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DEVELOPMENT AND CREATION OF RESEARCH CELLS FOR SOLID OXIDE FUEL CELLS
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The article is devoted to the development and creation of research cells for solid oxide fuel cells (SOFCs) designed to
study their characteristics at various temperatures. The primary focus is on the use of high-temperature glass sealants that
ensure the hermeticity of the structure. The paper describes the materials and methods for fabricating model fuel cells,
including various combinations of electrolytes (YSZ, ScSZ, GDC) and electrodes (NiO, LSM). The design of the research
cells incorporates electrochemical sensors, providing precise control over the composition of the gas mixture entering the
active zone, with deviations not exceeding 0.5%. The results of current-voltage characteristics of the model SOFCs in the
temperature range of 700-950 °C showed that an increase in temperature leads to a reduction in ohmic losses and
improved kinetics of electrochemical reactions. The maximum power density is achieved at higher current densities with
increasing temperature, which is attributed to enhanced material conductivity and improved electrode activity. At lower
temperatures, limited cell efficiency is observed due to increased electrolyte resistance and reduced electrode activity.
The developed research cells demonstrated high reliability and reproducibility of data, enabling their use in optimizing
the material composition and structure of SOFCs. The obtained results confirm the potential of the proposed methodology
for the development of highly efficient fuel cells.

Keywords: solid oxide fuel cells (SOFCs), model fuel cells, research cells, high-temperature glass sealants,
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reactions.

INTRODUCTION

Energy is a cornerstone of modern society. The antic-
ipated surge in global energy consumption by 2050 ne-
cessitates prompt and decisive measures. In light of the
growing depletion of natural energy resources, the devel-
opment and enhancement of highly efficient electro-
chemical systems for energy storage and conversion have
become increasingly critical. At present, hydrogen en-
ergy (or the hydrogen economy) is widely regarded as a
key solution to addressing environmental, economic, and
social challenges, as well as ensuring sustainable devel-
opment and long-term energy security. Hydrogen energy
is recognized as a priority field (a critical technology) in
nearly all developed nations. However, significant chal-
lenges impede the successful commercialization of hy-
drogen energy technologies. A fundamental requirement
for the transition to a hydrogen economy is the establish-
ment of a hydrogen infrastructure, effective methods for
hydrogen storage and transportation, and a reduction in
associated costs [1, 2].

Fuel cells are advanced electrochemical systems that
directly convert the chemical energy of fuels into electri-
cal energy with high efficiency. Unlike conventional en-
ergy sources, such as internal combustion engines, fuel
cells produce minimal carbon dioxide emissions and sig-
nificantly reduce environmental pollution. One of the de-
fining characteristics of fuel cells is their ability to utilize
a wide range of fuels, including hydrogen, methane, and
other hydrocarbons, making them adaptable for various
energy and transportation applications [3-5]. Fuel cells
are categorized based on the type of electrolyte they

employ, such as proton exchange membrane fuel cells
(PEMFC), phosphoric acid fuel cells (PAFC), alkaline
fuel cells (AFC), and solid oxide fuel cells (SOFC).
Among these, SOFCs stand out due to their distinctive
advantages [6, 7]. These cells operate at elevated temper-
atures (450-1000 °C), enabling the direct use of diverse
fuels, including hydrocarbons, without requiring pre-
treatment. Furthermore, SOFCs exhibit high energy con-
version efficiency, extended operational life, structural
adaptability, and low greenhouse gas emissions [8, 9].

The working mechanism of SOFCs relies on the elec-
trochemical conversion of fuel facilitated by a solid oxide
electrolyte that conducts oxygen ions. The cell comprises
three main components: the anode, cathode, and electro-
lyte. The anode functions as the oxidation electrode, the
cathode as the reduction electrode, and the electrolyte fa-
cilitates oxygen ion transfer from the cathode to the an-
ode. The electrochemical reactions occurring at the anode
and cathode generate electrons, which flow through an
external circuit, producing an electric current. These pro-
cesses position SOFCs as a promising energy solution for
both stationary and mobile applications [10-12].

