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Abstract

Reducing fabrication costs and increasing system performance are the primary objectives of contemporary SOFC devel-
opments and research. One of the efficient ways to address the design and durability difficulties is to lower the operating
temperatures to the intermediate range (IT, 500-800 °C). Lay 595V 05510.4C00;5_, (LVO5SC) perovskite cathode is inves-
tigated as a novel cathode for intermediate temperature solid oxide fuel cells (IT-SOFC). Anode-supported YSZ ((Y,0;)
0.08(Zr0,)¢ o) and GDC (Gd,) ;Ce( 4O, o5) electrolytes were prepared by a multilayer tape casting and co-firing method. The
green bi-layer tapes were co-fired at various temperatures with optimized electrolyte and anode slurries. X-ray Diffraction
(XRD) and Scanning Electron Microscopy (SEM) were used to analyze the microstructures and the phase characterizations
of the cathode material and single cell. At 1250 °C of the co-firing temperature, as-prepared anode-supported cells showed
no defects and excellent microstructural properties such as no gas permeability, porosity, and sintered structure. The elec-
trolytes with a thickness of almost 20 um were fairly dense. The power densities were evaluated and both anode-supported
electrolytes showed good electrochemical performance at intermediate temperatures. The peak power density of the cell
reached 89 mW/cm?, and the total resistance was only 3.05 Q.cm” under open circuit conditions at 800 °C. The diffusion
processes of oxide ions (O°7) were found to be the limiting step for ORR by the EIS analysis. These findings suggest that
the compound is a promising cathode material for IT-SOFCs.
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Introduction

Low pollutant emissions and harmless byproducts improve
fuel cells as one of the highly efficient and environmentally
friendly energy conversion devices. Solid oxide fuel cells
(SOFCs) are accepted as an electrochemical energy conver-
sion technology that directly transforms chemical energy
into electrical energy. Because of its high efficiency, adapt-
ability to a variety of fuels, and environmental sensitivity,
SOFCs have received a lot of research interest [1]. Decreas-
ing fabrication costs and improving system stability, which
are the key barriers to commercialization for fuel cells, are
the primary objectives of the development of contemporary
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SOFC for researchers. The materials used in both elec-
trodes supported SOFCs, which operate in the temperature
range of 800—1000 °C, should be less costly and provide
fewer material compatibility issues [2]. One of the efficient
ways to address the design and durability difficulties is to
lower the operating temperatures to the intermediate range
(IT, 600-800 °C). However, as the conventional cathode
La, (St 4,CoO5 (LSC) exhibits weak catalytic activity for
the oxygen reduction reaction (ORR) at low temperatures,
the significant increase in cathode polarization resistance
has emerged as a major problem limiting the electrochemical
performance of IT-SOFCs [3]. Also, to address the design
concerns, there have been many research efforts including
reducing the thickness of the YSZ layer and using substitute
electrolyte materials having better ionic conductivity than
YSZ at low and intermediate temperatures, such as doped
ceria (GDC—Gd,;,Ce( 30, 95) and doped LaGaO5 [4-8].
Despite the reports of effective operation at low and inter-
mediate temperatures, the best materials and methods for
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low-cost processes producing stable and consistently high
SOFC performance have not yet been fully addressed.

The ORR which is supposed to take place at triple phase
boundaries (TPB), is fundamentally an electrochemical
event involving charge transfer. Since Pt electrodes were the
only SOFC cathode material utilized until 1965, significant
studies on those electrodes have led to the realization that by
increasing the size of the active zone on the electrode/elec-
trolyte interface, it is possible to enhance the ORR kinetics
at lower temperatures [9]. This inspires scientists to explore
and develop the possible use of transition metal oxides, or
perovskites, as SOFC cathodes [10]. Perovskites display
strong ORR catalytic capabilities, chemical and thermal
durability, as well as noticeable mixed electrical and ionic
conductivity [11]. These perovskite materials remain also
comparatively less expensive than Pt metal.

Polarization losses at the cathode caused by ORR gen-
erate the majority of the total losses in such SOFCs with
thin film electrolytes. The large activation energy and slow
ORR processes are responsible for the substantial cathodic
polarization losses. Additionally, the migration of oxide ions
inside the porous cathode is a vital factor for cell perfor-
mance [3]. In practice, there are two main ways to reduce
cathode polarization losses: either by selecting a cathode
material composition that optimally matches the triple-
phase boundary (TPB, including the ion-conducting layer,
electron-conducting layer, and the gas phase) to improve
oxide ion exchange and diffusion kinetics or by modifying
the cathode/electrolyte interface microstructure to increase
the TPB dimensions [12]. The surface and/or active area is
another essential element for better performance for ORR,
according to electrochemical studies on dense, porous, and
porous/dense double-layered cathode materials based on
LSC and LSM (La,_,Sr,CoOj; and La,_,Sr,MnO;, respec-
tively) [13-20].

