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Abstract: Solid oxide cells (SOCs) are attracting much more attention as promising energy conversion
and storage devices. One of the challenges of optimizing of solid-oxide cells” performance is that there
are not enough triple-phase boundaries (TPB) in the electrode bulk. To enhance the reaction area for
SOCs, SryFe; sMop 5045 nanofibers are synthesized by electrospinning with metal nitrate precursors
and used for SOC electrodes operated in both humidified air and a hydrogen atmosphere. SFMO
nanofibers display a highly porous and crystallized perovskite structure and continuous pathways by
XRD analysis and SEM observation. The average diameter of the SFMO nanofibers after sintering is
about 100 nm. The Lag gSrg»Gag gMgn203.5(LSGM) electrolyte-supported symmetrical cell with the
SFMO nanofiber electrode exhibits enhanced electrochemical performance in humidified air and an Hp
atmosphere. Moreover, a distribution of the relaxation time method is used to analyze the impedance
spectra, and the polarization peaks observed are assigned to correspond different electrochemical
processes. The results indicate that the SFMO nanofiber with an improved nanostructure can be the
potential material for the SOC electrode.

Keywords: solid-oxide cells; electrospinning nanofiber; distribution of relaxation time

1. Introduction

Alleviating the increasing concern over problems of environment and energy pro-
duction requires drastic modification of our energy system: moving from fossil fuels to
low-carbon energy sources. Due to the intermittent characteristics of renewable energy
sources, such as wind and solar energy, long-term energy storage and efficient energy
conversion technology are urgently needed. Solid-oxide cells (SOCs) are promising en-
ergy conversion technology, which can produce electrical energy in solid-oxide fuel cells
(SOFCs) and can also store excess energy into chemical fuels in solid-oxide electrolysis cells
(SOECs) [1-4].

The electrode reaction’s rates have been experimentally and numerically proven to be
dependent on the microstructure of the electrodes since the chemical and physical steps pro-
ceed at the electrode’s surface and the electrode—electrolyte interface [5,6]. Specifically, the
electrochemical performance relies on the porosity and length of the TPB [6-8], which are
determined by the material synthesis and electrode fabrication techniques [9,10]. Among
them, the nanostructured electrode materials are suggested to accelerate the penetration of
fuel into the bulk and obtain prolonged TPBs in SOCs [11-13].

Electrospinning has been applied to the synthesis of ceramic nanofiber materials for
the application of SOC electrodes because it provides an enlarged specific surface area,
a continuous conduction pathway, and a highly porous structure [14-16]. Hieu et al. [17]
electrospun the Bag 551y 5Cog gFe 203.5 (BSCF) nanofiber and prepared a symmetrical cell
on the GDC electrolyte, leading to an 80% reduction in area-specific resistance compared to
the powder-based electrode. Chen et al. [18] fabricated (Lag ¢Srg.4)0.95C00 2Fep 8O3-5 (LSCF)
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nanofibers and demonstrated that the unique architecture formed by electrospinning
promotes mass/charge transport in ORR kinetics. Furthermore, an anode-supported single-
cell configuration of NiO—YSZ 1 YSZ | GDC I LSCF/CeO, with the LSCF/CeO, composite
nanofiber cathode fabricated by Zhang et al. [19] only had 0.031 Q-cm? at 700 °C, which
exhibited highly active and robust stability. Therefore, many materials, especially mixed
ion-electron conductors (MIECs), have been electrospun and used as electrodes. The
adoption of nanofiber-based electrodes has enabled performance enhancement compared
to powder-based electrodes.

One of MIEC candidate materials is the double-perovskite molybdenum-doped stron-
tium ferrite [20-22]. Ana B et al. [23] investigated the formation of oxygen vacancies in the
SrpFeMoQg._5 materials via quantum mechanics, highlighting the potential of Fe-rich SFMO-
based materials. Li et al. [24] concluded that the catalytic ability and conductivity of the
SFMO anode could reach a better balance with the Fe:Mo = 1.5:0.5 ratio, and the electrolyte-
supported single cell (SFMO | LSGM | BSCF) was fabricated, receiving the maximum power
density of 541 mW-cm 2 at 800 °C with hydrogen fuel. Zhang et al. [25] pointed out that
SryFe1 5sMog 506.5 has good chemical stability in both oxidizing and reducing atmospheres:
even in dry hydrogen, no impurity phase was detected after being sintered at 1000 °C for
24 h. Natalia et al. [26] summarized the application of SFMO-based materials in symmetric
cell and fuel cell and described their potential as symmetrical electrodes in solid-state
electrochemical devices.