This article aims to develop the design and fabrication
techniques for experimental SOFCs, including model el-
ements utilizing various material combinations. It also
seeks to perform a comprehensive analysis of their volt-
age-current characteristics across a broad temperature
spectrum. The research emphasizes optimizing material
compositions and SOFC structures to improve their effi-
ciency, power density, and operational reliability. Addi-
tionally, it focuses on creating reliable electrochemical
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sensors for precise monitoring of the gas atmosphere in
the operating zone.

MATERIALS AND METHODS

Figure 1 shows a schematic representation of the de-
sign of the research cell. The main components of the cell
include the holder (5), the tailpiece (2), and the model
SOFC (1). In addition to these elements, the research cell
contains another crucial component — the electrochemi-
cal sensor (3), which allows for monitoring the composi-
tion of the fuel mixture at the cell inlet.
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1-model SOFC; 2 - tail (ceramic tube); 3 — electrochemical sensor;
4 -gas inlet; 5-sealed holder with gas and current inlets (leads);
6 - furnace chamber (ceramic tube); 7 - probe wire leads; 8 - con-
trol thermocouple

Figure 1. Research cell diagram

In the design shown in Figure 1, one end of the tail-
piece (2) is hermetically connected to the holder (5),
while the opposite end houses the disc-shaped model
SOFC (1). The hermetic attachment of the model SOFC
to the tailpiece is achieved using high-temperature glass
sealants, which must exhibit good wettability and a coef-
ficient of thermal expansion (CTE) closely matching that
of the SOFC components. The design of the holder (5)
includes spatially separated openings for gas flow and
electrical connections, as well as provisions for mounting
the tailpiece and a seat for the centered and hermetic in-
stallation of the cell into the tubular furnace chamber (6).
The length of the thermal compensation tailpiece (2),
combined with the length of the ceramic tube of the fur-
nace (6), is selected based on the following conditions:
heat dissipation at the end (near the holder), the extent of
the thermal zone of the furnace (with the sample posi-
tioned in the middle), and ensuring the required temper-
ature gradient.

Manufacturing of Research Cells

Source materials

The following powders were used to fabricate model
fuel cells (hereinafter referred to as cells): YSZ, ScSz,
GDC, NiO, and LSM, the characteristics of which are
presented in Table 1. The YSZ and ScSZ electrolyte
powders were synthesized using the laser evaporation
method [13], while the NiO powder was produced by the
wire explosion method [14]. The GDC powder is a
commercial product from Kceracell Co., Ltd. The LSM
powder was synthesized through the pyrolysis of a
polymer-salt composition.

Table 1. Nomenclature and characteristics
of the original powders

Designation Compound ;f;é deer, NM | Yineor, g/cm®
YSZ Zr0,84Y0,1602-5 4,7 216 5,92
ScSz Zr0,85C0,202-5 52 20 5,67
GDC Ce0,9Gdo,102-5 34,2 24,3 7,21
NiO NiO 28,4 31 6,80
LSM Lao,7Sr0,sMNn0s-5 0,79 1200 6,51

Manufacturing of elements

The fabricated planar model cells had different struc-
tures (supporting components, electrolyte, and electrode
compositions). A description of the cells is provided in
Table 2.

Table 2. Structure of model elements

Cell | Companent | (maserel | OCOWe | (macss

No 1| Electrolyte 60LSM+40YSZ YSzZ 50Ni+50YSZ
No2 | Electrolyte 60LSM+40YSZ YSz 50Ni+50GDC
No 3| Electrolyte 60LSM+40YSZ ScSz 50Ni+50YSZ
No4| Cathode 50LSM+50YSZ Ysz 50Ni+50GDC
No 5 Anode 60LSM+40YSZ YSz 50Ni+50GDC

