
displacement degree of the diffraction peak is higher with the
increase of the F doping amount. The tolerance factor (t) of
SES,F, (Table 1) is close to 1, as shown in eq 1. This implies
that the crystal structure gradually shifts toward symmetry as
the F~ content increases, which is consistent with previous
reports.19
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The tolerance factor (t) of SFS,F, (Table S1) is close to 1,
which is between 0.8348 and 0.8920, as shown in eq 1. This
implies that the crystal structure gradually shifts toward
symmetry as the F~ content in SFS,F, increases, consistent
with previous reports.'’

(3 —x)rg+ arg
3
x)ro + xrg

\/er+ @G- 3 (1)

T +
t=

In formula 1, ry, r, and rq represent the radii of the cation,
oxygen, and fluorine anion at the A and B positions,
respectively. FullProf software was used to conduct the fine
analysis of XRD data. The cubic phase model was used to fit
the findings, and the value of fit factor was within the
acceptable range. Table 2 shows that materials with a high F
doping amount had large cell parameters. For the
SrFe,_,Si,O;_s material, cell parameters increased with the
increase in the Si content because of the corresponding
reduction of Fe* and the increase of Fe®* content with the
doping of Si*'. The results are consistent with ref 10.

The surface elements of SFS; F,; were analyzed through
XPS to verify the inclusion of Si and F in the perovskite lattice
of the sample. As shown in Figure 2a, Sr, Fe, Si, and F atoms in
SFES, F,, were detected, and the atomic ratios of all elements
were consistent with the theoretical values. As shown in Figure
2b, the characteristic sgectrum of O 1s presented two peaks at
528.78 and 531.27 eV.”” The peak with a lower binding energy
was classified as lattice oxygen, and that with a higher binding
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Figure 2. (a) XPS wide-scan spectrum of SFS, ,F,, powder; (b) O Is; (c) F 1s; and (d) Si 2p;.
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Figure 3. (a) TEM image of SFS, F,, powder; (b) HR-TEM image (enlarged view of the selected yellow area); (c) selected area electron

diffraction image; (d) EDS image; and (e—i) element distribution.

energy was classified as adsorbed oxygen. The peak at the bond
energy of 685 eV (Figure 2c) was classified as F 1s, which
indicates that the valence state of F in SES,,F,; was —1."" In
addition, the Si 2p, peak was detected at 103.7 eV (Figure 2d),
which brought electrons mainly from the single atoms of
silicon. The reasons for the change in conductivity were
analyzed in combination with XPS. XPS analyzes changes in
the oxygen vacancy content and valence state changes of Fe, as

24636

shown in Tables S2 and S3. More oxygen vacancies and active
sites for oxygen adsorption/dissociation can be obtained when
the doping amount of F is 0.1. The introduction of excess F~
reduces the content of Fe?*, which is not conducive to the
electrochemical performance of the material.

To further characterize the crystal structure and microscopic
morphology of the material, we used EDS and TEM to analyze
the SFS,,F,, single perovskite phase (Figure 3). Figure 3a

https://doi.org/10.1021/acsomega.4c00869
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shows irregular particles with diameters between 100 and 200
nm. Figure 3b displays the local high-magnification trans-
mission in the selected range of the yellow box, and the width
of the diffraction fringe is 0.229 nm. It matched the lattice
spacing of the (111) crystal face of the SrFeO,_s cubic
structure, which is consistent with the XRD results. In
addition, EDS images of SFS, |F,; were collected to determine
the element composition and distribution (Figure 3d). As
shown in Figure S1, the proportion of Sr, Fe, and Si elements is
basically close to the stoichiometric ratio of SES,F,, while
the proportion of the F element is low, as is shown in Table 3.

Table 3. EDS Data of the SFS,,F,; and SFS, ,F;; Samples

element
sample items Sr Fe Si F
SES,.Fo, Wt % 4756 3028 229 034
At % 0.226 0.225 0.034 0.007
elements ratio (EDS) 1.027 1.022  0.154  0.032
elements ratio 1 0.9 0.1 0.1
(formula)
SESyFos Wt % 4388 3077 257 077
At % 0.228 0.250 0.042 0.018
elements ratio (EDS) 1.036 1.136 0.191 0.082
elements ratio 1 0.9 0.1 0.5
(formula)

It may be due to partial decomposition of strontium fluoride
under high-temperature conditions. Figure 3e—i shows the
element mappings of Sr, Fe, Si, and F. The element mappings
of Sr and Fe clearly outline the shape of the SFS |F, particles,
while the element mappings of Si, O, and F also show similar
shapes and distributions. All elements have no significant
element aggregation or separation. It also reflects the evenly
doping of F~ in the SFS,,F, lattice. The EDS test was carried
out on the SFS,,;F,s sample, and the F content of the
SES,,Fos sample was analyzed. As shown in Figure S2 and

Table 3, the content of F in SES; Fs is higher than that in
SFS,Fy, and the proportion of the F element in both is low.

