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Abstract. Cathode materials are crucial for the efficient operation of solid oxide
fuel cell (SOFC), serving as a key component for the oxygen reduction reaction
(ORR). Cobalt-containing cathode have shown good performance in terms of
electronic conductivity and ORR kinetics. However, they suffer from significant
drawbacks, including high cost, and instability at high operating temperatures
of SOFC. Thus, there is an increasing need to investigate cobalt-free alternatives
that can overcome these challenges. In this study, cobalt-free Ba, Sr Ti Zr ,0,
(BSTZ0,BSTZ25,and BSTZ50;x=0,0.25,0.5) cathode materials were synthesized
via traditional solid-state reaction techniques. The synthesized samples were
characterized using X-ray diffraction (XRD), scanning electron microscopy
(SEM), to analyse their structural properties, and surface morphology. Electrical
conductivity of the synthesised materials measured in air revealed promising
results, with BSTZ0, BSTZ25, and BSTZ50 exhibiting activation energy (E ) of
0.25 eV, 0.45 eV, and 0.48 eV, respectively. X-ray diffraction analysis confirmed
that all compositions crystallize in the tetragonal P4/mmm space group.
Findings from this investigation indicate that the synthesized Sr-doped Ba,
Sr Ti  Zr ,0, . materials exhibit favourable electrical conductivity, and are
promising candidates for SOFC cathode.
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Effect of strontium doping on structural and electrical conductivity of BaTi, zZr, ,0, . cathode materials

for solid oxide fuel cell

1. Introduction

The development of solid oxide fuel cell (SOFC) represents a significant advancement in
energy conversion technologies. This is primarily due to their high efficiency and flexibility in
using various fuels. SOFC is a clean and sustainable means of energy generation when hydrogen
is used as the fuel source [1]. Thus, addressing the environmental concerns associated with
fossil fuel resources. Among the critical components of SOFC, the cathode plays a vital role
in determining the overall cell performance. Cathode material must exhibit high electrical
conductivity, chemical stability, and favourable reaction kinetics for the oxygen reduction
reaction (ORR) [2-4]. Recent studies focused on enhancing the properties of cathode materials
through various doping strategies. The incorporation of strontium (Sr) into barium titanate
(BaTiO,) has gained a lot of attention. Strontium doping has been shown to improve the
dielectric properties and electrical conductivity of these materials, making them more suitable
for high-temperature applications [5-9]. Barium titanate (BaTiO,) is a well-known perovskite
oxide that exhibits excellent ferroelectric and dielectric properties, which can be further
optimized through the substitution of Sr ions. The introduction of Sr into the BaTiO, lattice
modifies the structural characteristics, electrical conductivity, and thermal stability [10,11].
Several studies have revealed that Sr-doped barium titanate (BST) ceramics can achieve a high
dielectric constant with a low dissipation factor [11-14]. Furthermore, the incorporation of Zr
into BaTiO, matrix, as in BaTi , Zr,0, has been reported to enhance the ionic conductivity,
which is crucial for the efficient operation of SOFC [15,16]. Figure 1 illustrates a typical SOFC,
and its various components.
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Figure 1. Typical SOFC and its various components [17].

In this study, structural and electrical properties of cobalt-free Ba, SrxTi  Zr .0, , (BSTZO,
BSTZ25, and BSTZ50; x = 0, 0.25, 0.5) were investigated. These materials can help overcome
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the high costs associated with cobalt-containing cathode materials in SOFC [18,19]. Optimizing
its properties through controlled doping can lead to improved performance metrics, such as
enhanced electrical conductivity and thermal stability [20,21]. Additionally, the ratio of doping
and the resultant microstructural characteristics can significantly affect the electrochemical
performance of the cathode, necessitating a thorough investigation [22-24]. Cobalt-containing
cathode materials have been reported to have poor linear thermal elongation, thus resulting
in compatibility issues with commonly used electrolytes (yttria-stabilized zirconia and
gadolinium-doped ceria). Cobalt-free BSTZ0, BSTZ25, and BSTZ50 were synthesized and
investigated as potential cathode materials for SOFC in the present study. The influence of Sr
doping on BaTi ,Zr ,0, . series was studied. Key parameters, such as electrical conductivity and

0.2 3-8
activation energy, were analyzed and compared with existing cobalt-free cathode materials.

