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a The main obstacle to solid oxide
Juel cells (SOFCs) implementation is
the high operating temperature in the
range of 800-1,000 °C so that it has
an impact on high costs. SOFCs work
at high temperatures causing rapid
breakdown between layers (anode,
electrolyte, and cathode) because they
have different thermal exmrion. The
study focused on reducing the operating
temperature in the medium temperature
rangdgE¥m Bag 55, 5Co205.5 (SBSC)
oxide was studied as thode material
Sor IT-SOFCs based on Cey Sty 049
(5DC) electrolyte. The SBSC powder
was prepared using the solid-state
reaction method with repeated ball-
milling and calcining. Alumina grinding
balls are used because they have a
high hardness to crush and smooth
the powder of SOFC material. The
specimens were then tested as cathode
material for SOFC at intermediate
temperature (600-800 °C) using
X-ray powder diffraction (XRD),
thermogravimetric analysis (TGA),
electrochemical, and scanning electron
microscopy (SEM) tests. The X-ray
powder diffraction (XRD) pattern
of SBSC powder can be indexed to a
tetragonal space group (P4/mmm). The
overall change in mass of the SBSC
powder is 8 % at a temperature range
of 125-800 °C. A sample of SBSC
powder showed a high oxygen content
(5+8) that reached 5.92 and 541 at
temperatures of 200 °C and 800 °C,
respectively. High diffusion levels and
increased surface activity of oxygen
reduction reactions (ORRs) can be
affected by high oxygen content (5+5).
The polarization resistance (Rp) of
samples sintered at 1000 *Cis 4.02 Nem®
at 600 °C, 1.04 Qcm® at 700 °C, and
0.42 Oem? at 800 °C. The power density
of the SBSC cathode is 336.1, 387.3,
and 357.4mW/cm® at temperatures of
625 °C, 650 °C, and 675 “C, respectively.
The SBSCdemonstrates asa prospective
cathode material for IT-SOFC.
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1. Introduction

such as solid oxide fuel cells (SOFCs) have attracted much

Limited fossil fuels and global warming are increasingly
threatening human survival and have been serious global
issues for decades. New power plants using fuel sources

attention around the world, and the technology is expected
to reduce obst au:lm the supply of electricity in the future.
The advantage of SOFCs compared with other types of fuel
cells is that they are a more efficient and flexible fuel source.




SOFCs also offer low pollutant emissions because the final
stage of their usage only produces vapor or hot water [1-3].
The schematic diagram exhibiting the basic operation of
EB>rC is shown in Fig. 1, a. At the cathode side, the oxygen
reduction reaction occurs by accepting electrons from the
external circuit. The reactions can be written below:

Og+4e =207, ()

produced oxide ions (O pass through the electro-
lyte t@@he anode side and combine with the protons pro-
duced by the oxidation of hydrogen or other fuels to produce
water. The reactions can be written as follows:

2H, 2052 HyO +4e. (2)
Owerall reaction,
2H,+0y—2H,0. 3)

This reaction occurs at the three-phase bound-

v (TPB) [4]. The TPB is the interfacial area among
electrode, electrolyte, and gaseous fuel where the overall
reaction occurs (Fig. 1, b). The electrons flowing from the
anode to the cathode produce electrical work in the “Load”.

2. Literature review and problem statement

In general, traditional SOFCs operate at high tempera-
tures, which causes several problems including high production
costs, mismatches in thermal expansion between the fuel cell
components, and chemical compatibility. Therefore, current
research is focused on SOFCs that can operate at lower tem-
peratures (400800 *C) and aims to reduce production costs
and achieve a long working lifetime (40.000h) [5-7]. Lower
operating temperatures cause the catalytic activity of the elec-
trodes to decrease significantly, and the cathode is a limiting
{actor for the overall fuel cell performance. Therefore, the focus
is being directed toward maintaining stability in the cathode
material and increasing the high electrochemical performance
of IT-SOFCs. In other words, a vital result of the research into
tuel cell performance is the discovery that the cathode polariza-
tion can be eliminated [8]. However, the application of SOFC
is widely digllstrained due to the impact of low catalytic activ-
ity on the oxygen reduction reactions (ORRs) at the cathode.
Mixed ionic-electronic conductor cathodes (MIEare sue-
cessful in increasing the active ORR zone from the three-phase
boundary to the cathode-gas interface site, which will reduce
cathodic resistance [8,9]. The ORR site of MIECs works on the

B (the electrolytes, cathodes, and gas phases) and at the two-
phase boundary betwedghe gas phase and the cathode [10].

Recently, among the various MIECs oxides,
cobalt-containing perovskite oxides such as Sm-

Cathode

Electrolyte

Anode

Bag §5rp.4C0205.5 [11], PrBay 5519 5 Coa,Fe, 05,5 [12],
NdBay.,Sr,Coy05,5 [13], YBaggSr1Coz05.5 [14],
and GdBagsSre 5Coa..Fe, O35 [15] have attracted
strong interest due to their electrocatalytic activity

performance for the ORR. Also, the investigation
has been conducted for layered perovskites with
the chemical formula LnBaCo,QOj5,5 (Ln-selected

lanthanides) [16-23]. SEral research groups also
have investigated the electrochemical properties
of a new of MIEC oxide, cation ordered Ln-
BaCoy05,5 (Ln=La, Pr, Sm, Gd, Y), as a potential
cathode material for I'T-SOFCs. Cobalt in cathodes

o*
¢
Cathode
Three Phase Boundary (TPB)
0, + 420"

b
Fig. 1. Schematic diagram: ¢ — SOFC operation;
b — three-phase boundary (TPB)

Through the process, chemical energy is directly con-
verted to electrical energy. To increase the active area
where the oxygen reduction reaction (cathode) or hydro-
gen oxidation reaction (anode) occurs, a porous electrode
B uciure is employed. Meanwhile, the dense electrolyte
provides a physical barrier to prevent the direct mixing
of fuel and air.