Supporting electrolyte samples in the form of discs
were fabricated from films of the corresponding electro-
Iyte material using uniaxial pressing. The film composi-
tion included 84.6 wt.% powder, 12 wt.% polyvinyl bu-
tyral (PVB), and 3.4 wt.% triethylene glycol dimethyl
ether (TEGDME). The pressed samples were sintered at
1350 °C for 5 hours. The resulting discs had a diameter
of approximately 11 mm, a thickness of 300 um, and a
density exceeding 97% of the theoretical value. Electrode
slurries with the following composition were applied to
the supporting electrolyte samples using the painting
method: 87.2 wt.% powder mixture, 10 wt.% PVB, and
2.8 wt.% TEGDME. Isopropyl alcohol served as the sol-
vent. The electrodes were sintered in an air atmosphere
at 1200 °C for 4 hours. The electrode thickness after sin-
tering was approximately 30 pm. It should be noted that
fibers from ashless filter paper (5 wt.%) were used as
pore formers during the fabrication of both the supporting
anode and the supporting cathode. Platinum wire with a
diameter of 0.3 mm was used as probes (current collec-
tors) for all cells. To improve electrical contact, the
probes were coated with platinum paste, which was sin-
tered at 1000 °C. Figure 2 shows the cells with the sup-
porting electrolyte.

The cathodes and anodes of all cells were impreg-
nated (activated) three times with solutions of Pr(NOs)s
and Ce(NOs)s, respectively. The prepared cells were her-
metically attached to the end of a tubular stem made of
industrial YSZ ceramics using SG2 glass sealant. Figure
3 shows the appearance of the fully assembled Cell No.
1. The only difference between Cell No. 1 and the other
cells is the model fuel cell.
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Figure 2. Appearance of planar cells for: Cell No. 1 (a),
Cell No. 2 (b) and Cell No. 3 (c)

Manufacturing of the Sensor

It was proposed to simplify the terminology by refer-
ring to the electrochemical sensor, manufactured as a
separate device and installed in a tubular furnace opposite
the end where the research cell is mounted, simply as a
“sensor”. The working part of the sensor was made from
an industrially produced YSZ test tube. Platinum elec-
trodes were applied to the inner and outer surfaces of the
test tube using the painting method and sintered at
1200 °C. Platinum wire with a diameter of 0.3 mm served
as probes. In other aspects, the design of the sensor does
not differ from the design of the research cell. The work-
ing part of the sensor was attached to the end of the tub-
ular stem using SG3 glass sealant. The appearance of the
sensor is shown in Figure 4.

1-modelfuel cell; 2 - electrochemical sensor; 3 - tail; 4 —thermal insulation;
5-cell holder; 6 - probe terminals; 7 - terminals of the control thermocouple

Figure 3. Appearance of research cell No. 1
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1 -electrochemical sensor; 2 —tail; 3-thermalinsulation; 4 — sensor holder;
5 —probe terminals; 6 - terminals of the control thermocouple

Figure 4. Appearance of the Sensor

RESULTS AND DISCUSSIONS

Characteristics of Research Cells

Electrochemical sensor readings

Table 3 presents the test results of the electrochemical
sensors for all research cells and the sensor at various
temperatures. Measurements were conducted under iden-
tical gas flow conditions: hydrogen — 100 ml/min, air —
100 ml/min.

Table 3. Readings of electrochemical sensors of research cells
and the sensor

T,°C C1,B C2,B C3,B C4,B C5,B | Sensor,B
900 1.100 | 1.101 1.106 | 1.103 | 1.102 1.091
850 1109 | 1.112 | 1.116 | 1111 1.110 1.100
800 1.119 1.122 1.125 1.122 1.119 1.109
750 1.127 | 1131 1.135 | 1.129 | 1.124 1.117
700 1.134 1.135 1.141 1.133 1.130 1.124

It is evident that the data variation for all electrochem-
ical sensors does not exceed 0.5%. Thus, the fabricated
electrochemical sensors enable highly accurate monitor-
ing of the gas atmosphere in the working zone and, con-
sequently, allow for effective control of the hermeticity
of the research cells.

Characteristics of model fuel cells

Figure 5 shows graphs of the dependence of voltage
(E) and power density (W) on current density (J) for
model fuel cells at various temperatures (700 °C, 750 °C,
800 °C, 850 °C, 900 °C, and 950 °C).

