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Abstract

The B-site substitution with the minor amount of tin in BaFeOs.5 parent oxide is
expected to stabilize a single perovskite lattice structure. In this study, a composition
of BaFeo95Sn.05035 (BFS) as a new cathode material for intermediate-temperature
solid oxide fuel cells (IT-SOFCs) is synthesized and characterized. Special attention is
paid to the exploration of some basic properties including phase structure, oxygen
non-stoichiometry, electrical conductivity, oxygen bulk diffusion coefficient, and
surface exchange coefficient, which are of significant importance to the
electrochemical activity of cathode materials. BFS holds a single cubic perovskite
structure over temperature range of cell operation, determined by in-situ X-ray
diffraction and scanning transmission electron microscope. A high oxygen vacancy
concentration at cell operating temperatures is observed by combining
thermo-gravimetric data and iodometric titration result. Furthermore, electrical
conductivity relaxation measurement illustrates the fast oxygen bulk diffusion and
surface exchange kinetics. Accordingly, testing cells based on BFS cathode material
demonstrate the low polarization resistance of 0.033 Q cm? and high peak power
density of 1033 mW cm™ at 700 °C, as well as a relatively stable long-term operation
for ~300 h. The results obtained suggest that BFS perovskite oxide holds a great

promise as an oxygen reduction electrocatalyst for IT-SOFCs.
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1. Introduction

Compared to the conventional power generation systems, the high
chemical-to-electrical efficiency, flexible fuel sources, and low emissions of solid
oxide fuel cells (SOFCs) render them attractive energy conversion technologies in the
sustainable energy future [1-3]. However, several barriers including high cost and
poor reliability, originating from the high-temperature operation (typically
800-1000 °C), hinder the widespread SOFC commercialization. Lowering the
operating temperature to an intermediate range (500-800 °C) can help lower the cost
and improve the stability of SOFC but its electrochemical performance is also
decreased partly due to the decreased activity of cathode materials for oxygen
reduction reaction (ORR) [4, 5]. Therefore, creation of robust cathode materials with
high electrocatalytic activity for ORR is essential for the development of
commercially-viable SOFCs. To date, extensive efforts have been devoted to
developing new materials for oxygen electrocatalysis, such as LaixSrxMnOs.s (LSM)
[6, 7], SmosSrosCo0Os5 (SSC) [8, 9], LaixSrxCoiyFe,Os.s (LSCF) [10, 11],
Bag.sSro.5Co0.8Fe0203.5 (BSCF) [12, 13], LaNii«FexOs.5 (LNF) [14], LnBaCo20s+5 (Ln

= Pr, Gd) (PBC or GBC) [15, 16], LaxNiOg4+;5 [17], etc.

Being an important magnetoelectric basic component, BaFeOs;_s-based perovskites are
extensively used as photocatalyst, NOx absorber, oxygen-permeable membrane, and
oxygen reduction electrocatalyst with a large variety of properties [18-21]. As for
A-site cations, Ba** is a desirable candidate since the low oxidation state and large

ionic size could facilitate the formation of oxygen vacancies by charge compensation
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and enlarge the free volume in the perovskite lattice, thus promoting oxygen ion
mobility [22]. With regard to B-site metals, iron ions present some attractive
properties such as abundant availability, high chemical stability associated with the
less flexible redox behavior relative to cobalt ions and favorable electrocatalytic
activity for ORR, enabling it to be an essential constituent [23]. However, BaFeOs.s
adopts various crystal structures depending on the oxygen deficiency, including
triclinic, rhombohedral, tetragonal and hexagonal structures, which are sensitive to the
synthesis conditions (e.g., temperature, atmosphere and pressure) [24, 25].
Additionally, BaFeOs.s parent material still possesses a multiphase structure within
the temperature range of cell operation [21]. Consequently, doping strategy by
substituting proper cations into BaFeOs.; is widely applied to stabilize a single

perovskite lattice structure and tailor the properties of oxides [26-36].