is beneficial for the activation of oxygen reduction
and thus provides a lower activation polarization
_ Cobalt-based cathodes, however, have high
thermal expansion coefficients (TECs) because of
the low-spin to the high-spin transition of Co. The
incompatibility in thermal expansion can cause
thermal stress in SOFCs and thus result in poor
long-term thermal stability [13]. Therefore, it is im-
portant to improve the thermal expansion compat-
ibility between the cathodes and tlﬁlectmlytes.
Zhou et al. [24] have declared that LnBaCoy05, 5
cathodes with an intermediate lanthanide-ion ra-
dius, such as Sm*', may provide a compromise be-
tween the values of the catalytic activity and ther-
n‘ll expansion coefficients. Recent reports exhibit
when A site is partially substituted by Sr, it could
potenti improve the conductivity of double perovskite
oxides &(ere Sr-doped oxide YBay ;Sry 5C0,05,; demon-
E'ated excellent conductivity values (about 32 times higher
than@lat of the Sr-free sample). Moreover, the Sr-doped lay-
ned perovskite oxide system LnBag ;515 ;C0,05,, (Ln=Pr,
Sm, and Gd), which showed a lower polarization resistance
based on doped ceria electrolyte | 25]. However, observations
of SOFC performance in the range of 625, 650, and 675 °C
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have not been experimentally investigated. From the re-
search reported above, some of the obstacles that SOFC faced
were high working temperatures and high thermal expansion
differences in SOFC components. Efforts were made to over-
come this problem, the use of SBSC material as a cathode is
expected to reduce the working temperature of SOFC so that
the compatibility of SOFC components meets the require-
ments. [n this work, SBSC oxide is synthesized, and aspects of
its structural characteristics, thermal and electrochemical per-
formance, power density, and microstructure are investigated.
The SBSC oxygen reduction mechanism is also observed under
various oxygen partial pressures (OPPs).

g‘he aim and objectives of the study

The aim of this study was t§g@nalyze the performance of
double perovskite oxides used in intermediate-temperature
solixide fuel cells.

To achieve this aim, the following objectives are accom-
plished:

—to modify the structure of SBSC cathode by the sol-
id-state reaction method;

—to investigate the polarization resistance (R,) of SBSC
cathode and the maximum power density obtained in the
single SOFC;

— to test the performance of SBSC cathodes at interme-
diate operating temperatures.

4. Materials and methods for preparing and testing
specimens

Fig. 2 shows the procedure of preparation for the single
cell specimen, which consists of three SOFC elements, name-
ly anode, electrolyte and cathode materials. The synthesis
methods for the cathodes and electrolytes are described in
preglsly published papers [11, 26]. The SBSC cathode pow-
der was prepared using a solid-state reaction technique. The
stoichiometric amounts thode material (Sma0O4, BaCOs,
SrCO4, and CoQ) \\-'cr&—milled in ethanol for 12 h. The
slurry was then heated at a temperature of 1,000 “C in the air
for 6 h. The CegsSmp20 (SDC) powder was synthesized using
thcrccipitatinn technique using the precursor materials
Ce(NO3)3.6H20 and Sm(NO4)3.6H20. A stoichiometric ratio
was applied, distilled water was then used to dissolve the start-
ing material before being added to the ammonia solution.

The pH value ranging from 9.5 to 10 is applied to the
mixed solution. The precipitate was washed three times
after it was filtered using distilled water and ethanol. In
the next process, the co-precipitation powder was heated
at 600 °C and held in the air for 2h. For a binding agent,
a small amount of polyvinyl aleohol (PVA) with a purity
grade of 96 % was mixed the SDC powder and then
pelletized to dimensions of 1.5 em in diameter and 0.1 ¢m in
thickness using uniaxial pressure applied at 1,000 kg {/cm?.
The di:mmpcd sample was heated at 1,500°C and held
for 5 h, followed by cooling to room temperature [26]. The
procedure stages of fabricating a single cell specimen are pre-
sented in Fig. 2. The structure of the SBSC cathode powder
was observed by XRD using Rigaku D/MAX-2500V, the
radiation source of Cu Keat (1.5418 A), and a scanning range
of 10°—80". To explain the lattice parameter and powder pat-
tern for the sample, we used the GSAS program to perform a

Rietveld refinement. The SBSC cathode microstructure (top
view) and the cross-sectional image of the symmdEERal cell
were investigated by SEM (Hitachi 3400N). The TG/DTA
6300 was used to analyze the thermo-gravimetric behavior
of SBSC cathodesin the air (100 em®/min). The oxygen con-
tent was caleulated using the following formula:

B:M_\Am_ ()
M, m

o

Anode

NiO | [ SDC | [Ethanol
[ T ]

Ball milling

Electrolyte

[ SDC powders| [ Pressing (anode layer) |

I
Pressing (electrolyte layer) |

Polishing |
I

\ Screen-printing |—|
Single cell specimens

Fig. 2. Procedure of preparation for single-cell specimens

Cathode

Cathode powders
| povders |

Slurry |

The abbreviations/symbols in the formula are explained
as follows, the specimen molar mass (M,), the specimen mass
in the air at room temperature (m), and the molar mass of ox-
vgen (M,) [27]. The cathode paste of SBSC involves cathode
powder, the binding agent, a plasticizer, and a solvent, all of
which were conducted by ball-mill processes. Sereen print-
ing technique was used to prepare a half cell sample of SB-
SCISDC|SBSC. The manufacturing details of the half-cell
sample are discussed in the earlier paper. The symmetrical
cell testing was carried out under air at temperatures rang-
ing from 600 °C to 800 °C in a furnace. The AC impedance
measurement \\-'as@fnrmed using the VoltaLab PGZ301
potentiostat with a frequency applied range from 100 kHz
to 0.1 Hz with 10 mV AC signal amplitude. The EIS fitting
analysis was performed with the Z-view software [24]. The
digital source meter (Keithley 2420) was used to collect
voltage (V) — current (1) from a single cell in the tem-
perature range [{§lveen 625 °C and 675 °C. Button cells
were measured with humidified hydrogen (3 vol % Hy0)
as the fuel and air as the oxidant. The configuration of the
single-cell sample was Ni-SDC|SDC|SBSC with a 1.3 cm
diameter. In the preceding paper [28], the detailed stages for
preparing a single cell are given.