2. Experimental

Cobalt-free Ba,_Sr Ti  Zr .0, (BSTZ0,BSTZ25,and BSTZ50;x =0, 0.25, 0.5) was synthesised
via solid state reaction techniques, and analysed as potential cathode materials for SOFC.
Stoichiometric amounts of the precursors of SrCO,, BaCO,, Zr0O,, and Ti,0, were weighed and
thoroughly mixed using an agate mortar and pestle for 2 hours under ethanol as a grinding
medium to ensure homogeneity. The resulting mixture was dried and calcined at 1000 °C for
10 hours in air, followed by intermediate grinding. This was carried out to ensure complete
reaction and phase formation. The calcined powders were pressed into pellets using a uniaxial
press under a pressure of 5 MPa, with polyvinyl alcohol (PVA) as a binder. BSTZ0, BSTZ25, and
BSTZ50 ellets were sintered at 1200 °C for 10 hours in air, followed by natural cooling to room
temperature.

The phase purity and crystal structure of the synthesized BSTZ0, BSTZ25, and BSTZ50
samples were analysed using X-ray diffraction (Bruker D8 Advance) at a 20 range of 20 to 80°
with a step size of 0.02°. Chekcell was used to confirm the phase composition, and lattice cell
parameters [25,26]. Microstructure of the sintered samples was examined using a scanning
electron microscope (SEM). Energy-dispersive X-ray spectroscopy (EDS) was performed to
verify the elemental distribution within the samples. The electrical conductivity of BSTZO0,
BSTZ25, and BSTZ50 samples was measured using a DC four-probe technique. Platinum paste
was coated on both sides of the sintered pellets to act as current collectors, followed by heating
at 900 °C for 1 hour to ensure good contact. The electrical conductivity measurements were
conducted in air over a temperature range of 400 to 1000 °C.

3. Results and discussion

3.1. Structural investigations of Ba, Sr Ti Zr ,0, . (BSTZ0, BSTZ25, and BSTZ50;
x =0, 0.25, 0.5)

Figure 2 shows the XRD analysis of BSTZ0, BSTZ25, and BSTZ50 powders at room
temperature. XRD pattern of the synthesized cathode material confirms its crystalline nature
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and phase purity. Diffraction peaks were indexed via chekcell to a tetragonal structure, with the
P4/mm-123 space group. Obtained peak positions confirm with reference pattern PDF-01-089-
821 (P4/mmm-123). The sharp and intense peaks observed in the diffraction pattern indicate
high crystallinity in the material. This property is desirable for solid oxide SOFC applications,
as it enhances ionic and electronic conductivity. Table 1 gives the lattice cell parameters for all
compositions. The absence of additional peaks indicates the successful doping of Sr into the

crystal lattice of BaTi Zr ,0, ,, maintaining the structural integrity of the parent lattice [27].

BSZT0 PDF-01-089-8213
BSZT2S PDF-01-089-8213
BSZT50 PDF-01-089-8213

Intensity (a.u)

20 30 40 50 60 70 80

2Theta (degree)

Figure 2. XRD diffraction pattern of BSTZ0, BSTZ25, and BSTZ50.

Table 1. Lattice cell parameters for all compositions

Composition Space group Cell parameters Cell Volume
BSZTO Tetragonal-P4/mmm a=4.00186 A, 63.96 A3
(123) c=3.99347 A
BSZT25 Tetragonal-P4/mmm a=4.00678 A, 64.39 A3
(123) c=3.99347 A
BSZT50 Tetragonal-P4/mmm a=3.94470 A, 61.77 A3
(123) c=3.96985 A

3.2. SEM-EDS Analysis

Surface morphology and elemental composition of BSTZ0, BSTZ25, and BSTZ50 cathode materials
were examined using scanning electron microscopy (SEM) coupled with energy-dispersive X-ray
spectroscopy (EDS). SEM micrographs of all compositions revealed a porous microstructure with
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uniformly distributed particles. Figure 3 shows the SEM analysis of the synthesised samples. BSTZ0
exhibited slightly larger grain sizes compared to BSTZ25, and BSTZ50, suggesting that the incorporation
of Sr influenced the sintering behaviour. All the samples showed good porosity, ensuring efficient charge
transport [28,29]. EDS spectra confirmed the presence of all the expected elements (Ba, Sr, Ti, Zr, and
0) in each composition. The SEM-EDS analysis confirms that BSTZ0, BSTZ25, and BSTZ50 cathode
materials exhibit the desired morphological and compositional characteristics, making them suitable
candidates for SOFC applications. 0-KA, Ba-LA, and Sr-L in the EDS profile refer to specific characteristic
X-ray emissions from the elements present in the sample. Figure 4 illustrates the EDS investigation of the
synthesised cathode materials.