The lines in Figure 4a,b are chromatograms of SFS, F s and
SES Fy, standard solutions, respectively. It can be seen that
the F~ ion in the sample is well separated, and the retention
time is less than 7 min. The concentrations of the F~ ion in
SES, Fos and SFS, F,, samples are 4511.65 and 187.29 mg/
L, respectively. The content of fluorine in the sample is
determined by potentiometric titration by measuring the
change of potential during titration. The 0.5 g sample was put
into a conical bottle, and then 4 mL of 0.15 mol-L'HNO;
solution and 200 mL of deionized water were added in it with
ultrasonic vibration for 60 min to dissolve the sample. Then,
10 mL of 1 molL™" NaCl was subsequently added in it.
Titration was carried out with a standard solution of AgNO;,
and the titration end point is the voltage abrupt point. The
amount of the AgNOj solution consumed by titration subtracts
the amount of CI7, and the difference value is the amount of
F~. The mass fractions of F~ in SFS,;F,s and SFSgF,,
samples are 0.63 and 0.19, respectively. The results of ion
chromatography are consistent with those of potentiometric
titration. Combined with the EDS results, it can be seen that
the contents of F~ in SFSy;F; and SES, ,F,, are lower than
the stoichiometric ratio, and the content of F~ in SFS; F is
higher than that in SES, F,.

Figure 5 shows the SEM images of the cross-section of
symmetrical cell SFS.FISFS,F -GDCIGDCISES,F,-GDCI
SES,F, with a double-layer composite cathode. The images
showed that the prepared double-layer composite cathode
SFS,F, material attached well to the GDC electrolyte without
delamination. The composite cathode was thin, and no evident
boundary was observed in the SEM image. All the studied
cathode materials had porous structures, which provided more
active sites for gas diffusion from the cathode surface to the
three-phase boundary, which is expected to have good ORR
activity.”* The cathode added with F exhibited a loose
structure, which is conducive to ORR. When the doping

co

(a) SFSy Fy s

uS/em

uS/cm

Figure 4. Chromatogram of the F~ ion.
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Figure 6. Relationship between the temperature and CTE of the SFS,F, samples.

amount of F was increased, agglomeration and coarsening
occurred in SFS.F¢ materials (Figure S3), aggregation and
coarsening of samples may be due to crystal growth caused by
F doping, and the pores were partially covered. This condition
hindered the diffusion of gas and adversely affected the ORR
activity.

Figure 6 shows the CTE curves of SrFe;¢Siy;O; s and
SrFegsSip 15035 doped with different F doping amounts. The
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figure also shows that the slope of each curve increased with an
increase in temperature above 400 °C, which was due to the
transformation of Fe** to Fe*" during heating. Such a condition
resulted in the escape of lattice oxygen and the formation of
oxygen vacancies. The higher the doping amount of F, the
steeper the CTE curve of the cathode material. The
introduction of the F anion reduces the metal—oxygen bond
energy, and oxygen is easy to overflow, thus increasing the
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CTE of the material. CTE decreases with the increase in Si
content, which is due to the reduction of the Fe content, the
reduction of thermal reduction from Fe®', and the weakening
of oxygen loss during heating. As shown in Table 4, the higher

Table 4. Average CTE Values of the SFS_F, Samples

sample coefficient of thermal expansion (107 K?)
30—400 °C 400—800 °C 30—800 °C
SESy o0 17.4096 349798 27.0169
SESyosFo 16.4760 33.6706 25.8610
SES0sFos 18.1150 41.4593 322748
SESy, 7.9259 19.10583 11.9850
SES, Fo, 77517 19.1999 12,5920
SESy,Fos 15.6050 34.0809 24.1420
SESy s 15.8455 287530 227391
SFS 15Fo, 8.7752 21.4550 13.8341
SESy15Fos 16.6123 40.5597 26.6837

the amount of F doping, the more evident the increase in
average CTE. When the doping amount of F reached 0.5, the
CTE of the SFS,Fys (x = 0.1, 0.15) material was higher than
that of commonly used electrolytes (10—13 x 107 K™'),*
which easily caused cracking, deformation, and contact
interface between the cathode and electrolyte materials.
Material conductivity was tested in an air atmosphere
(Figure 7). The peak electrical conductivity of all materials
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Figure 7. Conductivity—temperature curve of SFS,F, at 400—800 °C.

appeared at 400 °C and decreased with the increase in
temperature due to the escape of lattice oxygen at high
temperature and small polaron associated with the lower state
of the silicon/iron.?® Given the existence of randomly oriented
nanocrystals in the SrFe,_ SixO;_s perovskite matrix, the
SrFe(9sSigosO3_5 structure was the main perovskite phase
(Pm3m space group), and the calcium ferrite structure
Sr,(Fe,_,Si,),05 coexisted.” The binding energy of metal—
oxygen bonds was reduced due to the excellent capability of F
to attract electrons.”” Conductivity decreased with the increase
in the doping amount of F. For SFS,F, and SFSsF, (y =0,
0.1, 0.15) series materials, the doping of F improved their
conductivity because the introduced F expanded the lattice
volume, generated oxygen vacancies, and improved ionic

conductivity. More oxygen vacancies and active sites for
oxygen adsorption/dissociation can be obtained when the
doping amount of F is 0.1. The introduction of excess F~
reduces the content of Fe?*, which is not conducive to the
electrochemical performance of the material.