Mixed ionic—electronic conductors (MIECs) are designed
to expand the ORR active range from the TPB to the whole
air electrode surface so that the electrode reaction kinet-
ics can be improved in order to address this problem [21].
For this purpose, perovskite cathodes, particularly based on
cobalt, are the most promising preferences among MIECs
because of their superior electrocatalytic activity at the IT
region for the ORR [22]. By employing the incoming elec-
trons from the anode current collector, the flowing molecu-
lar oxygen is converted to oxide ions by catalytic conversion
onto the surface of the porous cathode. The location of the
ORR might be close to the electrode/gas interface or on the
TPB regions, depending on the characteristics of the cathode
material [23]. The fuel is oxidized as a result of subsequent
passage of the oxide ions to the anode (through diffusion via
a dense electrolyte). By selecting the optimal composition
of the constituent materials and adjusting the sintering and
processing conditions to produce grains of different sizes,
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modification of the cathode microstructure ultimately deter-
mines the performance of the cathode [24-26].

As a possible electrode material, perovskite oxides
ABOj; exhibit a variety of advantageous properties, such
as improvement in oxygen ion mobility and higher stabil-
ity of the mixed valence states of Ti, V, Nb, Mo, and other
elements in the crystal structure [27-30]. By using atomic
substitution/doping or non-stoichiometry on either cation or
anion sub-lattices, the composition of ABO; may be greatly
enhanced. Such modifications trigger improvements in
electrical and ionic conductivities, sintering behavior, and
catalytic performance. The perovskite structure offers an a
priori choice of the active site crucial to catalysis when an
inactive A-site ion (like La®* or Sr**) is combined with an
active B-site ion (like Co®*, Mn**, or Ti**). Additionally,
the selection of the A-cation can change the characteristics
of the B-cation and its nearby oxygen ions [31]. By doping
vanadium metal to the A-site, the oxide electroneutrality and
charge compensation mechanism suggest that the negative
charge defect caused by Sr** replacing La’** at the A-site is
compensated for by aliovalent V ions. V** and V>* are the
two key oxidation states which are proved by X-ray Photo-
electron Spectroscopy (XPS) analysis [32, 33]. So, the con-
tinuous conduction of electrons through B-O-B and V-O-V
saddle points is made possible by shared electron pairs of
B*/B* and V**/V>*. Vanadium-doped perovskites of LSF
by Zhang and co-workers have shown also that the V 2p
peak in XPS was split into two peaks V** and V>*, which
correspond to the binding energies 515.8 eV and 516.8 eV
hence, the existence of the shared electron pair of asV*/V>*+
has enabled the continuous conduction of electrons through
V-0-V [34]. Vanadium-doped perovskites of LSF by Zhang
and co-workers have shown also that the existence of the
shared electron pair of asV#*/V>* has enabled the continu-
ous conduction of electrons through V-O-V.

The attempt to lower the operating temperature from 800
to 600 °C or below is one of the primary research goals in
this area. The benefits of SOFCs operating at lower tem-
peratures include a larger selection of materials, improved
long-term performance, system compactness, and perhaps
lower fuel cell costs [12, 35]. To address these concerns,
there have been many research efforts including reducing
the thickness of the YSZ layer and using substitute elec-
trolyte materials having better ionic conductivity than YSZ
at low and intermediate temperatures, such as doped ceria
(GDC—Gd,,Ce 30, ¢5) and doped LaGaO; [4-8]. Despite
the reports of effective operation at low and intermediate
temperatures, the best materials and methods for low-cost
processes producing stable and consistently high SOFC per-
formance have not yet been fully addressed.

Preceded research about LVO5SC revealed that replacing
vanadium with A-site metals clearly enhanced the electri-
cal conductivity of perovskite material [28, 29]. Findings
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about LVO5SC with good electro-catalytic activity for ORR
presented a potential cathode material for IT-SOFC appli-
cations. The effects of these enhancements in the chemical
and physical properties of perovskite with vanadium-doping
to A-site in this study were investigated for the first time to
understand the ORR mechanism in the operation of SOFC
on the intermediate temperature range. The tape casting and
co-firing procedures were employed to produce the single
cell with anode-supported thin electrolytes to enhance the
electrical characteristics of perovskite materials. Both elec-
trical and ionic conductivities of perovskite materials have
been measured for different temperatures and operating
overpotentials by employing Electrochemical Impedance
Spectroscopy (EIS). As a result of these analyses, adsorp-
tion, dissociation, and diffusion processes were found to be
the rate-limiting steps of ORR. These findings suggest that
this V-doped perovskite structure, LVO5SC, is a promising
cathode material for IT-SOFCs.