The voltage decreases linearly with increasing current
density for all temperatures. This is due to the growth of
ohmic losses and polarization caused by the increase in
the rate of electrochemical reactions. Higher
temperatures (e.g., 900 °C and 950 °C) show slightly
higher initial voltage compared to lower temperatures
(700 °C and 750 °C), which is attributed to the reduction
in the internal resistance of the cell. Power density
increases with current density until it reaches a
maximum, after which it begins to decrease due to a sharp
drop in voltage. At higher temperatures, the maximum
power density is higher, reflecting improved
electrochemical reaction kinetics and increased material
conductivity. At lower temperatures, the initial voltage is
lower than at higher temperatures, and the maximum
power density is reached at a lower current density
(approximately 0.4-0.5 A/cm?). This lower performance
is explained by increased electrolyte resistance and
reduced electrode activity. At intermediate temperatures,
there is a balance between good electrolyte conductivity
and sufficient reaction Kkinetics. The maximum power
density is achieved at a higher current density
(approximately 0.5-0.6 A/cm?) compared to 700 °C and
750 °C. Higher temperatures demonstrate better
performance: voltage drops more slowly with increasing
current density, and the power density reaches its
maximum at even higher current densities (0.6—
0.7 A/cm?). This is due to minimal ohmic losses and high
activity of cathodic and anodic reactions.
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Voltage (E, V)

Voltage (E, V)

Voltage (E, V)

Figure 5. Volt-Ampere characteristics of the cell taken at: 700 and 750 °C (a), 800 and 850 °C (b), 900 and 950 °C (c)
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CONCLUSIONS

Research cells for solid oxide fuel cells (SOFCs) were
developed and fabricated using high-temperature glass
sealants to ensure the hermeticity of the structure. The
cell design includes electrochemical sensors that demon-
strated high accuracy in measuring the gas atmosphere in
the working zone, with deviations not exceeding 0.5%.
This allows for effective control of experimental condi-
tions and cell hermeticity. The results of the voltage-cur-
rent characteristics of the model SOFCs revealed a linear
decrease in voltage with increasing current density, at-
tributed to growing ohmic losses and polarization. It was
found that increasing the temperature (up to 950 °C) re-
duces the internal resistance of the cells, enhances the ki-
netics of electrochemical reactions, and improves mate-
rial conductivity, resulting in higher power density. The
maximum power density is achieved at higher current
densities with increasing temperature, indicating im-
proved performance. At lower temperatures, limited elec-
trode activity and increased electrolyte resistance were
observed, reducing the efficiency of the cells. Thus, the
developed research cells and their fabrication methodol-
ogy enable the study of SOFC characteristics over a wide
temperature range, ensuring high data reproducibility and
applicability for optimizing material composition and
cell structure.
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KATTbBI OKCHUATI OTBIH JIEMEHTTEPIHE APHAJIFAH
3EPTTEY ¥AIBIKTAPBIH 93IPJIEY )KOHE KACAY

C. Omnaxaii”, K. A. Kyrep6exosn, K. K. Bexmbip3a, A. M. Ka0bimes,
M. M. Ky0enoBa, H. K. Aiinapéexos, K. )Kymaguiosa

JLH. I'ymunee amwindazer Eypasus ynmmulx ynueepcumemi, Acmana, Kazaxcman
* painanwic ywin E-mail: serikzhan.opakhai07@gmail.com