To evaluate the effect of F~ doping on the ORR activity of
the cathode materials, we assembled a symmetric cell with a
double-layer composite cathode structure. Figure 8 shows the
impedance spectra of SES,F, at the temperature range of 600—
800 °C. The equivalent circuit L-R-(R;-CPE,)-(R,-was) is
used to fit the AC impedance spectrum. The presence of two
arcs in the impedance spectrum indicates that two electrode
processes were involved in molecular oxygen reduction. The
high-frequency arc was caused by polarization in the charge
transfer process, and the low-frequency arc was due to oxygen
adsorption and desorption on the electrode surface related to
cation diffusion. As shown in the equivalent circuit diagram, R,
refers to the charge transfer resistance caused by the
electrochemical reaction at the electrode—electrolyte interface,
and R, denotes the diffusion resistance caused by the diffusion
of oxygen ions at the electrode. The polarization impedance R,
consists of the charge transfer impedance R; at high
frequencies and the diffusion impedance R, at low frequencies.
Ry, Ry, and R, values of the cathode materials at 800 °C are
shown in Figure 9. On the one hand, the appropriate
substitution of F anions for oxygen ions can improve the
activity of the SFS, osF, material because F ions have a higher
electronegativity than oxygen ions, and the ORR activity can
be improved by doping F. The polarization impedance values
of SFSy,F, and SES;sF, materials increased because the
introduction of F increased the concentration polarization,
hindered the self-diffusion of oxygen, and reduced the diffusion
rate of oxygen ions. The increase of the polarization impedance
values of SFSy,F, and SFSsF, materials is mainly due to the
increase of the diffusion impedance R,, as shown in Figure 9,
which is related to the increase of the concentration
polarization, as is shown in Figure 8.

Figure 10 displays the cross-sectional morphology of a single
cell with NiO-GDC as the anode, SFS;; and SFS,,F,; as the
cathode, and GDC as the electrolyte. The electrolyte showed
no evidently closed pores or penetrating holes, which can
effectively isolate the gas between the cathode and anode. The
NiO-GDC electrode had a porous structure and can efficiently
transport gas and charge.

Figure 11 reveals the volt—ampere characteristics and output
power curves of NiO-GDC/GDC/SFS,; and NiO-GDC/
GDC/SES, F,, single cells at the temperature range of 800—
650 °C, respectively. At 750 and 800 °C, the maximum power
densities were 58.13 and 131.88 mW/cm? respectively. The
SFES, Fy1 cathode cells attained maximum power densities of
278.86 and 388.91 mW/cm” at 750 and 800 °C, respectively,
which imply an improved electrochemical performance. The
polarization impedance of the SES, F,; cathode material was
as low as 0.244 Q.cm? at 800 °C, which indicates that SOFCs
with the SFSy F,, cathode material can operate at such
temperature. The performance of a single cell is close to that of
the relevant SrFeO;_s-based cathode materials that have been
reported, as shown in Table 5.

4. CONCLUSIONS

StFe,_,8i,05_sF, (x = 0.05, 0.1, 0.15; y = 0, 0.1, 0.5) series
cathode materials were synthesized via a solid-state method.
The crystal structure was not changed by F doping. The cell
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Figure 9. R, of SF,SF, in the range of 700—800 °C.

parameters increased with the increase in the doping amount.
SES,,Fy, showed good particle distribution and uniform
element distribution. The introduction of F increased the CTE
of the SrFe; ,Si,O; s material. When the F doping amount
was 0.1, the CTE matched that of common electrolytes. When
SrFe(oSiy0;5_s was doped with F, the ORR activity and
conductivity of the SFS, F,, cathode material were improved.
The conductivity of the SES, F;, cathode material reached
170.69 S/cm at 400 °C. At 800 °C, the polarization impedance

20um 20um

=5 of SFSy,Fy; was 0.244 Q-cm® The double-layer composite
cathode with SrFe(4Siy;O5_s as the cathode material attached

Figure 10. SEM images of the single cell by (a) SFSy, and (b) well to the GDC electrolyte and had a loose and porous
SES, Fy, as the cathode.

structure, which provided an effective path for oxygen
transport and is conducive to cathode ORR. The output
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Figure 11. Current density—voltage—power density curves of (a) SFSy; and (b) SFSy;Fy.

Table 5. PPD Values of SrFeO; ; Materials Doped with Different Elements

sample electrode
SrFeggNby, 055 SDC
SrFe,_,Ti,05_5 (x = 0—0.15) SDC
Lag¢Sry,FeOs_5 SDC
Lag 54Sr9.46Fe0.50Cu10.2003-5 SDC
SES,,Fo, GDC

temperature (°C)

PPD (mW cm™2) ref
800 407 28
800 475—-432 29
700 300 30
600 452 31
800 388.91 this work

power density of SES; F;; as the cathode material reached
388.91 mW/cm? at 800 °C. In conclusion, SrFeqoSiy;O05_sFq
is a promising cathode material for intermediate-temperature

SOFCs.
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