In contrast to A-site substitution, B-site substitution leads to charge redistribution and
geometric restructuring throughout the crystal lattice, which may be responsible for
the lower energy cost for oxygen vacancy formation relative to A-site substitution
[36]. It is generally acceptable that the B-site cations are mainly responsible for the
electrocatalytic activity of perovskite oxides. Therefore, many attempts have been
made to tune the electrochemical properties by proper selection of the B-site dopants
[29-34]. Among them, Sn*" was found to be an advisable dopant to stabilize the lattice
structure of parent oxides in view of the following factors [37]: (1) wide availability
with relatively low cost; (2) larger ionic radius over iron ions to diminish the

difference in size between A-site and B-site cations; (3) stable oxidation state against
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thermal reduction; (4) higher metal-oxygen bond energy in comparison with Fe-O.
Additionally, considering the higher valence state (+4) of tin relative to iron ions, the
minor doping amount into the lattice structure is preferred to maintain favorable

oxygen vacancies as the charge carriers.

The aim of the present work is to stabilize a single perovskite phase structure of
BaFeOs.5 parent oxide by doping a minor amount of Sn*" into B-site, with desirable
electrocatalytic properties as a cathode material in intermediate-temperature SOFCs
(IT-SOFCs). The properties of the new perovskite of BaFe.95Sno.05s03-5 (BFS) within
the temperature range of cell operation are characterized by in-situ X-ray diffraction,
scanning transmission electron microscope, thermal analysis, electrical transport, and

electrochemical performance measurements.

2. Experimental
2.1. Powder synthesis

The BFS powder was prepared by a solid state process. Stoichiometric amounts of
BaCOs, Fe2O3 and SnO; as the cation sources were weighed, and then mixed in a ball
milling (Fritsch, Pulverisette 6) using ethanol as a solvent medium at a rotational
speed of 400 rpm for 1 h. The slurry mixture was dried, followed by calcination at
1000 °C for 10 h in air. The grinding and further calcination (at 1200 °C for 10 h)

steps were repeated to form the final perovskite oxide.

2.2. Cell fabrication

To make BFS|SDC|BFS symmetrical cells, SDC pellets were prepared through
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uniaxial pressing, followed by sintering at 1400 °C for 5 h to obtain a dense
electrolyte membrane. The BFS slurry was fabricated by mixing the cathode powder
with glycerol, ethylene glycol, and isopropyl alcohol by ball-milling at 400 rpm for
0.5 h. The resulting colloidal suspension was sprayed symmetrically onto both
surfaces of the SDC pellet and subsequently fired at 1000 °C in air for 2 h. Silver

paste was then deposited as the current collector for the electrodes.

A complete single fuel cell with the configuration of NiO+YSZ|YSZ|SDC|BFS was
constructed for the performance test. The NiO+YSZ anode substrate was first
tape-cast, laminated and pre-fired at 1100 °C. Then, a YSZ electrolyte layer and a
SDC buffer layer were in sequence deposited on the anode support through the wet
powder spraying followed by sintering at 1400 °C for 5 h and 1350 °C for 5 h in air,
respectively. The BFS cathode slurry was then applied to the SDC surface using the

same procedures as described before for the fabrication of symmetrical cells.

2.3. Electrochemical test

The area specific resistances (ASR) of BFS electrode on the symmetrical cells were
measured with the electrochemical impedance spectroscopy (EIS) using a Solartron
1287 potentiostat and a Solartron 1260 frequency response analyzer over the
temperature range of 550-750 °C. Impedance spectra were acquired under open circuit
voltage (OCV) conditions in a frequency range from 0.1 MHz to 0.1 Hz with an AC

amplitude of 10 mV.



For fuel cell performance tests, the button cell was sealed onto a quartz tube with
silver paste, placed inside a furnace and heated to the desired temperature. The
cathode was exposed to ambient air, while the anode was fueled with pure hydrogen
at a flow rate of 80 mL min™!. The current-voltage (I-V) polarization curves were
recorded with a Keithley 2420 source meter using a four-probe configuration between

550 and 750 °C.

2.4. Material characterization

An in-situ X-ray diffractometer (XRD, Philips X’Pert Pro, Cu Ko radiation) was
employed to confirm the crystalline structures of sample. The diffraction patterns
were collected in a scanning range of 20-80 ° with a step size of 0.02 ° across the
temperature range from room temperature to 800 °C. The experimental data were
refined using the Rietveld method with the General Structure Analysis System (GSAS)
program. Scanning transmission electron microscope (STEM, JEOL JEM-2100F)
equipped with energy-dispersive X-ray (EDX) was used to observe the

crystallographic morphology and chemical composition of the specimen.