5. Results of SBSC Performance Test

. Crystal Structure
The erystal structure and phase composition of the SBSC
powder were observed using X-ray diffraction (XRD). From
the GSAS software analysis, characteristic XRD peaks were




detected as double perovskite oxide. The
peaks caused by impurities are not detected
in the structure of SBSC, which indicates a

Table 2

Space group, fractional coordinates, and lattice parameters of corresponding

well-prepared sample. Meanwhile, the lat-

double perovsﬁe structure cathodes

tice parameters are obtained: a=3.861 A, Specimens fpa“‘ a(®) | b(@) | (@) | V(@) | Ry,
bh=3.861 A, ¢=7.617 A, and ©=113.56 A3, group
with reliability factors of R..=0.41 and NdBaCox05.5 [29] Pd4/mmm | 3.903 | 3.903 | 7614 | 116.02 | 0.42
“ b o : g - ‘ - - - . x| 7 nas = A% =
R,=0.23. In this structure, Sm atoms are in SmBaCoOx .5 |29] Pmmm | 3.886 | 7.833 | 7.560 | 230.22 | 0.45
position 1a, Sr, and Ba atoms are randomly NdBaysSrp5Cos05.5 [30] P4/mmm | 3.861 | 3.861 | 7.715 | 115.01 | 0.36
distributed at position 1b. The cell parame- | NdBays5r0.5C0;sMnysO5.5 [31] | P4/mmm | 3.855 | 3.835 | 7.705 | 114.54 | 0.12
ters regarding the SBSC cathode structure SmBaggSrgs Coa0s5.5 [11] P4/mmm | 3.870 | 3870 | 7.590 | 114.11 | 0.29
collected from Rietveld refinement are de- SmBay;Sty;C0,05.5 [32] | P4/mmm | 3.883 | 3.883 | 7580 | 11430 | 0.8

seribed in Table 1.

Table 1

Crystallographic data at room temperature for SBSC. Cell
parameters were collected using a Rietveld refinement

Atom r;:: {“I:{{::;f x y z Uiso Oce
Sm Ta(000) 0 0 0 0.0333 | 08797
Co | 2h(¥ % 2) 1/2 1/2 [ 0.25592 | 0.0045 | 09944

1b (0 0 '5) 0 0 1/2 0.0092 | 0.8926
01 41 (0% z) 0 1/2 [ 026780 | 0.0077 | 09311
a2 le (%2 ' 0) 1/2 1/2 0 0.1906 | 1.2455
03 | 2h(¥hz) 1/2 1/2 | 044110 [ 00333 | 0.4220

Meanwhile, the Co atom occupies position 2h (0.5,
0.5, z). The SBSC structure has three kinds of oxygen
atom sites: O3 at 2h (0.5, 0.5, 2), O2at 1¢ (0.5, 0.5, 0), and
O1 at 4i (0, 0.5, 2).

. 3 shows the refinement of SBSC patterns, including
the measured XRD data, the calculated profile, and the
difference between them. The refinement using the General
Structure Analysis System (GSAS) program is typically
used for crystallographic analysis, quantitative phase deter-
mination, texture mapping, stress-strain measurements, and
other related types of materials characterization. The test
results agree with the measured profiles, indicating that in
the perovskite lattice, cations are well ordered.

*x  Obs
— Calc
—— Bekgr
— Diff

i Phase |

Intensity (a.u)

I
1o 20 30 40 50 60 70 8O
20 (deg.)

Fig. 3. Rietveld refinement data of the SBSC cathode
at room temperature

The space group, fractional coordinates, and lattice
parameters of corresponding double pl:]‘n\’skitu structure
cathodes are shown in Table 2.

The SBSC cathode showed high structural stability when
the samples were caleined under temperatures of 1,000 °C and
1,200 °C, which does not influence the erystal structure [33].

5. 2. Thermal properties and oxygen content analysis

To clarify the oxvgen content of the SBSC cathode, TGA
was conducted in the air. The TGA eurve indicates that the
specimen had a slight weight loss before 125 °C, which is asso-
ciated with the desorption of the specimen’s absorbed water as
presented in Fig. 4, a. With a further increase in temperature,
the magnitude of weight loss became significant and contin-
ued until weight loss slowed at temperatures of 250-325 °C.
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7pl. 4. Curve data: @ — TGA of the SBSC powder over a
temperature ranetween 27 *Cand 800 °C; b — oxygen
content (5+0) as a function of temperature in air
for SBSC cathodes




Above 325 °C, the rate of degradation in weight loss
was significant, and the ”E change slowed again at tem-
peratures around 725 °C. It can be seen that from 650 °C
to 750 "C the weight loss rate tends to increase. Then, at a
temperature range of 750 °C, weight loss seems to slow down
again until it {@fches a temperature of 800 “C. Detailed oxy-
gen content (5+8) information as a function of temperature
is listed in Table 3.

Table 3
5+6 as a function of temperature in air for the SBSC cathode

Calcination 5+8
Specimens tempera-  [QEF [ o
ture ("C) |200°C | 400°C | 600°C| 800°C
SBSCH1[25] 1,200 5.53 3.44 3.32 318
SBSCT3[25] 1,200 3.62 3.53 3.36 5.22
SBSC55(25) 1,200 5.74 3.64 351 5.39
SBSC [this work] 1,000 592 3.76 3.60 5.41

The calcination temperature has an impact on the ox-
vgen content of the SBSC cathode. The oxygen content
of the cathode with a calcination temperature of 1200°C
is smaller than that of a calcined one at a temperature of
1,000 °C. In the cathode with the caleination temperature
of 1,200°C, the oxygen content values were 5.74 (200°C)
and 5.39 (800 °C), while in the cathode with the calcination
temperature of 1,000 °C, the oxygen content values obtained
were 5.92 and 5.41.