2024/04/18 10:11 N D8.0 x5.0k

TM30309867 2024/04/17 15:48 N D9.1 x5.0k 2024/04/18 11:32 N D80 x50k  20um

Figure 3. SEM analysis for: (a) BSTZ0, (b) BSTZ25, and (c) BSTZ50.
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Figure 4. EDS investigation showing elemental distribution of BSZT25.
Electrical Conductivity

The electrical conductivity of BSZTO0, BSZT25, and BSZT50 was investigated in air, at a
temperature of 600 to 1000 °C. Temperature dependence of the conductivity can be calculated
in accordance with Equation 1 [18,28]:
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The symbol “o” represent the electrical conductivity in Equation 1, o, is the pre-exponential
factor, E is the activation energy, K, is the Boltzmann constant, and T'is the absolute temperature.
Arrhenius plots (Figure 5) for BSZTO, BSZT25, and BSZT50 revealed distinct activation energy
values of 0.25 eV, 0.45 eV, and 0.48 eV, respectively. These values indicate the influence of
strontium doping on the electrical conduction mechanism [31-33]. BSZTO exhibited the lowest
activation energy (E =0.2eV), suggesting superior electronic conductivity compared to the doped
samples. This could be attributed to the higher intrinsic mobility of charge carriers in the undoped
composition. For BSZT25 (E =0.45eV), and BSZT50 (E =0.48 eV) the increased activation energies
imply a stronger dependence of conductivity on temperature. This behaviour is likely associated
with the enhanced ionic conduction pathways and defect chemistry introduced by strontium
doping [34-36]. Doped samples exhibited a balance between ionic and electronic conduction,
which is desirable for SOFC cathode materials. At high temperatures (> 700 °C), all compositions
demonstrated sufficient electrical conductivity to meet the requirements for SOFC cathodes
(o > 0.1 S/cm). However, BSZTO showed the highest conductivity over the entire temperature
range, while BSZT50 exhibited the lowest, reflecting the trade-off between electronic and ionic
conduction mechanisms. Findings from this study suggest that strontium doping modifies the
conduction pathways and energy barriers for charge transport. Thus, the optimal composition
may depend on the operating temperature and specific SOFC design requirements. Further
studies on long-term stability and compatibility with electrolytes are needed to fully assess their
applicability. Table 2 gives an overview of the E obtained in this study with those reported in
related literature on cobalt-free cathode materials development for SOFC.
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Figure 5. Arrhenius plots of electrical conductivity of BSZT0, BSZT25, and BSZT50
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Table 2. Comparison of the activation energy obtained in this study with related literature.

Composition Temperature (°C) E (eV) Ref.

BSZTO 600 -1000 0.25 This study

BSZT25 600 -1000 0.45 This study

BSZT50 600 -1000 0.48 This study
(NdolgLaM)2(Niol74Cu0.21A10.05)04+8 100 -400 0.12 [37]
NdO.SSrO.5Mn0.5Cr0.503_(S 400 - 600 0.21 [20]

4. Conclusion

Effect of strontium doping on the structural and electrical properties of BaTi ,Zr .0,
cobalt-free cathode materials was investigated in this study. Strontium substitution into
the BaTi  Zr ,0, ; lattice was confirmed through structural analysis, revealing slight lattice
distortions without compromising phase stability. These modifications played a crucial role in
enhancing the materials' electrical properties. Eelectrical conductivity of undoped BSZTO0 and
strontium-doped BSZT25 and BSZT50 was investigated in air, with activation energies of 0.25
eV, 0.45 eV, and 0.48 eV, respectively. While BSZTO exhibited the highest conductivity due to
superior electronic conduction, the doped compositions demonstrated a favourable balance
between ionic and electronic conduction, crucial for SOFC performance. All samples surpassed
the conductivity threshold required for SOFC cathodes at high operating temperatures. Results
of this study highlight Sr-doped BaTi  Zr .0, , as potential cobalt-free cathode materials for
SOFCapplications. Thus, offering an environmentally and economically viable alternative. Future
studies are needed to understand the long-term stability and electrochemical performance in

practical SOFC configurations.
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KaTTbl OKCHATI OTBIH 3/IeMeHTTepiHe apHasiFaH BaTi Zr ,0, . KaToATbI MaTepuaiJapAbIH