Therefore, SroFeq sMo(504.5 is deemed to be a very promising anode and cathode
material for SOFCs because of its high conductivity, catalytic activity, and resistance to
carbon deposition [24,27,28].

According to the literature [29], Liu et al. [30] experimentally confirmed that
SrpFe; sMog 50¢.5 can be applied as electrodes in symmetrical configuration (SFMO | LSGM |
SFMO), and its polarization resistances at 800 °C were 0.24 Q-cm? in air and 0.27 )-cm?
in wet hydrogen, showing excellent redox stability and electrical conductivity in both
an oxidizing and a reducing atmosphere. Furthermore, Yang et al. [31] synthesized SEFMO
materials with A-site deficiency through the sol-gel combustion method and prepared
a single cell (NiO-YSZ INiO-5c¢SZ |ScSZ I SDC | SFM) using the SEMO cathode, which
reached 1083 mW-cm ™2 at 800 °C. Moreover, Wang et al. [32] used SFMO as an anode
material to make a direct CHy fuel cell with the configuration of SEMO | LSGM | BSCF and
reached 0.6 W-cm~2 power density at 850 °C.

In this paper, the pure perovskite structure SrpFe; sMog 50¢.5 nanofibers are prepared
by electrospinning. The optimal ratio of metal nitrates and polymers in the precursor
solution and the sintering temperature of the as-spun nanofiber have been ascertained.
Then, using ultrasonically dispersed slurry, SFMO nanofiber-based electrodes were sintered
on the LSGM electrolyte to obtain SFMO | LSGM | SEMO symmetrical cell. The electrochem-
ical performance was evaluated to prove the possibility of SFMO nanofibers as electrodes
in SOCs.

2. Experimental Section
2.1. Material and Cell Preparation

SFMO nanofibers were prepared by the electrospinning technique followed by a calci-
nation procedure. In a typical process for electrospinning, stoichiometric amounts of ana-
lytical reagents Sr(NO3); (2 mmol), Fe(NOs3)3-9H,0 (1.5 mmol), and (NH4)sMo7054-4H,0O
(0.07 mmol) were dissolved in a mixture of N,N-dimethylformamide (DMF, 18.3 g) and
ethyl alcohol (18.3 g).Then, 8 wt% polyvinylpyrrolidone (PVP, MW = 1,300,000, 3.2 g)
was added to the mixture and stirred to form a homogenous precursor solution. The
obtained solution was loaded into a 10 mL plastic syringe with a 20-gauge steel nozzle.
Figure 1a shows the electrospinning process for fiber fabrication. A syringe pump (LSP01-1A,
Ditron-tech, Baoding, China) was used to disperse the solution at an injection flow rate
of 6 uL-min~! with a high-voltage DC power supply maintained at 18.50 kV. A drum
collector was fixed to collect the product of the electrospinning process at 100 rpm rotation
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speed. The distance between the spinneret and the collector was 13 cm. The electrospinning
process happens in the space between the tip of the syringe and the collector. Actually,
the Taylor cone was a term used to describe the phenomenon of charged droplets being
deformed by electrostatic forces to produce a charged cone. Then, the as-prepared fiber film
was firstly dried and heated at 200 °C for 1.5 h to remove the polymer and other organic
compounds. Finally, the fiber film was sintered at 800 °C for 2 h in air.

High Voltage
Power

Taylor cone

N 4

Figure 1. Schematic illustration of the electrospinning process for fiber fabrication (a) and electrode

(b)

preparation for nanofiber-based electrodes (b).

The symmetrical cells with the SFMO | LSGM | SFMO configuration were fabricated.
Dense LSGM disks were prepared by the uniaxial pressing of commercially available LSGM
powders (Terio Corporation, China) followed by subsequent calcination at 1450 °C for 4 h.
Figure 1b shows the electrode preparation process for nanofiber-based electrodes. Fiber
ash was ultrasonically dispersed for 10 min in a slurry of acetone/binder (x-terpineol and
ethylene cellulose) mixture (mass ratio of 5:1) with a solid loading of 5%, and 25 uL of
slurry was dripped onto one side of the LSGM electrolyte by a pipette gun. Then, the
cell was dried in an oven at 80 °C for 30 min. The drip and dry procedure was repeated
three times to form a stable electrode. Additionally, the whole method was carried on the
other side of the electrolyte [18,33]. The symmetrical cells were then sintered at 900 °C
for 2 h to form electrodes on LSGM with an effective area of 0.5 cm?, at a heating rate of
2°C-min~ 1.