5. 3. OPP Half-Cell

Typical impedance spectra for symmetrical cells
(SBSC|SDC|SBSC) were obtained by AC impedance spec-
troscopy. Fig. 5 shows the fitting data of impedance
spectra for symm{@fical cells measured at different tem-
peratures such as @ — 600 °C; b =700 °C; and ¢ — 800 °C,
serially. While the various OPPs were employed from
0.214-0.035 atm. The polarization resistance (R,) was
a function of p(0y), which is investigated under various
temperatures between 600 °C to 800 °C with the OPPs
ranged from 0.214 to 0.035 atm.

The R, values increased with decreasing p(Os) values
due to the decrease in mobile interstitial oxygen at lower
p(O3) values. The fitting of the impedance spectrum for

symmetrical cells using the Z-View program.

The R, value of the specimen was significantly reduced at
800 °C with an oxygen partial pressure (OPP) of 0.214 atm
as presented in Fig. 6.

Table 4

Interfacial polarization resistance (R,) as a function of p(0;)
for SBSC|SDC|SBSC symmetrical cells

p(0,) (atm) R, Qem?)
600 °C 700°C 800 °C
0.214 4.02 1.04 0.42
0.112 4.62 1.06 0.43
0.074 4.90 1.08 0.45
0.050 5.10 1.10 0.47
0.035 5.32 1.20 0.49
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Fig. 5. Fitting data impedance spectra for symmetrical
cells measured at: @ — 600 °C; &# —700 °C; ¢ — 800 °C.
Various OPPs from 0.214—0.035 atm

The cathode cell performance is influenced by the R, values
obtained from the components. The high R, values have a sig-
nificant impact on SOFC performance. In general, the value of
R, has decreased with the increase in the working temperature
of the SOFC. In these conditions, the manufacture of SOFC
components, especially the high density between layers (anode,
electrolyte, and cathode), is of great concern to researchers.
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Fig. 6. Interfacial polarization resistance (R,) asunction
of p(0;) for SBSC|SDC|SBSC symmetrical cells at 600 °C,
700 °C, and 800 °C

5. 4. Single-Cell Performance

Fig. 7 shows the single-cell performance of anode-sup-
ported Ni-SDC|SDC|SBSC under air/humidified hydro-
gen (3 vol % H,0). Increasing temperature has an impact
on increasing the current density and power density due to
the thermally activated kinetic process [34]. Due to the same
phenomenon, cell voltage increased at higher temperatures.
Fig. 4 also indicates that the open-circuit voltages (OCVs)
are 0.83, 0.81, and 0.84 at 425°C, 450 °C, and 475°C, re-
spectively; these values are lower than the theoretical values.

1.0
Nio-SDC|SDC|SBSC
io-SDCISDCISBSC | 4
sk —e25°C
——650°C
o —675°C4 300
< o6} .
E =
= ]
£ o4t 2002
=
o
o2k 1100
0‘0 1 ' L L 1 ' 0
0 300 600 900 1200 1500 1800

mA/em’

Fig. 7. Performance of a single cell of Ni-SDC|SDC|SBSC
at temperatures ranging from 625 °C to 675 °C

The cathode performance in the SOFC cell is shown
in Fig. 6, the power density at 650 °C exceeds that of the
cell at 675 °C. This phenomenon needs to be analyzed more
deeply because in general, the performance of SOFC cells
increases with an increased operating temperature range
between 600 °C and 800°C. With these results, it can be
stated that the SBSC oxide works well as a SOFC cathode
at intermediate operating temperature.

5.5. SEM Image

Fig. 8 displays the SEM images of @ — cross-sectional im-
age of the SBSC cathode in the SBSC|SDC[SBSC symmetri-
cal-cell specimen and b — top view of the SBSC cathode. In
the symmetric cell, the cathode layer of SBSC was calcined

in air for 2 h at 1,000 °C. A uniform porous microstructure
facilitates the gas diffusion of the cathode layer. A well-con-
nected electrolyte—cathode interface determines low resis-
tance in the solid oxide fuel cell.

Fig. 8. SEM image: @ — cross-sectional SEM image of the
SBSC cathode in the SBSC|SDC|SBSC symmetrical cell
specimen prepared at 1,000 °C for 2 h;

b — top view of the SBSC cathode

In Fig.8, b, the adhesion between the SDC electrolyte
and the SBSC cathode layer is quite good. Fig. 8, b con-
sists of two layers covering the SBCC (cathode) on the top
and SDC (anode) on the bottom. The white line shows the
two-layer bound@y between the cathode and anode. The
SBSC cathode grain size is distributed uniformly in the
range of 1.5-2 pm and is porous.

6. Discussion of experimental results

The XRD pattern of SBSC powder, which can be catego-
rized into a tetragonal space group (P4/mmm) is as shown
in Fig. 3, after calc?ug at 1,000 °C for 6 h. There is a good
compatibility level between the experimental data and cal-
culated profiles, which shows that the cations are ormd
well in the perovskite lattice arrangement between the Sm*
and Ba”' /Sr?" ions [35].

The overall change in mass of the SBSC powder reached
8 % at temperatures of 125-800 “C. Previous data showed
that the specimen was beginning to lose lattice oxygen sig-
nificantly at a specific temperature [36]. Lattice oxygen is
concerned with the reduction and oxidation of perovskite

Electronic copy available at: https://ssrn.com/abstract




oxides. The oxygen void is experienced by perovskite oxide
when lattice oxygen is released. A partial loss of lattice oxy-
gen, along with a reduction in Co?' to Co?', or Co*" to Co?",
and an increase in temperature, causes a decrease in weight
loss during heating. Therefore, the oxygen content decreases
with temperature [37,38]. The high diffusivity regarding
oxide ions and the increased surface activity of the ORRs
might be due toa high oxygen content [39].