The initial oxygen non-stoichiometry at room temperature was determined by
iodometric titration method, as described elsewhere [27]. Moreover, the oxygen
content at elevated temperatures was examined by the thermo-gravimetric analysis
(TGA, NETZSCH, STA 449 F3) from room temperature to 800 °C at a heating rate of

10 °C min™' in air.



The cathode powder was compressed and sintered to obtain dense bar-shaped
specimens with the geometric dimensions of 2 mm x 5 mm x 12 mm for conductivity
testing, which was performed using a four-probe DC method with a Keithley 2420
source meter. The electrical conductivity measurement was conducted over a
temperature range of 500-800 °C at intervals of 10 °C under oxygen partial pressures
of 0.21 and 0.1 atm. The oxygen kinetics, e.g., surface exchange and bulk diffusion,
was analyzed by the electrical conductivity relaxation (ECR) technique. After
conductivity reached an equilibrium state, the oxygen activity was abruptly changed
from 0.21 to 0.1 atm, leading to a variation of oxygen vacancy concentration in the
specimens. The corresponding change in conductivity was detected continuously as a

function of the time.

3. Results and discussion

3.1. Structural analysis
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Fig. 1. XRD pattern of BFS powder synthesized by a solid-state reaction route at 1200 °C for 10 h
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Fig. 1 displays the XRD pattern of BFS powder at room temperature. It could be
realized that the diffraction profile fails to be assigned to a single pure phase;
therefore, multiple phases need to be adopted for BFS oxide at room temperature.
Although Sn*" doping still fails to stabilize the single phase of BFS down to room
temperature, the phase structure of perovskite materials within the
intermediate-temperature range between 500 and 800 °C deserves to be investigated
since it is the operating temperatures of electrode materials. In order to examine
possible phase transition behavior with an increase in temperature, in-situ
high-temperature XRD was performed in air within a temperature range of
100-800 °C at an interval of 100 °C and the results are exhibited in Fig. 2a and b. It
can be seen that as the temperature increases, the profile of two split peaks, belonging
to the main characteristic peaks of sample, reduces by degrees and then merges into a
singlet at around 500 °C, corresponding to the multiple-to-single phase transition.
This transition is likely driven by the thermal reduction of iron ions at approximately
500 °C, which results in tending to be octahedral [FeOg] for B-site, thereby improving
the symmetry of the BFS lattice structure [33, 38]. Afterwards, this single phase
structure can be retained upon further heating till 800 °C, indicating the
thermodynamically stable state within the temperature range of cell operation. Taking
BFS at 700 °C as an example, as shown in Fig. 2c, based on Rietveld refinement, the
in-situ XRD patterns can be readily assigned to a cubic symmetrical perovskite
structure with unit cell data, a =b = ¢ = 4.101(1) A. It fits well using the Pm-3m

structural model with the high reliability factors of Rwp = 6.62 %, R, = 6.03 % and



Chi*2 = 1.317, confirming the validity of this model. Therefore, BFS actually adopts

the cubic perovskite structure with the space group Pm-3m under the fuel cell

operating conditions despite the observed multiple phases at room temperature.
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Fig. 2. (a) In-situ XRD patterns of BFS over the temperature range between 100 and 800 °C in air;

(b) magnified in-situ XRD patterns from 28 to 36 °; (¢) Rietveld refinement plot of an example

BFS at 700 °C for in-situ XRD pattern

Further evidence of the cubic perovskite structure at elevated temperatures came from
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STEM technique. Fig. 3a depicts the large field-of-view high-resolution STEM image
of BFS sample quenched at 700 °C. The well-defined lattice fringes with an
inter-planar interval of 0.291 nm in the magnified view of the selected region (Fig. 3b)
can be indexed into (1 1 0) plane of the cubic structure with the space group Pm-3m,
in good consistence with the in-situ XRD analysis. This is further confirmed by the
corresponding fast Fourier transform (FFT) patterns along the [1 1 0] zone axis, with
the relevant lattice planes (1 1 0) and (1 1 1) marked in Fig. 3c. EDX diffraction
spectrum, taken in the STEM from the BFS specimen quenched at 700 °C as shown in
the Supplementary Materials (Fig. S1), reveals the incorporation of tin into the BFS
phase by the presence of tin signal. The relative abundances of the cations are in

accordance with the expected stoichiometry (nominal molar ratios).