Materials and methods
Material synthesis

Utilizing the sol-gel method, Laj,,—,V,Sr;,Co0;—,
(LV,SC, x=0.005) powders were produced. Reagents
included La, Sr, and Co nitrates as well as V acetate
(purity > 99.9%, Aldrich Chemicals, USA). Separately,
each reagent was dissolved in distilled deionized water at
the proper stoichiometric ratio. To produce a homogenous
solution, all of the solutions were afterward combined and
agitated. As complexation and polymerization agents, eth-
ylene glycol and citric acid, in varying amounts, were added
after they had completely dissolved.

The citric acid to total metal ions ratio was maintained at
approximately 1:2. The solution was allowed to evaporate
on a hotplate upon prolonged heating; the gel spontaneously
burned, transforming into a light and delicate ash. Follow-
ing a gentle heating-induced gelation, the resulting gel was
placed in a drying oven at 500 °C for 2 h to eliminate organic
components. Subsequently, it was subjected to sintering at
1100 °C for 3 h to yield perovskite compounds possess-
ing satisfactory crystalline structure, as confirmed through
X-ray diffraction analysis.

Characterization of materials
and electrochemical measurements

On a Rigaku D/MAX-Ultima+ /PC Diffractometer, the
X-ray powder diffraction data for crystal structure and
phase composition of the produced powders were gathered
using Cu-Ka radiation (1=1.54056 A) as the source over
the range of 20-70°. To identify the crystal structure, the

collected data was compared with reference data. For SEM-
FEG, Philips XL 30 at an accelerating potential of 10 kV
was used to study the surface and cross-section morphology
of the sintered cells. Thermo Scientific’s Ka surface analy-
sis instrument was used for the XPS analysis. The surface
properties of the powdered materials were captured using
an Al-Ka X-ray source (hv=1486.6 eV at room tempera-
ture and a 10~’-Pa vacuum) with a spot size of 400 um, and
the constant pass energy values were set at 150 eV. The
charge effect was calibrated using the binding energy of
Cls (284.5 eV), and the energy step size was adjusted at
0.100 eV. Performance and electrochemical impedance
spectra (EIS) were measured from 500 to 800 °C utilizing
a self-made test setup containing gas mass flowmeters. The
sintered cells were attached to a zirconia tube with a ceramic
paste. The current collectors were made of Au paste and
wires connected the electrodes to the testing instrument.
The current—voltage (I-V) characterization was conducted
with the Gamry Ref 3000 Potentiostat (Gamry Instruments,
Warminster, PA, USA) using H, as the fuel and oxygen as
the oxidant. The AC impedance data were collected with an
AC signal of 10 mV in the frequency range of 1-0.1 Hz at
an open circuit. The online DRT calculator (generated by
the German team at RHD Instruments, GmbH) was used to
determine the distribution of relaxation times (DRT) with a
regularization parameter of 107>,

Fabrication of anode-supported electrolyte
via tape-casting/lamination/co-firing

A two-step ball milling procedure was used to produce the
slurries for tape casting. In order to give an ideal viscos-
ity, the required amounts of plasticizers polyethylene glycol
(PEG) and benzyl-butyl-phthalate (BBP) were combined
in ethanol/toluene solvent mixture, and polyvinyl butyral
(PVB) was used as the binder. Secondly, anode powders
mixed with electrolyte samples in 50:50 wt% were added
to the slurry and ball-milled again for 24 h. There were two
processes in the tape casting process as well. The de-aired
electrolyte and anode slurries were initially cast at a blade
height of app. 10, 20, and 200 um, respectively. The green
tapes were cut into disks with a 13 mm diameter after dry-
ing for 24 h. One sheet of YSZ and GDC electrolytes and
two layers of anode green tapes were stacked in order to
produce anode-supported cells. The layers were assembled
in random directions for relaxation of the residual internal
stress and uniaxially laminated for 5 min. The laminates
were subsequently co-sintered at 1250 °C in the air for 3 h
after burn-out of the organic components. Following co-sin-
tering, the cathode paste was produced using LVO5SC and
GDC electrolyte powder by a weight ratio of 50:50 and was
brush-coated onto the electrolyte with an active area of 0.5
cm?. The cathode layer was then sintered at 1100 °C for 5 h.
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Results and discussion
Crystalline structure