To clarify the polarization of the SBSC cathode re-
sistance, the symmetrical cells test was carried out with
various OPPs from 0.214-0.035 atm. From the data, with
increasing temperatures, the R, values fell dramatically,
suggesting that the SBSC sample ORR is a thermally acti-
vated process. The Ry, values of the specimen reduced from
4.02 Qem? at 600 °C to 0.42 Qem? at 800 °C with an OPP
of 0.214 atm as presented in Fig. 6. However, the R, values
increased significantly with a decreasing oxygen partial
pressure. For instance, as p(01) decreases from 0.214 to
0.035 atm, the R, value increases from EER to 5.32 Qcm?
at a temperature of 600 °C. This study is consistent with
the results previously reported by Meng et al. regard-
ing changes in polarization resistance to oxygen partial
pressure [40]. The R, values reflect cathodic behavior,
including diffusion of oxygen at high temperatures in the
gas phase, low-temperature ORR, and the surface of bulk
diffusion /foxygen [41].

From single cell testing, ideally, the OCV of a cell should
be similar to its 1.1 V theoretical value and should be small
only if affected by factors of operating conditions. Porosity
impacts the leakage current when fuel/oxidants crossing the
electrolyte membrane can cause low OCV values. The fol-
lowing equation can explain the concept of chemical defect:

Ce,, —Ce, +h. (5)

Electrolyte-based materials with low electronic con-
ductivity, such as SDC, may lead to a slight electron cross
flow via the electrolyte. Alternatively, Ce** in §gAC elec-
trolytes is quickly reduced to Ce®', particularly at higher
temperatures [29]. The power density values of the cell with
an SBSC cathode are 336.1, 387.3, and 357.4 mW/em? at
625°C, 650°C, and 675°C, respectively. One method of
improving cell performance is by modifying the cathode
surface using electrolyte-based materials such as SDC. As
previously reported, SDC nanoparticles implanted into the
porous surface of the cathode produce a significant increase
in the power density value [42].
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Fig. 8 shows a.cmss—sectional view of SBSC|SDC from
the prepared symm{Bical cell and top surface SEM images.
The SBSC cathode grain size is distributed uniformly in the
range of 1.5-2 pm and is porous. Better morphology is very
helpful to ensure increased current, reduced R, values, and
rapid oxygen diffusion during SOFC operations. Also, the
cathode structure’s properties determine the cell perfor-
mance in processes such as kinetic reactions, mass transpor-
tation preprocesses, and charge transportation [43].

Overall, we have presented the SBSC perovskite oxide
investigation in this report. However, a more comprehensive
study is needed to improve SOFC performance, including
thermal expansion testing to determine the degradation
resistance between SOFC layers. In the future work, we will
focus on increasing the value of open-circuit voltage (OCV)
using a dense bi-layer electrolyte of Yttria-stabilized Zir-
conia (YSZ)/Samaria doped Ceria (SDC) through pulsed
laser deposition (PLD) technique. YSZ dense layer prepared
by pulsed laser deposition (PLD) technique as a blocking
layer improved the stability of the SDC electrolyte and in-
hibited electronic current leakage. This method is expected
to increase the value of OCV and the single-cell performance.

7. Conclusions

1. The XRD structure of the SBSC cathode has been

essfully categorized as double perovskite oxide by the
solid-state reaction method. The double perovskite strueture
consists of the elements Sm*", Ba2" on the A side and Sr2',
Co?' on the B side.

2. The R, val(Ef the specimen decreased from 4.02 em?
at 600 °C to 0.42 Qem? at 800 “C. The maximum power densi-
ty of the single cell is 387.3 mW/ecm? at 650 °C, indicating that
SBSC is qualified as the SOFC cathode material.

3.SBSC cathodes show good performance at intermedi-
ate operating temperatures (600-800 “C).

Acknowledgments

The authors are grateful for the finaneial support provided
by tlflnstitut Teknologi Nasional Yogyakarta (Indonesia).
The authors are also grateful for the financial support by
A113 Laboratory of MSE (NDHU) grand funded
through MOST 106-2113-M-259-011 by the Ministry of
Science and Technology of Taiwan.

References

1. Steele, B. C. H, Heinzel, A (2001). Materials for fuel-cell technologies. Nature, 414 (6861), 345-352. doi: hitps://doi.org/

10.1038,/35104620

2. Minh, N. Q. (1993). Ceramic Fuel Cells. Journal of the American Ceramic Society, 76 (3), 563-588. doi: https://doi.org/

101111 /5.1151-2916.1993.th03645 x

3. Ruiz-Monales, J. C., Marrero-Lopez, D., Canales-Vizquez, ], Irvine, J. TS, (2011). Symmetric and reversible solid oxide fuel cells.
RSC Advances, 1 (8), 1403, doi: https://doi.org/10.1039/c1ra00284h

4. Skinner, S. J. (2001). Recent advances in Perovskite-type materials for solid oxide fuel cell cathodes. International Journal of
Inorganic Materials, 3 (2), 113-121. doi: https //doi.org /101016 /s1466-6049( 01)00004-6

i

Brett, D. J. L., Atkinson, A, Brandon, N. B, Skinner, S. J. (2008). Intermediate temperature solid oxide fuel cells. Chemical Society
Reviews, 37 (8), 1568, doi: https://doi.org /10.1039 /b61 2060c

6. Susanto, 1., Kamal, D. M., Ruswanto, S, Subarkah, R., Zainuri, F, Permana, §. ct. al. (2020). Development of cobalt-free oxide
(Smy 581y 5Feq sCrd 2034) cathode for intermediate-temperature solid oxide fuel cells (IT-SOFCs). Eastern-European Journal of
Enterprise Technologies, 6 (5 (108)), 15-20. doi: https://doi.org /1015587 /1729-4061.2020.217282




10

11

12

13

14

16

17

18

19

Liu, H,, Zhu, X, Cheng, M., Cong, Y, Yang, W. (2011). Novel Mn1.5Col 504spinel cathodes for intermediate temperature solid
oxidefuel cells. Chemical Communications, 47 (8), 2378-2380. doi: https://doi.org/10.1039 /c0cc04300a

Adler, 8. B. (2004). Factors Governing Oxygen Reduction in Solid Oxide Fuel Cell Cathodest. Chemical Reviews, 104 (10),
4791-4844, doi: https,/ /doiorg/10.1021 /cr0207240