By makanma opTypnii Temreparypanapiaa KaTThl OKCHATI oTHIH AneMeHTTepiniH (KOOD) cumatramanapsiH 3epTTeyre
apHAJIFaH 3epTTey YAIIBIKTApbIH d3ipJiey MeH acayFa apHaiFaH. Herisri Ha3ap KYpbUIBIMHBIH THIFBI3IBIFBIH KAMTaMachl3
€TEeTiH JKOFaphl TEMIIepaTypalbl MIBIHBI TePMETHKTEPII KONJaHyFa ayapburrad. Makaaia yJIriTiK OTBIH YAIIBIKTAPEIH
yKacayra apHaJIFaH MaTepHajiap MEH o/IiCTep CHITATTalFaH, COHBIH imiHae snexTpomutrepaid (YSZ, ScSZ, GDC) xone
anextpoarapabH (NiO, LSM) opTypsi koMOMHaIusIapsl KapacThIpbuIaAbl. 3epTTeY YSIIBIKTAPBIHBIH KYPBUIBIMBIHIA
Oencenni aiiMakka TyCeTiH ra3 KocrachlHbIH KypambiH 0,5%-1aH aciaiiTeIH aybITKyJIapMeH /191 0aKbuIay bl KaMTaMachi3
€TeTIH 3JIEKTPOXUMUSUIBIK ceHcopiap Oap. 700-950 °C remnepatypa nuanasoHsiHjga yiaritik KOOD BombT-ammepiik
cUmaTTamMalapblH 3epTTey HOTHIKENEpl TeMIlepaTypaHbIH >KOFapbUlaybl OMMKAIIBIK LIBIFBIHAAP/BIH a3aloblHA JKOHE
ANIEKTPOXUMHUSUIBIK peaKLUsUIap/IblH KHHETUKAChIHBIH KaKcapyblHa oKeJIeTiHIH KopceTTi. MarepuanaapiblH O TKi3riITiri
apThIN, 3JEKTPOATAP/AbIH OEJICCHALIIr JKaKcapraH CailblH, JKOFapbl TeMIeparypaja MaKCUMaJbl KyaT THIFBI3JIBIFbI
’KOFapbl TOK TBHIFBI3IOBIFBIMEH KOJ JKeTKi3inai. ToMeH TeMmmepaTypaiapia 3JIeKTPONUTTIH KapChUIBIFBIHBIH apTybl MEH
ANEKTPOATAPIBIH OCIICCHIUTITIHIH TOMEH ICYiHe OalaHbICTH YAIIBIKTAPABIH THIMIUTITI MIEKTENTeH. O31pJIeHTeH 3epTTey
YIMIBIKTApHl IEPEKTEPIiH KOFaphl CEHIMALIITI MEH KalTaTaHFBIITHIFRIH KopceTTi, Oy omapasl KOOD marepuanmapsl
MEH KYpBUIBIMAAPBIHBIH KYPaMbIH OHTANaHIBIPYy VINIH NaijanaHyFa MYMKiHAIK Oepeai. AJBIHFAH HOTIDKENIED
YCHIHBUTFAH 9[ICTEMEHIH XKOFaphl THIMII OTBIH JIEMEHTTEPIH d3ipIIey IeTi oJIeyeTiH pacTaliabl.

Tyiiin co3dep: Kammul OKCUOMI OMbIH NeMeHMmePi, Yi2iNiK OMblH YAULIKMAPS, 3ePMMmey YAUbIKIMAPbL, HCOAPbl
MemMnepamypansl WblHbl 2epMemuKmep, JJ1eKMPOXUMUANBIK CEHCOPAAap, GONbM-AMNEPIiK Ccunammamanap, Kyam
Mbl2bI30bI2bl, OMUKATBIK UbIZLIHOAD, I/IEKMPOXUMUATILIK PeaKyYUusnapObly KUHEMUKACHI.

PA3BPABOTKA U CO3JAHHUE UCCIIEJOBATEJIBCKHUX AYEEK
JJISI TBEPJJIOOKCHUHBIX TOIIVIMBHBIX 3JIEMEHTOB

C. Onaxaii’, K. A. Kyrepoekos, K. 7K. Bexmbip3a, A. M. Kagbimes,
M. M. Kyo6enoBa, H. K. Aiinap6exos, K. ’Kymagusioa

Eepazuiickuii hayuonanvnwiii ynusepcumem umenu JI.H. I'ymunesa, Acmana, Kazaxcman
* E-mail o konmakmos: serikzhan.opakhai07@gmail.com