XRD was employed to identify the phase, purity, and
crystallinity of Lag 595V 005510.4C005_,; (LVO5SC) per-
ovskite cathode material. In Fig. 1, the XRD pattern is
shown for the cathode sample synthesized by the sol-gel
reaction after calcination at 1100 °C for 3 h with a com-
parison of LSC (JSPDS #48-0121). Phase, crystallite size,
and lattice parameters are calculated and also found to
match with the software crystallography open database
(COD). XRD pattern reveals that synthesized cathode
material has a single phase (space group R-3c:167) with
lattice parameters of a, b=5.426 A, c=13.240 A and a,
£=90.00°, y=120° and a volume of 337.53 A3 All peaks
in the XRD pattern are relatively sharp, indicating good
incorporation into the lattice of the metal oxides used
in the powder synthesis. These XRD results are similar
to literature employing LSC as a cathode material [36].
XRD pattern clearly proves that as-synthesized perovskite
has formed well as ABO;_; perovskite structure without
any impurity.
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Fig. 1 XRD pattern of LVO5SC cathode sample
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XPS analysis

The elemental composition of the LVO5SC sample examined
by XPS for all possible elements in the perovskite structure,
such as La 3d, V 2p, Sr 3d, Co 2p, and O s, has obviously
existed in the crystal which is approved by the full-scan sur-
vey spectra shown in Fig. 2a. Elemental relative percentages
of LVO5SC cathode sample surface have been presented in
Fig. 2g as La (42.96%), V (0.48%), Sr (9.37%), Co (13.46%),
0 (28.88), and C (4.85%); since the sample was exposed air,
elemental carbon is observed.

The XPS spectrum of La 3d is shown in Fig. 2b. It has
two wide peaks with a splitting of 16.7 eV, one at a lower
binding energy at 833.01 eV and another at a higher bind-
ing energy at 849.71 eV, which correspond to the La 3d5/2
and La 3d3/2 spectra, respectively. The relative intensity
ratio for La 3d5/2 and La 3d3/2 is around 1.38; these values
are closely related to those found in the literature [37]. The
difference between the La 3d5/2 doublet splitting, which is
about 3.6 eV, confirms the existence of lanthanum hydrox-
ides [38, 39]. As aresult, the La 3d is in+3 oxidation states,
as shown by the distinct separation of these spin-orbit split-
ting. Also, the substitution of La ions by Sr and V ions did

| JSPDS # 48-0121 for LSC

| As Prepared LvossC

45 50 55 60 65 70

20 (°)
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Fig.2 XPS spectra a survey scan, b La 3d, ¢ V 2p, d Sr 3d, e Co 2p, £ O 1s, and g relative percentage of elements for LVO5SC cathode sample

not result in any observable shift in the position of these
peaks in XRD and XPS spectra.

The high-resolution XPS spectra of V 2p, which can be
seen in Fig. 2c, can be deconvoluted into four peaks at 515.6,
516.4, 522.4, and 523.7 eV, which indicates the oxidation
states of vanadium in this sample are +5 and +4 [40, 41].
The area ratio between the V 2p3/2 and V 2p1/2 energy
levels, arising from the orbital splitting of the V 2p energy
level, was set to 1.5:1, and the energy separation between the
two levels was set at 7.7 eV. These results are in good agree-
ment with the results for perovskite structure [42—44]. Addi-
tionally, the X-ray satellite of the O 1s core level is respon-
sible for the appearance of two peaks at 518.9 and 521.1 eV
[45, 46]. The three peaks at 527.8, 530.5, and 532.1 eV in
the core-level O 1s spectra (Fig. 2f) can be attributed to
the V-O bonding, adsorbed hydroxyl groups, and molecular
water, respectively [41, 44]. According to the oxide electro-
neutrality and charge compensation mechanism, the negative
charge defect caused by Sr** and V**/V>* replacing La>*
at the A-site appears to be compensated for by Co®*. The
shared electron pairs Co?*/Co®* and V#*/V>* allow for con-
tinuous electron transfer across Co-O-Co and V-O-V. Also,
in previous research, the analysis of LVO5SC with EXAFS
clearly showed that V was replaced with La in the perovskite
structure [32].

The Sr 3d core-level spectra were particularly helpful for
determining the bulk and surface contributions in the spectra

since the Sr 3d levels had a distinct surface core-level shift
[47]. The performance loss of the cathode samples in SOFC is
widely known to be caused by Sr segregation, which has been
confirmed by earlier studies [48, 49]. Shown in Fig. 2d, the Sr
3d spectra are well-matched using two sets of spin-orbit dou-
blets with an energy separation of 2 eV and an area ratio of ~2.
The significant peaks of the Sr 3d5/2 and Sr 3d3/2 components
were seen in the spectra of the LVO5SC sample at 131.0 and
133.2 eV, respectively. The contributions to the Sr 3d pho-
toelectron spectrum were discovered to be due to perovskite
lattice-bound Sr (Stj,;c.)- The St atoms in Sr-OH, Sr-CO;,
Sr-Sr, and Sr-O bonds near the surface of the cathode sample
(STgyrface)» Which do not have perovskite structures, are respon-
sible for the two additional minor peaks at 132.5 and 134.5 eV
[50-54]. Since no obvious peaks assigned to carbonates could
be seen in the XRD pattern in Fig. 1, the effect caused by
carbonate compounds is negligible. Furthermore, the binding
energies of Sr in the Sr-O structure (Srg,q..) and St in the
lattice (Sry,4ice) are very similar, even beyond the resolution
limit of this experiment configuration. The Srg,, . therefore
most likely results from the formation of the Sr(OH), phase
from SrO or from the development of a Sr(OH),-like binding
environment such as StOH on the Sr of the perovskite lattice
or on the Sr of a separated SrO phase. Even though it is clear
that the Sty . associated with Sr(OH), species is mostly on
perovskite lattice. For the LVO5SC sample, the Sry;.../Sr.