Takeda, Y, Kanno, R, Noda, M., Tomida, Y., Yamamoto, O. (1987). Cathodic Polarization Phenomena of Perovskite Oxide Electrodes
with Stabilized Zirconia. Journal of The Electrochemical Society, 134 (11), 2656 -2661. doi: https://doi.org/10.1149,/1.2100267
Adler, 8. B, Lane, ]. A, Steele, B. C. H. (1996). Electrode Kinetics of Porous Mixed-Conducting Oxygen Electrodes. Journal of The
Electrochemical Society, 143 (11), 3554-3564. doi: https://doi.org/10.1149,/1.1837252

Subardi, A, Cheng, M.-H,, Fu, Y.-P (2014). Chemical bulk diffusion and electrochemical properties of SmBag ¢Sr4C0205+ cathode
for intermediate solid oxide fuel cells. International Journal of Hydrogen Energy, 39 (33), 20783-20790. doi: hitps://doi.org/
10.1016/j.ijhyd ene.2014.06.134

Zhao, F, Wang, S., Brinkman, K., Chen, F (2010). Layered perovskite PrBapsSry5C0205:5 as high performance cathode for
solid oxide fuel cells using oxide proton-conducting electrolyte. Journal of Power Sources, 195 (17), 54685473, doi: https://
doi.org /10,1016 /] jpowsour.2010.03.088

Zhou, Q., He, T, Ji, Y. (2008). SmBaCo3 05+, double-perovskite structure cathode material for intermediate-temperature solid-oxide
fuel eells. Journal of Power Sources, 185 (2), 754-7538. doi: https://doi.org/ 10,1016/ jpowsour. 2008.07.064

Tarancon, A, Burriel, M., Santiso, ]., Skinner, $. ], Kilner, J. A. (2010). Advances in layered oxide cathodes for intermediate
temperature solid oxide fuel cells. Journal of Materials Chemistry, 20 (19), 3799, doi: https://doi.org/10.1039,/6922430k

Chen, D, Ran, R, Zhang, K., Wang, ], Shao, Z. (2009). Intermediate-temperature electrochemical performance of a polycrystalline
PrBaCo30s.5 cathode on samarium-doped ceria clectrolyte. Journal of Power Sources, 188 (1), 96-105. doi: https.//
doiorg,/10.1016 /] jpowsour.2008.11.045

Kurods, C., Zheng, K., Swierczek, K. (2013). Characterization of novel GdBag 581, sCo,—xFexQs. ; perovskites for application in
IT-SOFC eells. International Journal of Hydrogen Energy, 38 (2), 10271038, dot: https://doi.org/10.1016/ ijjhydene.2012.10.085
Tarancén, A., Morata, A, Dezanneau, G, Skinner, S, |, Kilner, J. A, Estradé, S. et. al. (2007). GdBaCo205+x layered perovskite
as an intermediate temperature solid oxide fuel eell cathode. Journal of Power Sources, 174 (1), 255-263. doi: hetps://
doiorg,/10.1016,/] jpowsour.2007.08.077

Chang, A, Skinner, S., Kilner, J. (2006). Electrical properties of GdBaCo:Oss, for ITSOFC applications. Solid State lonics,
177 (19-25), 2009201 1. doi: https://doi.org/10.1016/j.551.2006.05.047

Gu, H., Chen, H., Gao, L, Zheng, Y, Zhu, X, Guo, L. (2009). Oxygen reduction mechanism of NdBaCoyOs.s cathode for
intermediate-temperature solid oxide fuel cells under cathodic polarization. International Journal of Hydrogen Energy, 34 (5),
2416-2420. doi: httpsy/ /doi.org/10.1016 /.ijh ydene.2009.01.003

Kong, X., Ding, X. (2011). Novel layered perovskite SmBaCus0s.; as a potential cathode for intermediate temperature solid oxide
fuel eells. International Journal of Hydrogen Energy, 36 (24), 15715-15721. doi: https://doi.org /101016 ijhydene 2011.09.035
Kim, J. H., Kim, Y., Connor, B A, Irvine, J. T. 8., Bae, ., Zhou, W. (2009). Structural, thermal and electrochemical properties of
layered perovskite SmBaCuoyOs.q, a potential cathode material for intermediate-temperature solid oxide fuel cells. Journal of Power
Sources, 194 (2), 704-711. doi: https://doi.org/10.1016/] jpowsour. 2009.06.024

Liu, W, Yang, C., Wu, X., Gao, H., Chen, Z. (2011). Oxygen relaxation and phase transition in GdBaCo,Os, ;5 oxide. Solid State
Tonics, 192 (1), 245247. doi: https://doi.ong/10.1016,/j.551.2010.04.028

Kim, J.-H., Mogni, L, Prado, F, Canciro, A, Alonso, J. A, Manthiram, A. (2009). High Temperature Crystal Chemistry and
Oxygen Permeation Properties of the Mixed lonie—Electronic Conductors LnBaCo, 05,5 (Ln = Lanthanide). Journal of The
Electrochemical Society, 156 (12), B1376. doi: hteps:/ /doi.org/10.1149/1.3231501

Subardi, A., Chen, C.-C,, Cheng, M.-H., Chang, W.-K., Fu, Y.-P. (2016). Electrical, thermal and electrochemical properties of
SmBal-xSmxCos05.; cathode materials for intermediate-temperature solid oxide fuel cells. Electrochimica Acta, 204, 118-127.
doi: https,/ /doi.org/ 101016 /j electacta. 2016.04.069

Lii, S., Long, G, Meng, X, Ji, Y., Lii, B., Zhao, H. (2012). PrBaysSry5C0305. as cathode material based on LSGM and GDC
electrolyte for intermediate-temperature solid oxide fuel cells. International Journal of Hydrogen Energy, 37 (7), 5914-5919.
doi: https,/ /doi.org/10.1016 /jijjhydene.2011.12.134