Fig. 3. (a) A high-resolution STEM image of BFS sample quenched at 700 °C; (b) the

corresponding magnified view showing lattice fringes and (c) FFT patterns of the selected region
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3.2. Oxygen non-stoichiometry
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Fig. 4. Thermo-gravimetric data of BFS presenting a variation of oxygen non-stoichiometry and

average valence state of iron ions with temperature

It is generally believed that the high oxygen vacancy concentration within the
temperature range of cell operation can improve the electrocatalytic activity of
cathode materials, since the oxygen vacancies provide active sites for surface
diffusion process and charge transfer process of non-charged or charged oxygen
species [39]. The temperature dependences of oxygen non-stoichiometry and average
valence state of iron ions were investigated by combining TGA data and initial
oxygen non-stoichiometry value determined by iodometric titration with the results
being presented in Fig. 4. The intermediate temperature range matches approximately
the one employed for the electrochemical evaluation of cathode. It is clear to see that
the oxygen vacancy concentration increases continuously with increasing temperature,

compensated by the decrease in oxidation state of iron ions due to the thermal
12



reduction. At the cell operating temperatures, high oxygen non-stoichiometry values
(e.g., 6 = 0.443 at 700 °C) are obtained, a desirable property for ORR activity of

cathode materials.

3.3. Transport properties
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Fig. 5. Electrical conductivity of BFS in 21% and 10% oxygen as a function of temperature

In general, the cathode may be subjected to relatively lower oxygen partial pressures
due to cathodic polarization under fuel cell operating conditions. The dependences of
electrical conductivity of BFS on the temperature (500-800 °C) and oxygen partial
pressure (PO>= 0.21 and 0.1 atm) are displayed in Fig. 5. At a given temperature, the
electrical conductivity increases with increasing PO», indicating a p-type electron hole
conduction mechanism, which is also supported by the average oxidation state higher
than 3+ of iron ions as shown in Fig. 4. In addition, the electrical conductivity of BFS

sample decreases continuously with increasing temperature, exhibiting a metallic
13



conducting behavior, analogous to that of previously studied B-site doped BaFeOs.;
[32, 40]. This may be because the high temperature facilitates the thermal reduction of
iron ions, accompanied by the formation of oxygen vacancies, which results in the
decrease of electron holes as the charge carriers and disturbance of the (Fe, Sn)-O-(Fe,
Sn) periodic potential [41]. It can be also expressed using the following Kréger-Vink

notation [42].

2Fe;, + 03 < 2Fels + V5 +1/20, (1)
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Fig. 6. ECR response of BFS at 700 °C after an abrupt change of oxygen partial pressure from

0.21t0 0.1 atm

It is generally accepted that ORR catalytic activity of cathode is considerably related
to the intrinsic properties of materials, e.g., oxygen bulk diffusion and surface
exchange properties (Dchem and Kchem values). These parameters were obtained using

the ECR technique on the basis of the change in surrounding atmosphere. The sudden
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variation in oxygen partial pressure (PO:) of the ambient atmosphere leads to a
corresponding change in the charge carrier (oxygen vacancy) concentration as a result
of the local electroneutrality requirement [43]. The ECR process is accompanied by
oxygen exchange on the surface and chemical diffusion in the bulk of the sample,
which can be fitted to the relevant equations previously reported elsewhere with
MATLAB [44]. After an abrupt change in PO, from 0.21 to 0.1 atm at 700 °C, the
typical ECR profile for BFS is shown in Fig. 6. The relaxation process experiences a
short time to reach a new equilibrium, suggesting a quick response to the change in
PO». High Dchem and Kcnem Values of 1.86x10* cm? s and 1.92x107 cm s for BFS
are achieved at 700 °C, which are comparable to those of previously investigated
BaFeOs.5-derived materials [35, 45]. The high oxygen vacancy concentration and
large lattice size of the single cubic phase structure for Sn-doped BaFeOs.s are
beneficial to the mobility of oxygen species, thus contributing to fast oxygen surface

exchange and bulk diffusion.