2.2. Measurement

The crystal structure of the as-synthesized samples was measured by X-ray diffrac-
tion (XRD, Bruker AXS D8 Advance diffractometry, Billerica, USA) with filtered Cu Ko
radiation. SFMO Fiber ash and LSGM powder were thoroughly mixed and pressed into
a20.3 x 3.8 x 5.24 mm?3 bar and sintered in air at 1300 °C for 6 h. The chemical compatibil-
ity of SFMO and LSGM was also tested through X-ray diffraction to examine the existence
of the impurity phase.

The electrochemical impedance spectroscopy (EIS) and current-voltage curve (IV)
were carried by the German Zahner IM6e electrochemical workstation in the frequency
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range of 0.1 Hz-1 MHz under 5 mV AC amplitude from 800 °C to 700 °C. The obtained
impedance spectrum curve was analyzed by running the DRTtools [34] with MATLAB and
fitted on the origin. The symmetrical cell was measured with a different atmosphere in
the high-temperature tube furnace. The atmosphere is humidified air with 100 mL-min~!
flow rate or humidified H, with 60 mL-min~! flow rate. The single cell was tested under
humidified hydrogen and dry air atmospheres. To analyze the microstructures of the
nanofiber and symmetrical cells, a scanning electron microscopy (SEM; JSM-IT500HR,
Tokyo, Japan) operating at 20 kV was carried out.

3. Results and Discussions

The influence of the calcination temperature in the microstructure of calcined fibers
manufactured by electrospinning has been analyzed. Figure 2 shows the SFMO nanofiber’s
microstructure image after exposure to different sintering temperatures of 600 °C,
800 °C, and 1000 °C. The calibration notes from Figure 2b,d,f demonstrate that the av-
erage diameters of SFMO nanofibers sintered in 600 °C, 800 °C, and 1000 °C are about
110 nm, 100 nm, and 145 nm. When the calcination treatment temperature is 600 °C,
the SFMO fiber’s diameter and arrangement are irregular, and there are some clumps of
organic polymer remaining on the fibers. When the calcination treatment temperature is
1000 °C, the diameter of SEMO fiber is larger; the calcined fiber is partially adhered and
partially broken; and the surface is rough, showing an oversintered character. When the
calcination treatment temperature is 800 °C, SEMO reflects an ideal ceramic nanofiber’s
structure, including uniform particles, and a large length-to-diameter ratio. The highly
porous structure and continuous pathways of the SFMO nanomaterials are confirmed by
the SEM image, which shows that all of the prepared SFMO fibers have a 3D interconnected
network composed of nanoparticles. As reported in the experimental section, the precursor
solutions contained a low amount of polymer, resulting in a reduction in fiber diameters
after the heat treatment. Therefore, the nanofibers manufactured with a lower temperature
have a wider diameter and a more irregular network, owing to some residual organic
components. However, for the temperature of 1000 °C, the majority of the fibers become
fragile and broken, which is unfavorable for SOC applications. Thus, the sample calcinated
at 800 °C, with an average fiber diameter of 100 nm and clear crystalline fringes, has the
beneficial characteristics needed to promote the electrode architectures and prolong the
crucial TPB length.

Before testing a symmetrical cell and carrying electrochemical characterization, the
chemical compatibility between SEMO and LSGM needs to be verified. Figure 3 shows the
XRD patterns of the prepared SFM nanofibers, the LSGM powder, and the SFMO-LSGM
mixed bar after sintering at 1300 °C for 6 h, respectively. Firstly, it can be seen that the
nanofibers display a clearly defined perovskite structure with a symmetrical cubic phase,
which is found to crystallize in the cubic space group Fm3m. Then, the compatibility
testing result shows a combination of the characteristic peaks of SFMO and LSGM, and
no other phase or shift can be observed, indicating that there is no interaction between the
two materials. The lattice parameter of the SFMO nanofiber is 7.8717 A.

Figure 4 shows cross-sectional images of the symmetrical cell composed of SFMO/
LSGM/SEMO. It can be seen from the Figure 4a,b that the fibrous structure has good
contact with the dense electrolyte. In Figure 4c,d, the prepared nanofiber-based electrode,
composed of many conjoint SFMO nanofiber rods, has an enlarged specific surface area
and plenty of pores. The vulnerability of ceramic nanofiber materials may account for the
conversion from long fibers to relative short rods, and the average length-to-diameter ratio
of the rod-shaped fibers is about 1:4.