Fu, Y.-P, Wen, 5.-B., Lu, C.-H. (2007). Preparation and Characterization of Samaria-Doped Ceria Electrolyte Materials for Solid
Oxide Fuel Cells. Journal of the American Ceramic Society, 91 (1), 127-131. doi: hetps://doi.org/10. 11 11/5.1551-2916.2007.01923 x
Kuhn, M., Kim, J. J., Bishop, S. R., Tuller, H. L. (2013). Oxygen Nonstoichiometry and Defect Chemistry of Perovskite-Structured
BaxSr1-xTil-yFeyOs—y /248 Solid Solutions. Chemistry of Materials, 25 (13), 2970-2975. doi: https;//doiorg/A0.1021/
cmd 005462

Fu, Y.-P, Ouyang, J., Li, C.-H., Hu, S.-H. (2013). Chemical bulk diffusion coefficient of Smy5Sry5CoO3-; cathode for solid oxide fuel
cells. Journal of Power Sources, 240, 168177, doi: https://doiorg/10.1016 /jjpowsour.2013.03.138

Aksenova, T. V., Gavrilova, L. Y, Yaremchenko, A. A, Cherepanoy, V. A, Kharton, V. V. (2010). Oxygen nonstoichiometry, thermal

expansion and high-temperature electrical properties of layered NdBaCo30s,; and SmBaCos0s5,5. Materials Rescarch Bulletin,
45 (9), 12881292, doi: hteps:/ /doi.org/10.1016 /). materresbul1.2010.05.004




30

31

32

33

34

36

37

38

39

40

41

43

Zhang, K., Ge, L., Ran, R, Shao, Z., Liu, S. (2008). Synthesis, characterization and evaluation of cation-ordered LnBaCoy05.8
as materials of oxvgen permeation membranes and cathodes of SOFCs. Acta Materialia, 56 (17), 4876-4889. doi: hetps://
doi.org,/10.1016,/j.actamat 2008.06.004

Kim, ., Choi, S, Park, S., Kim, C., Shin, ., Kim, G. (2013). Effect of Mn on the electrochemical properties of a layered perovskite
NdBap 55105C0o.MnxOs.5 (x=0, 025, and 0.5) for intermediate-temperature solid oxide fuel cells. Electrochimica Acta,
112, 712-718. doi: https://doi.org/10.1016/j.electacta.2013.09.014

Subardi, A, Fu, Y.-P. (2017). Electrochemical and thermal properties of SmBay58ry5C020s.; cathode impregnated with
Ceyp Smy 201.9 nanoparticles for intermediate-temperature solid oxide fuel cells. International Journal of Hydrogen Energy, 42 (38),
2433824346, doi: https://doi.org /10,1016 /j.ijhydene.2017.08.010

West, M., Manthiram, A. (2013). Layered LnBal-—xSrxCoCuOs,; (Ln = Nd and Gd) perovskite cathodes for intermediate
temperature solid oxide fuel cells. International Journal of Hydrogen Energy, 38 (8), 3364-3372. doi: hteps://doi.org/10.1016/
jijhydene.2012.12.133

Choi, M.-B., Lee, K.-T,, Yoon, H.-S., Jeon, S-Y.,, Wachsman, E. D., Song, S.-]. (2012). Electrochemical properties of ceria-based
intermediate temperature solid oxide fuel cell using microwave heat-treated Lay 1S1)9CopsFep205-5as a cathode. Journal of Power
Sources, 220, 377-382. doi: https://doiorg /10,1016 /] jpowsour.2012.07.122

Jun, A, Shin, J, Kim, G. (2013). High redox and performance stability of layered SmBagsSry;Co; 5Cu505.; perovskite
cathodes for intermediate-temperature solid oxide fuel cells. Physical Chemistry Chemical Physics, 15 (45), 19906. doi: https://
doi.org,/10.1039 /c3cp53883d

Kostogloudis, G., Vasilakos, N, Ftikos, Ch. (1998). Crystal structure, thermal and electrical properties of Pri—xSrxCoOs5 (x=(0,
0.13, 0.3, 0.4, 0.5) perovskite oxides. Solid State lonics, 106 (3-4), 207-218. doi: https:;//dol.org/10.1016,/s0167-2738(97)00506-7
Meuffels, P. (2007). Propane gas sensing with high-density SrTiggFeg 4O ceramics evaluated by thermogravimetric analysis.
Journal of the European Ceramic Society, 27 (1), 285-290. doi: https:/ /doi.org/10.1016/] jeurceramsoc.2006.05.078

Lia, S, Jin, W,, Xu, N, 8hi, J. (2001). Mechanical strength, and oxygen and electronic transport properties of SrCoy 4Fepg03-5.Y SZ
membranes. Journal of Membrane Science, 186 (2), 195-204. doi: https://doiorg/10.1016 /s0376-7388(00)00681-5

Kim, G., Wang, 5., Jacobson, A J., Reimus, L., Brodersen, B, & Mims, C. A. (2007). Rapid oxygen ion diffusion and surface exchange
kinetics in PrBaCo:Os.y with a perovskite related structure and ordered A cations. Journal of Materials Chemistry, 17 (24), 2500
doi: https,/ /doi.org/ 10,1039 /b618345)

Meng, F, Xia, T, Wang, ], Shi, Z,, Lian, ], Zhao, H. et. al. (2014). Evaluation of layered perovskites Y Bal—-xSrxCo20s.5as cathodes
for intermediate-temperature solid oxide fuel cells. International Journal of Hydrogen Energy, 39 (9), 45314543, doi: https.//
doi.org/10.1016 /j.ijhydene.2014.01.008

Back, S.-W,, Kim, J. H., Bae, J. (2008). Characteristics of ABO3 and A;BO, (ASm, Sr; BCo, Fe, Ni) samarium oxide system
as cathode materials for intermediate temperature-operating solid oxide fuel cell. Solid State lonics, 179 (27-32), 1570-1574.
doi: https)/ /doi.org/10.1016 /j.ss1.2007.12.010