surface
ratio of 2 indicates that the Sr lattice component of the Sr 3d
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occurs to a greater extent. A Sr-OH signature peak is present
in the bonding environment in all three cases (Fig. 2f shows
O 1s spectra that demonstrate its presence). These results are
expected for a perovskite structure.

The Co 2p spectrum is divided into two distinct peaks and
two weak satellites, as shown by the XPS data in Fig. 2e. Co
2p(3/2) and Co2p(1/2) might be the two spin-orbit doublets
identified as cobalt oxides at 779.3 and 794.8 eV, respectively.
Two peaks at 779.5 and 783.0 eV, corresponding to the Co**
2p(3/2) and Co** 2p(3/2) configurations, can be seen in the
spin-orbit doublet of Co 2p(3/2). The Co 2p(1/2) spin-orbit
doublet can also be divided into two different peaks that are
attributed to Co®™ and Co®* 2p(1/2), respectively, and are
located at binding energies of 794.8 and 796.9 eV. The Co;0,
cubic phase can be identified by the Co 2p(3/2) and Co 2p(1/2)
splitting energy difference of 15.5 eV. The appearance of the
two satellite peaks at binding energies of 787.5 and 803.5 eV
near the two spin-orbit doublets provides additional evidence
for the presence of cobalt oxides. This suggests that most
Cobalt ions are present as trivalent cations with a Co>*/Co**
ratio of 2.28 [55, 56].

Since the valence of Co ions mostly forms with higher oxi-
dation states such as Co’* to Co’", the oxygen vacancies are
formed in the crystal structure so that the electrical neutrality
of the perovskite can be maintained. A higher Co** to Co**
ratio enhances the catalytic capacity of the sample surface to
absorb oxygen, strengthening the Co-O bond and enhancing
ORR performance. To adjust the electrocatalytic activity,
Malkhandi et al. [57] carried out a comprehensive study on
the perovskites. It was concluded that the catalytic activity is
determined by the relative strength of the Co-O bonding. The
position of the Co LMM Auger line (Fig. 2e, inset) further
supports the existence of both cobalt valence states. The peak
at 716.6 eV of binding energy (Eg) is equivalent to the kinetic
energy of 770 eV by the equation below, and it can be used to
calculate the modified Auger parameter, a:

a = 1486.6 eV + KE(Coyypy ) — KE(Co2p; ) = 1551.0 eV

where KE is the kinetic energy. This value of « indicates
the coexistence of Co** and Co>* since it is between
the given values for CoO (a=1549.8 eV) and Co;0,
(a=1552.9¢V) [58].

The XPS spectrum of O 1s shown in Fig. 2f exhibits two
peaks, one at 530.5 eV due to adsorbed oxygen (O,y,) in
the form of highly oxidative O/0,2~ species and one at
527.8 eV assigned to lattice oxygen (Oyyyice» O%7) Within
perovskite. The extra peak at 532.1 eV, which is not always
visible in O 1s spectra, is caused by the physical and chemi-
cal adsorption of molecular water or hydroxyl groups on the
surface of defects [59-61].

Since lanthanum oxide has hygroscopic characteristics
when exposed to air, the highest binding energy of O 1s
(532.15 eV) is thought to be due to a water molecule associ-
ated with the surface lanthanum oxide. It should be noted
that molecular water and surface-adsorbed oxygen in the
form of hydroxyl or oxygen groups could be easily removed
by heating to generate oxygen vacancies. However, remov-
ing highly oxidative oxygen species (07/0,>7) requires a
considerably higher temperature. In most cases, the oxygen
vacancies caused by the oxygen-deficient perovskite oxides
can result in different oxidation states of the transition
metal ions and hence increase the catalytic activity of the
perovskite [62]. Also, the total amount of oxygen adsorbed
in perovskite oxides corresponds to the amount of oxygen
vacancies. The catalytic activity and ionic conductivity of a
perovskite increases with the amount of oxygen vacancies
present on its surface [63].