Cratbsl mocBsIIeHa pa3pabOTKE U CO3IAHHUIO MCCIIEAOBATENBCKUX SUEEK JJISI TBEPAOOKCHIHBIX TOTUIMBHBIX JIEMEHTOB
(TOTD), npenHa3zHAUCHHBIX I H3YUYCHUS UX XapaKTEPUCTUK ITPH pa3INYHBIX TeMIlepaTypax. OCHOBHOE BHUMaHHE yae-
JICHO UCTIOJIb30BAaHHUIO BBICOKOTEMIIEPATYPHBIX CTEKIITHHBIX T€PMETHKOB, 00€CTIEYNBAIONTNX I€PMETHIHOCTh KOHCTPYK-
un. B cTaThe onmcaHsl MaTepHAaIbl M METOBI H3TOTOBICHHUS MOAETBHBIX TOIUIMBHBIX S4YeeK, BKIF0Uas Pa3IUUHbIe KOM-
6unarmu snektpoiautoB (YSZ, ScSZ, GDC) u anexrpomos (NiO, LSM). KoHcTpyKius HCCiIe10BaTENbCKHUX SUSEK BKITFO-
YaeT MEKTPOXUMUUECKUE CEHCOPBI, 00eCTIeYBaIOIie TOYHbIH KOHTPOJIb COCTaBa ra30BON CMECH, MOCTYyTAkOIIEH B ak-
TUBHYIO 30HY, C OTKJIOHEHHAMH, He npeBbimaonmmu 0,5%. Pe3ynpTaTel nccienoBaHuil BOJIBT-aMIEPHBIX XapaKTepH-
ctuk moaenbHBIX TOTD B TemmeparyprHoM auana3zone 700—950 °C mokazaim, 4To MOBHIICHUE TEMIIEPATy Pl IPUBOIHT
K CHIDKEHHIO OMHUYECKHUX IOTEPh U YJYUIICHUIO KHHETHKH 3JIEKTPOXUMHUYECKUX peakiuid. MakcumalnbHas MIIOTHOCTh
MOIIHOCTH JIOCTHTaeTCst IpH 0ojiee BBICOKHX INIOTHOCTSIX TOKA C YBEIMUYEHUEM TEMIIEPaTYpPbl, YTO OOBSCHSIETCS MOBHI-
IIEHHO} POBOIMMOCTBIO MAaTEPHAJIOB U YJIYYIIEHHON aKTHBHOCTBIO 3JIeKTpo10B. I1pu Gosiee HU3KMX TeMIepaTypax Ha-
OmrostaeTcsi orpaHndeHHast 3P PEKTUBHOCTD SUEEK U3-3a YBEJIHMUYEHHOT'O CONMPOTUBIICHHS JICKTPOIUTA ¥ CHI)KEHHOW aK-
TUBHOCTH 3JIEKTPOA0B. PazpaboTaHHbIe HCCIIeI0BaTEILCKIE TYEHKN IPOIEMOHCTPHUPOBAIIN BBICOKYIO HAJIEXKHOCTh U BOC-
MIPOU3BOIUMOCTb JaHHBIX, YTO ITO3BOJISIET HCIOIB30BATh UX JIJIS ONITUMH3AIIMN COCTaBa MaTepHajoB U cTpyKTypsl TOTD.
[TomyuyeHHBIE Pe3yNbTaTHl MOATBEPKAAIOT OTSHINAN IPEATIOKEHHO METOAOIOTHH [T Pa3pabOTKH BEICOKO3(PPEKTHB-
HBIX TOTUTUBHBIX JIEMEHTOB.

Knwouesvie cnosa: meepoookcuonvie monausnvle oaemenmul  (TOTD), MmoOenbHble MONIUBHBIE — AUEUKU,
uccnedosamenbeKue sIUetiKu, 6biCOKOMeMnepamypHvle CIeKIsHHbLE 2ePMEeMUKU, JIeKMPOXUMUYECKUE CEHCOPbL, B0IbIN-
amnepHvie Xapakmepucmuku, NIOMHOCHbL MOUWHOCTU, OMUYECKUE NOMEPU, KUHEMUKA INEKMPOXUMULECKUX Pearyull.
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