Nam, J. H., Jeon, D. H. (2006). A comprehensive micro-scale model for transport and reaction in intermediate temperature solid
oxide fuel cells. Electrochimica Acta, 51 (17), 3446-3460. doi: https:;/ /doi.org/ 101016/ .clectacta 2005.09.04 1

Andersson, M., Yuan, J., Sundén, B. (2010). Review on modeling development for multiscale chemical reactions coupled transport
phenomena in solid oxide fuel cells. Applied Energy, 87 (5), 1461-1476. doi: https://doi.org/10.1016/j.apenergy.2009.11.013




Artikel 2021_3 Jurnal EEJET_Iwan

ORIGINALITY REPORT

15, 10 8« 1o

SIMILARITY INDEX INTERNET SOURCES PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

1

unist.dcollection.net

Internet Source

T

journals.uran.ua

Internet Source

T

Submitted to University of New South Wales

Student Paper

T

Lu, S.. "PrBa"0"."55r"0"."5C0"20"5"+"x as
cathode material based on LSGM and GDC
electrolyte for intermediate-temperature solid
oxide fuel cells", International Journal of
Hydrogen Energy, 201204

Publication

T

o

espace.curtin.edu.au

Internet Source

T

Yoo, Seonyoung, Sihyuk Choi, Junyoung Kim,
Jeeyoung Shin, and Guntae Kim. "Investigation
of layered perovskite type
NdBa1-xSrxCo205+6 (x=0, 0.25, 0.5, 0.75, and
1.0) cathodes for intermediate-temperature

T



solid oxide fuel cells", Electrochimica Acta,
2013.

Publication

=

Zongping Shao, Moses O. Tade.
"Intermediate-Temperature Solid Oxide Fuel
Cells", Springer Science and Business Media
LLC, 2016

Publication

(K

E Allan J. Jacobson. " Materials for Solid Oxide <1 o
Fuel Cells ", Chemistry of Materials, 2010 ’
Publication
WWW.science.gov

n Internet Source g <1 %

Baltic Journal of Management, Volume 9, <1 o
Issue 1 (2013-12-14)

Publication
ubs.acs.or

Irr?ternet Source g <1 %
discovery.ucl.ac.uk

Internet Soucm <1 %
researchrepository.wvu.edu

Internet Source p y <1 %
www.mdpi.com

Internet Sourcep <1 %

Xue, J.. "Performance of double-proveskite <1 o

YBa"0"."55r"0"."5C0"20"5"+"@d as cathode



material for intermediate-temperature solid
oxide fuel cells", International Journal of
Hydrogen Energy, 201105

Publication

ais.khpi.edu.ua
InternetScEJrce <1 %
eadnurt.diit.edu.ua
Internet Source <1 %
link.springer.com
InternetSEurceg <1 %
www.tinhoahoc.com
Internet Source <1 %
zenodo.or
Internet Source g <1 %
Jun, Areum, Junyoung Kim, Jeeyoung Shin, and <1 o
Guntae Kim. "Optimization of Sr content in ’
layered SmBa1a€“xSrxCo205+" perovskite
cathodes for intermediate-temperature solid
oxideA fuel cells", International Journal of
Hydrogen Energy, 2012.
Publication
www.thenanoresearch.com
Internet Source <1 %
Vladimir V. Sereda, Dmitry A. Malyshkin, lvan <1 o

L. Ivanov, Dmitry S. Tsvetkov, Andrey Yu.
Zuev, Antoine Maignan. "Redox



Thermochemistry, Thermodynamics, and
Solar Energy Conversion and Storage
Capability of Some Double Perovskite
Cobaltites", Inorganic Chemistry, 2021

Publication

www. cffs.uky.edu
Internet Source y <1 %
Www.coursehero.com 1
Internet Source < %
www.frontiersin.or “
Internet Source g < %
A. Orera, P. R. Slater. " New Chemical Systems <'I
: . , %
for Solid Oxide Fuel Cells ", Chemistry of
Materials, 2010
Publication
Bernuy-Lopez, Carlos, Kristin Hgydalsvik,
. . <Il%
Mari-Ann Einarsrud, and Tor Grande. "Effect
of A-Site Cation Ordering on Chemical
Stability, Oxygen Stoichiometry and Electrical
Conductivity in Layered LaBaCo205+6 Double
Perovskite", Materials, 2016.
Publication
Toru Inagaki, Kazuhiro Miura, Hiroyuki <1 o

Yoshida, Radenka Maric, Satoshi Ohara, Xinge
Zhang, Kazuo Mukai, Takehisa Fukui. "High-
performance electrodes for reduced
temperature solid oxide fuel cells with doped



lanthanum gallate electrolyte", Journal of
Power Sources, 2000

Publication

Shiquan LU, Guohui Long, Xiangwei Meng, <1 o
Yuan Ji, Borui Lii, Hongyuan Zhao. ’
"PrBa0.55r0.5C0205+x as cathode material

based on LSGM and GDC electrolyte for
intermediate-temperature solid oxide fuel

cells", International Journal of Hydrogen

Energy, 2012

Publication

docplayer.net

Internft)Soaice <1 %
etheses.whiterose.ac.uk

Internet Source <1 %
ethesis.nitrkl.ac.in

Internet Source <1 %

W
B

onlinelibrary.wiley.com
Internet Source < 1 0/0

atents.google.com

IEternetSourc% g <1 %
ubs.rsc.or

IFr?ternetSource g <1 %
space.library.queensu.ca

ﬂterF:etSource yq <1 %

rd.springer.com



Internet Source

<1 %
repositories.lib.utexas.edu

InteEwetSource <1 %
sites.utexas.edu

Internet Source <1 %

Chengzhi Sun, Yu Kong, Lin Shao, Qi Zhang, <1 y
Xian Wu, Naiqging Zhang, Kening Sun. " ’
Significant Zirconium Substitution Effect on

the Oxygen Reduction Activity of the Cathode

Material NdBaCo O for Solid Oxide Fuel Cells

", ACS Sustainable Chemistry & Engineering,

B

2019

Publication

stars.library.ucf.edu 1
Internet Source < %
Exclude quotes On Exclude matches Off

Exclude bibliography On