The area-specific resistance (ASR) obtained from EIS measurements is an effective
parameter for the catalytic performance of the electrode for redox reactions [35]. The EIS
of symmetric cells that have an SFMO nanofiber electrode on the LSGM electrolyte was
measured with a 4-electrode system in humidified air (3%H;0O) and H, (3%H,0O). For
comparison, the ohmic resistance (Rn) was omitted in the Nyquist plots. The difference



Crystals 2022, 12, 1624

50f12

between the real axis intercepts of the impedance arc is considered to be the polarization
resistance (Rp). Figure 5 shows the EIS results of SEMO | LSGM | SEMO symmetrical cell
at a temperature range of 700-800 °C and Table 1 recorded the polarization resistance in
different working condition. The SEMO nanofiber-based electrodes showed a polarization
resistance of 0.14 Q-cm? in air and 0.4 Q-cm? in H, at 800 °C. Liu et al. [29] synthesized
SryFeq sMog 5045 material through a microwave-assisted combustion method and fabri-
cated a symmetrical cell with a configuration of SFMO | LSGM | SEMO. Its polarization
resistances at 800 °C were 0.24 Q)-cm? in air and 0.27 Q-cm? in wet hydrogen. In contrast
with their results, the nanofiber-based SFMO electrode had optimal performance in air
resulting from the fibrous microstructure through the electrospinning technique.

Figure 2. SEM images of SEMO fibers after electrospinning and calcination, obtained with different
calcination temperatures of (a,b) 600 °C, (¢,d) 800 °C, and (e,f) 1000 °C.
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Figure 3. X-ray diffraction patterns of SFMO nanofibers, LSGM powder (commercial), and
SFM-LSGM powder mixture after being fired at 1300 °C for 6 h.

Figure 4. SEM images of SFMO nanofibers on the LSGM electrolyte after cell calcination: (a,b) the
interface between the electrode and the electrolyte; (c,d) SEMO electrode.
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Figure 5. Polarization resistance of SFMO nanofiber electrode without ohmic resistance measured at
700, 750, and 800 °C in humidified air (a) and Hj (b).

Table 1. The area-specific resistances for SFMO symmetrical cells.

Resistance (Q-cm?) 800 °C 750 °C 700 °C
Rp-H, 0.4 0.72 1.4
Rp-Air 0.14 0.24 0.45

In an air atmosphere, the polarization resistances increased to 0.24, 0.45 Q)-cm? for
750 °C, 700 °C. The plot of 700 °C in Figure 5a is similar to a single arc, which at high
frequency turns into a straight line with 60° slope with respect to the real axis. This is
usually referred to as Gerischer behavior [36]. With the increase in temperature, this single
arc shrinks and becomes deformed, with the high-frequency line becoming remarkably
narrower in range and reduced in slope, resulting in overall arc depression. Moreover,
the low-frequency arc appears gradually after the whole arc shrined, which represents the
physical process of gas-phase diffusion. In an Hp(3%H;0O) atmosphere, the polarization
resistances increased to 0.7, 1.4 Q-cm? for 750, 700 °C.

When transforming the EIS results into DRT spectra, internal oxygen transport process
can be clearly distinguished according to different characteristic DRT peaks [37,38]. Figure 6
illustrates the DRT analysis plots related to SFMO | LSGM | SEFMO symmetrical cells in both
an oxidizing and a reducing atmosphere at different temperatures. The observed peaks in
the G(t) vs. In(t) plot demonstrate that the specific electrochemical processes in which G(t)
is the distribution function of the relaxation time and 7 is the relaxation time. Therefore, the
area enclosed by a DRT peak stands for polarization resistance corresponding to different
electrode process. According to the literature [38—41], several typical peaks at the DRT
spectra can be identified: electronic resistance losses between the working electrode and
the current collector; interfacial losses that are independent of the electrode microstructure;
chemical losses that are highly dependent on the cathode microstructure, including oxygen
surface-diffusion and bulk diffusion; and gas diffusion losses, which are dependent on gas
partial pressures [42].