Surface morphology analysis of the cell

To achieve adequate energy conversion rates and provide a
suitable power output, an SOFC with a thin electrolyte sheet
is preferred [64]. In this study, thin YSZ and GDC electro-
lytes made via tape-casting were used to produce a NiO-YSZ
anode-supported fuel cell. Figure 3 displays a cross-sectional
SEM micrograph of an LVOSSC/GDC/YSZ/NiOYSZ single

Fig.3 SEM images of LVO5SC-
GDC-YSZ-NiOYSZ cell
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cell. It is evident that the porous NiOYSZ anode is tightly
attached to the YSZ electrolyte layer, which is quite dense
and crack-free. Also, there are no cracks or delamination
found between the electrolyte and the cathode layers, dem-
onstrating a strong interfacial adhesion. The thickness of the
LV05SC-GDC composite cathode can be clearly measured
as 7.64 um. The thickness of the GDC interlayer for segre-
gation against Zr from the YSZ electrolyte is measured as
6.46 um. Therefore, electrode polarization losses from the
anode and cathode have a dominant influence on the per-
formance of the anode-supported cell [65]. The thickness of
the YSZ electrolyte layer is clearly seen as 16.45 um with
no cracks or pinholes, resulting in a low ohmic resistance
[66]. The thickness of the NiO-YSZ composite anode and
also physical support for the cell is around 180 um. These
thicknesses are precisely comparable with the conventional
SOFC cell parameters [67-69].

Single-cell performances

The current—voltage characteristics of the SOFC with YSZ/
GDC electrolytes are plotted in Fig. 4. The open circuit
potential decreases from 1.1 to 0.93 V with the temperature
increase from 500 to 800 °C. It appeared that the electro-
lyte and cell seal were entirely impermeable. When com-
pared to data from the literature, the OCV values for the
GDC electrolyte thin film were the highest and the closest
to the predicted values of 0.98 V found at 600 °C [70].

This demonstrated a correlation between the thick GDC
electrolyte thin film and the SEM analysis. The maximum
power density is 6.12, 13.27, 31.80, and 88.95 mW.cm? at
500, 600, 700, and 800 °C, respectively. However, for a
practical SOFC, the electrode resistance of the cell is too
high. The pore distribution, microstructure, triple-phase
boundary region, and interface between electrodes and
electrolyte layers are among the factors that influence cell
performance [32]. These variables control the ohmic resist-
ance of the electrode/electrolyte interface as well as the
activation and concentration resistances of the electrodes.

In the literature, the LSC-GDC composite cathode
has been studied extensively. Wang and co-workers have
presented that the button cell with LSC-GDC (5:5) per-
formed well with the maximum power density value of
513 mW.cm™2 at 650 °C; however, the thickness of GDC
electrolyte in their cell has been less than 2 pm, and the
thickness of YSZ layer has been less than 10 um with the
cathode active area of 0.5 cm? [71]. Another study from
Solovyev and co-workers about LSC cathode has revealed
that the cell with magnetron sputtered LSC-GDC com-
posite cathode interlayer with a thickness of ~2 um had
the maximum power density value of 503 mW.cm™2 at
700 °C [72]. When these maximum power density values
are compared to LVO5SC, the thickness of the LVO5SC
cathode and the electrolyte layer play a crucial role in the
performance due to the difficulty of oxide ion diffusion
through composite cathode and electrolyte.
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Fig.4 I-V-P curves of the fuel cell LVO5SC/GDC/YSZ/NiO-YSZ using H2 as fuel and air as oxidant at different temperatures
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Electrochemical impedance spectroscopy (EIS)
and distribution of relaxation time (DRT) analysis

Electrochemical impedance spectroscopy (EIS) measure-
ments and distribution of relaxation time (DRT) analysis at
the open-circuit potential for LVO5SC/GDC/YSZ/NiOYSZ
cell were recorded to examine the impedance and resist-
ance dependency at the temperature range of 500-800 °C.
The Nyquist plots as a function of temperature and DRT
analysis of these EIS measurements are displayed in Fig. 5.
The equivalent circuit used to model the experimental data
is displayed in Fig. 5 inset. The values of impedance spectra
on the real part of the Nyquist plot drop as the temperature
increases, as expected. The asymmetrical shape of imped-
ance plots as typical two-semicircular arcs intercepting the
real axis at a frequency of ~10 kHz suggests that there are
several steps taking place in this selected frequency. The
entire spectra shifted toward lower values on the real and
imaginary axis with an increase in operating temperature
from 500 to 800 °C. This enhancement is most probable due
to the improvement in the ionic conductivity and surface
reactions in the fuel cell, comprising the YSZ electrolyte,
GDC barrier layer, and the LVO5SC-GDC electrode. Also,
the observation of no performance drop during the fuel cell
operation reveals good compatibility of LVO5SC with the
GDC electrolyte. The serial or ohmic resistance (R) of
the cell was calculated by assessing the resistance constitu-
ent of the real part of impedance, which is the intercept at
the x-axis. The ohmic resistance (R) of the fuel cell has a
decreasing trend from 1.8 to 1.1 Q-cm? with an increase in
temperature from 500 to 800 °C. The activation barrier value
of YSZ ionic conductivity is comparable when considering
similar YSZ electrolyte thickness [73].