3.4. Electrochemical evaluation

The area specific resistance (ASR) of BFS was evaluated in a symmetrical
configuration using AC impedance spectroscopy under OCV conditions, and the
representative Nyquist plot at 700 °C is shown in Fig. 7a. The ASR (R,) value is
determined by the intercept between high- and low-frequency on the real axis of the
Nyquist plot. The relatively lower ASR value of 0.033 Q cm?, originating from the
single cubic perovskite structure and fast oxygen kinetics, is obtained for BFS at
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700 °C, compared with that of previously studied related cathode materials [46, 47].
Additionally, the exchange current density io, a direct reflection of intrinsic
electrocatalytic activity, can be obtained from the EIS measurement. The io value is
measured from R, of the Nyquist plot and calculated using Eq. 2, which is derived

from the low-field approximation to Bulter-Volmer equation [48]:

o = RTv/nFR,

()

where R, T and F have their usual meanings, v is the number of times that the
rate-determining step occurs for one occurrence of the full reaction, and # is the total
number of electrons passed in the reaction. For the ORR mechanism, the ratio of v/n
is considered as 1/4 under the current experimental conditions. The 1o value for BFS
cathode is 635.3 mA cm™ at 700 °C. Fig. 7a also exhibits the Arrhenius format of the
ASR values as a function of the reciprocal of absolute temperature at temperatures
ranging from 550 to 750 °C. The good linearity of the Arrhenius plot indicates the
stable structure of BFS cathode within the investigated temperature range. The overall
activation energy for ORR obtained from the slope of the Arrhenius plot is determined

to be ~124 kJ mol™! for BFS cathode.

The durability of cathode materials is a critical factor for the practical applications of
IT-SOFCs. The long-term stability of BFS cathode was investigated based on the
symmetrical configuration of BFS|SDC|BFS under OCV conditions. As shown in Fig.

7b, the ASR value of BFS cathode is recorded as a function of operation time at
16



700 °C. Over the 300 h long-term testing period, although a slight fluctuation is
observed, the ASR value remains relatively stable at around 0.03 Q cm?

demonstrating the high potential of BFS as a cathode material for IT-SOFCs.
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Fig. 7. (a) Typical Nyquist impedance spectrum of BFS at 700 °C in air and Arrhenius plot of the
ASR values at various temperatures shown as an inset; (b) time dependence of the polarization

resistance for BFS cathode at 700 °C under OCV conditions
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With BFS as cathode, the electrochemical performance was evaluated between 550
and 750 °C in a single cell configuration with NiO+YSZ served as anode, YSZ layer
as supporting electrolyte and SDC layer as buffer interlayer, and the corresponding
results are presented in Fig. 8. The OCV value is 1.07 V at 700 °C, which comes near
to the theoretical one, indicating a dense electrolyte and the good sealing. With air as
oxygen source and hydrogen as fuel, the cell yields a peak power density of 1033 mW
cm™ at 700 °C, which is higher than that of similar cells by applying other cobalt-free
ferrite-based cathode materials [49, 50]. The favorable electrocatalytic activity is
believed to be consistent with the sustained single cubic perovskite structure and high
oxygen vacancy concentration under the fuel cell operating conditions, suggesting a
promising candidate of BFS oxide as an oxygen reduction electrocatalyst for
IT-SOFCs.
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4. Conclusions

With an aim to stabilize the crystal structures of BaFeOs; parent oxide, a B-site
tin-doped perovskite oxide BaFe.95Sno.0503-5 (BFS) was fabricated and investigated,
with a focus on lattice structure, oxygen vacancy concentration, electrical conductivity,
oxygen bulk diffusion and surface exchange, and electrochemical performance. BFS
oxide maintains a single cubic symmetrical structure in the Pm-3m space group under
the fuel cell operating conditions in despite of the observed multiple phases at room
temperature. The BFS-derived cells exhibit superior electrocatalytic activities, e.g.,
low polarization resistance of 0.033 Q cm? and high peak power density of 1033 mW
cm? at 700 °C. The high activity for ORR of BFS cathode may be attributed to its fast
oxygen bulk diffusion and surface exchange properties, which could be rationalized
by the sustained single cubic symmetrical structure and high oxygen vacancy
concentration over the temperature range of cell operation. The desirable
electrochemical activity and long-term stability of BFS oxide warrant it further study

and optimization as a promising cathode material for IT-SOFCs.
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