As can be seen from Figure 6a, at 800 °C, there are two major characteristic peaks as
P1-P; for SFMO electrodes in air from relatively high-frequency regions, and two minor
peaks as P3-P, in low-frequency regions, respectively. When the temperature was reduced,
three characteristic peaks kept still while the P, peak rose sharply at the middle-frequency
regions. P, increases with decreasing temperature, which is the rate-controlling process
related to the interfacial resistances and is independent of the electrode microstructure.
Moreover, the Py, P3, and P4 peaks are associated with charge-transfer resistance, and gas-
surface and bulk-diffusion resistances, which are not strongly dependent on temperature. It
is noted that a characteristic peak (P5) that does not appear at other temperatures appeared
at the right side of the Figure 7a at 750 °C; since its value is small and in the low-frequency
region, it mainly reflects the impedance of the mass transfer process and does not account
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for the main part of the impedance. Therefore, the effect on its particularity can be ignored.
The minor changes of Py, P3, and P4 indicate that the nanofiber-based SFMO electrodes
have good activity in the hydrogen/air-gas diffusion, adsorption, and dissociation process,
and the charge transport and activation reaction of three-phase boundaries [43]. Further-
more, much effort should be made to distinguish their specific relationship in the oxidizing
atmosphere. As for the results in the reducing atmosphere, Figure 6b shows the DRT
plots transformed from the EIS results in the 3%H,O-H; atmosphere. Compared with
Figure 6a, the rate-controlling process in reducing the atmosphere focuses on the relatively
low-frequency area, which correspond to gas diffusion inside the electrodes and surface.
With the increase in temperature, all of the peaks shift to the higher-frequency regions and
shrink to smaller scales, which ensures that the relaxation of the electrochemical process
becomes faster and the corresponding polarization resistance decreases. Specifically, the
integral area of the peak represents the resistance of the process. As shown in Figure 6¢,d,
resistances of different characteristic peaks are calculated. Above all, the analysis from
Figure 6 demonstrates that the nanofiber-based SFMO electrodes have proper electrochem-
ical performance and the direction of optimization is to improve the interfacial bonding
between the electrolyte and the electrode.

Air Atmosphere H, Atmosphere
0.096 ( ) by e 0017 a 8000
R I - ) I ) 3 ]
0.064 &r
0032
0.000
= 0.084
w
&
= 0.056
o
S 002
&
9 0000
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0036
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1 1 1 1 1 1 1 1 1
4 -12 -10 -8 -6 4 2 0 2
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Figure 6. DRT analysis results of impedance spectra and simulated resistances corresponding
to characteristic peaks from 700 °C to 800 °C, under oxidizing conditions (a,c) and reducing
conditions (b,d).
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Figure 7. Impedance spectra under open-circuit conditions (a) and I-V and I-P curves of humidified
H, (b), for LSGM electrolyte-supported SOCs with nanofiber-based SFM symmetrical electrode
measured from 800 °C to 700 °C and 90 h duration test in the SOFC working mode (c).

The corresponding electrochemical impedance spectra of LSGM that supported the
SOCs with nanofiber-based SFMO symmetrical electrodes under OCVs condition
are shown in Figure 7a. The polarization resistance (Rp) values increase from 0.42 to
1.14 O-cm?, with the temperature reduced from 800 °C to 700 °C, while the ohmic resis-
tance (Rp) increases from 0.56 to 1.10 Q-cm?, suggesting that Rp and R have a similar
effect on the electrochemical performance within the operating temperature range. To
further verify the electrochemical performance for the nanofiber-based SFMO electrode,
the discharge performance of the SOCs was investigated. Figure 7b displays the I-V and
I-P curves at 700—800 °C. The cells with the SFMO symmetrical electrode demonstrated
peak power densities of 257, 165, and 98 mW-cm—2 at 800, 750, and 700 °C, respectively.
Finally, Figure 7c shows the stability of LSGM supported SOCs with nanofiber-based SFMO
symmetrical electrode with a discharge current density of 134 mA-cm~2 at 700 °C. The
recorded output voltage was given as a function of the operation time and remained rela-
tively stable at 0.63 V for 90 h. These results indicate that nanofiber-based SFMO electrode
has practical electrochemical properties for SOCs operating conditions. Additionally, we
can further improve the conductivity and electro-catalytic activity of the SFMO electrode
by infiltrating other materials and optimizing the microstructure.
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4. Conclusions

SFMO nanofibers with a perovskite structure have been successfully fabricated by
electrospinning and used for SOC electrodes. The characterization analysis indicated
that the nanofiber architecture is a highly porous network with a uniform diameter of
about 100 nm and a small grain size. The TPB’s length and reaction rates in electrodes are
promoted due to continuous pathways for charge transport and higher permeability for
gas penetration by the nanofiber work. The total ASR of the symmetrical cell at 800 °C
was 0.14 Q-cm? and 0.4 Q-cm? in an air and H, atmosphere, respectively. Additionally, the
cell with the same configuration working on the SOFC operation mode exhibited a power
density of 257 MW-cm~2, an Rp of 0.42 Q-cm? and a durability of 90 h under humidified
hydrogen—dry air atmosphere. The impedance spectrum was further investigated via the
distribution function of relaxation time, and several characteristic peaks shifted to the left
at high frequency with the growth of the temperature. The specific polarization resistances
calculated by integral area reveal directions to optimize. Overall, this work provide
a basis for the application of electrospinning in the field of energy and the optimization of
high-quality electrode materials for SOCs.
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