The equivalent circuit seen inset of Fig. 5a is a suitable
representation for this experimental system and allows for
the evaluation of EIS data. L,, C, Q, and R in the circuit
stand for inductance, capacitance, constant phase element
(CPE) like pseudo capacitance, and resistance, respectively.
This circuit could be explained as oxygen reduction at mixed
ionic—electronic conducting cathode film essentially follows
the bulk pathway, in which oxygen is first absorbed on the
surface of the electrode then incorporated as oxide ion into
the bulk and transported to the electrode/electrolyte phase
boundary, where it eventually reaches the crystal structure
of the electrolyte layer. Within the bulk pathway, the major
resistive process as diffusion of oxide ion in the cathode
(R, aife) 18 the electrochemical resistance associated with
oxygen exchange at the cathode surface. At low frequencies,
the matching semicircle in the spectra is observed, submit-
ting a high capacitance. This large capacitance, designated
as C,y gifp> 18 called chemical capacitance linked to varia-
tions in the oxygen stoichiometry in the electrode bulk. As
a result, information about the oxide ion diffusion on the

surface of the cathode (R, 4) and the diffusion in the bulk
(Cea, airp) are assigned to the dominant low-frequency arc.
The transfer of electrons to the oxide ions across the elec-
trode/electrolyte interface corresponds to the resistive com-
ponent of medium frequency as charge transfer resistance
(R4, cr)- An interfacial capacitance connected to the same
boundary is the mid-frequency capacitance as double-layer
cathodic capacitance (C, pr). The ohmic resistance (Rg) of
the electrolyte and non-zero electrical contact resistance of
gold wires are responsible for the high-frequency intercept
of the impedance spectra.

Table 1 displays the variations of resistances derived from
the fitted impedance data as a function of temperature. The total
resistance is the sum of the ohmic resistance, the charge transfer
process that occurs at the electrode/electrolyte interface, and the
resistance from adsorption, dissociation, and diffusion steps
of the oxygen ion on the cathode material [74]. Except for the
charge transfer process in cathode, R, cr there is an obvious
and known trend in resistance values as decreasing by increas-
ing temperature. The reason for this declining tendency can be
attributed to the temperature effect on processes (adsorption,
dissociation, diffusion, and charge transfer) by adding kinetic
energy to the reactants [75]. The increased electrochemical
activity can be attributed to the increasing electrical conduc-
tivity and vacancy concentration with temperature, which
improves the charge transfer and oxygen surface exchange in
the cathode sample and thus improves the ORR that occurs
at the cathode/electrolyte interface. However, the temperature
independence of R, ct can be elucidated that the vanadium-
doped cathode material LVO5SC operates at all temperatures.

The activation energy (E,) based on total resistance is
equal to 1.17 eV calculated from Arrhenius equation by
using EIS data shown in Fig. 5. This value is lower than
that which has been reported for the single perovskite
cathode materials such as La (Sr, ,FeO;_, (1.8 eV) and
Ba 51, sFeO;_, (1.8 V) [76, 77]. The vanadium doping to
the conventional cathode material causes this decrease in E,
since the multivalency of vanadium plays an important role
in oxygen reduction reaction (ORR) [78]. Furthermore, the
low-frequency resistance in total resistance exhibits greater

Table 1 Resistance values obtained from the EIS data fitted to the
equivalent circuit at various temperatures (500—800 °C)

Resistances 500 °C 600 °C 700 °C 800 °C
(Q.cm?)

Ryui 1.06+0.05 0.52+0.02 0.41+0.02 0.32+0.02
Rinode. T 5.36+0.2 1.15+0.08 0.62+0.03 0.13+0.01
Ranode. diff 31.29+0.6 10.61+0.5 221+0.09 0.81+0.03
Rea ot 0.57+£0.01 0.57+0.03 0.56+0.03 0.57+0.02
Rea aift 2526+0.7 10.82+0.5 4.01+02 1.22+0.06
Ry 63,54+0.8 23,67+0.6 7.81+0.2 3,05+0.2

Total resistances, Ry, are given in bold. These are as important as the
others, so no necessity for the "bold"
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values than the high-frequency resistance in all temperature
ranges. The highest contribution in total resistance at all
temperatures is the diffusion of oxide ion (O*) in the cath-
ode, R ., 4 This may be explained by the known striving
of 0%~ diffusion in the perovskite surface and bulk [79]. Due
to these struggles, the diffusion of O?~ can be specified as
the rate-limiting in the cathode to reduce oxygen [18, 80].
The DRT analysis of the EIS as an evaluation of operating
temperature is displayed in Fig. 5b. Six polarization peaks
in the frequency range of 100 kHz to 0.1 Hz were perceived,
in which five peaks were discovered to be dependent upon
the operating temperature of the cell, and one peak is mostly
independent upon the operating temperature. These peaks
displayed a drastic decrease in the polarization resistance

with a rise of the temperature from 500 to 800 °C, signifying
whichever relaxation processes related to these peaks were
improved while increasing temperature. Correspondingly,
the peak at highest frequency with no change in frequency is
related to charge transfer in cathode (P, ), the peak at second
highest frequency with a slight shift to the lower frequency
with an increase in temperature is related to charge transfer
in the anode (P,,), and the four other peaks (P55, Py, Psas
and Pgc) illustrate a common shift from the low frequency
to the high frequency with a rise in temperature because of a
decrease in resistance. The peak labeled as P, is related to
the diffusion of H* ions in the anode. Another peak labeled
as P, is related to the diffusion of 0>~ ion since it is drasti-
cally diminished by an increase in temperature. The peaks at

Fig.6 Electrochemical imped- 1
ance spectroscopy (EIS) meas-
urements of a single cell under
OCYV and different operating
overpotentials with respect to
OCV at 800 °C; a Nyquist plots,
and b DRT analysis
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lower frequencies are assigned to Ps,, and P by a distinct
thermal activation reaction of hydrogen (Ps,) and oxygen
(Pee) [79, 81, 82].

The P, peak with no change in frequency and intensity
by increasing operating temperature infers that the charge
transfer resistance in the cathode is independent of operating
temperature. Also, the charge transfer resistance in the anode
as the P,, peak is slightly decreased and shifted to the lower
frequency, which can be concluded that the temperature-
dependent balance between Ni and NiO in the anode has a
positive effect on the charge transfer process. The reduction
of diffusion resistances of H* (P;,) and O*~ (P,c) ions is
well-known due to the increase in kinetic energy of these
ions with a rise in temperature. The thermal activation resist-
ances of hydrogen (Ps,) and oxygen (Pg) are diminished by
increasing operating temperature due to the positive effect of
temperature in lowering the activation energy of hydrogen
(Ps,) and oxygen (Pyc) bonds.

EIS measurements and DRT analysis of a single cell under
OCYV and different operating overpotentials at 800 °C are dis-
played in Fig. 6. Although no significant change can be per-
ceived in EIS measurements, DRT analysis in Fig. 6b reveals
the dependencies of the resistive processes in the cell. There
are six distinctive peaks seen in DRT analysis. The P¢, P,,,
and P;, peaks are independent of the increase in operating
overpotential due to the nature of these processes attributed,
since the charge transfer resistances and diffusion of H ion
are independent in this working potential range. However, the
slight decrease in the P, peak with a rise in overpotential is
observed due to the benefit of higher current in the diffusion of
O”~ ion while increasing working overpotential. On the other
hand, the increase in activation resistances of hydrogen (Ps,)
and oxygen (P¢.), respectively, is related to complications and
mildness of breaking hydrogen and oxygen bonds with higher
current while increasing working overpotential. According to
the analysis of these EIS data with variations in operating tem-
perature and overpotential, the diffusion of oxide ion (O*7) in
the cathode is the reason for the limited performance of the
fuel cell. The optimization of the cathode can be achieved by
enhancing the diffusion of ions in the fuel cell.

Conclusions

Lag 595V 0055104C005_; (LVO5SC) perovskite was syn-
thesized by the sol-gel method and evaluated as a cathode
material for IT-SOFC in this study. The synthesized powder
exhibits a perovskite structure as the single-phase perovs-
kite crystal with a rhombohedral lattice structure and space
group of R-3cH. Since there is no performance drop during
the fuel cell operation, it is determined that LVO5SC shows
good compatibility with the GDC electrolyte sample. The
XPS analysis shows the presence of V#*/V>* and the partial

substitution of vanadium into the A-site seems to be compen-
sated by Co?*/Co’*. The shared electron pairs Co**/Co** and
V*#/V>* enable continuous electron flow between Co-O-Co
and V-O-V and better performance of the cathode. According
to the analysis of EIS data with variations in operating tem-
perature and overpotential, the diffusion of oxide ion (0?")
in the cathode is the limiting step for ORR. These findings
suggest that La 595V 90551 4C00;_, (LVOS5SC) perovskite is
a promising cathode material for IT-SOFCs. Advances in the
diffusion processes of ions in the materials would promote the
performance and optimization of fuel cells.
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