KYPBLIBIMbI MEH 3JIEKTP OTKI3riluTiriHe CTpOHLMI KOCNAaCbIHbIH, dcepi

Angarna. KatoaTbl MaTepuasjlap OTTETiHIH TOTBIKChI3ZaHy peakiusacbkiHblH, (ORR) Heri3ri
KOMIIOHEHTI peTiH/ie KbI3MET eTeTiH KATTbl OKCUJATI OTbIH yAIBIFbIHBIH (SOFC) Tuimai xymbic
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icreyi yuiiH eTe MaHbI3bl. KypambiHZa KoGanbT 6ap KaToj 3JeKTPOH/bIK eTki3rimTik nmeH ORR
KHHETHKAaChl 60UBIHIIA KaKChl OHIMIJIIK KepceTTi. /lereHMeH, oJlapAblH alTapJbIKTail KeMIITiKTepi
6ap, COHbIH iliH/e »OFapbl KYHbI >kaHe xofapbl SOFC KyMbICc TeMIepaTypachbiH/la TYPaKChI3/bIK.
Ocplnalila, ocbl MacesieslepAi 1iellle aJaTblH KOGAJbTChI3 OajJaMaslapAbl 3epTTey KaXKeTTilIri apThll
Kesiesii. Bys1 )kymbIcTa K0GabTChI3 KaTOATHI MaTepuaigap Ba, Sr Ti  Zr 0, . (BSTZ0, BSTZ25 »xaHe
BSTZ50; x = 0, 0.25, 0.5) mocTyp./i KaTThl pa3ablK peaKklus aficTepiMeH cuHTe3ae /1i. CHHTe3/1e/IreH
y/risiep onapAblH KYPbLIBIMABIK KacueTTepi MeH 6eTiHiH MOpP(OSOTUSACHIH TalAay YUIiH PEHTTeH/iK
audpakiusa (XRD) koHe ckaHepJieylli 3/IeKTPOHAbI MUKpockonusaMmeH (SEM) cumatrtanabl. Ayaza
6JILIEHIeH CHUHTEe3JeJITeH MaTepUaJfapAblH 3JIEKTP OTKI3lIITIr NepclneKTUBalbl HITUXKeJep
kepceTTi: BSTZ0, BSTZ25 xoane BSTZ50 coaiikecinme 0,25 3B, 0,45 3B xoaHe 0,48 3B akTuBTeHy
aHeprusinapbiH (Ea) kepcetTi. PenTrenzik AudpakuusaiblK Taagay 6apJ/blK, KOMIO3ULUsAAapAblH P4/
mmmm TeTparoHaJb/Abl KEHICTiK TOOBIH/A KPUCTa/lAaHATbIHbIH pacTabl. Bys 3epTTey/iH HoTHXKelepi
cuHTes/eired Sr-Kocnasnanfan BaTi  Zr .0, . MaTeprasapbIHbIH KaKChl 3JIEKTPOTKI3TIIITIKKE He
koHe SOFC kaTozbIHa TepcreKTHUBAJbI YMITKepJiep eKeHiH KepceTe[|.

Tyuinai cesaep: anektp etkisrimtik; SOFC; kaToaThl MaTepuanaap; kobanbrcbis; ORR
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BiiMsiHMe JIerMpoBaHUsA CTPOHLIMEM HA CTPYKTYPY U 3/IeKTPONPOBOJHOCTh KaTOAHBIX
marepuasioB BaTi, Zr ,0, . A1 TBEPAOOKCHAHBIX TON/IMBHbBIX 3/IEMEHTOB
AHHoTanusA. KaTogHble MaTepuasibl HMMeEIOT pellarllee 3HadyeHUue AJs1 3¢PeKTUBHOU pPaboOThI
TBEPAOOKCUAHOrO TOIIMBHOrO 3jeMeHTa (SOFC), ciayka KJHO4YEBbIM KOMIIOHEHTOM peaKI[UU
BoccTaHoBJieHUs1 kucaopoga (ORR). KobanbTcofeprkalyii KaToA nokasas Xopoliue XapaKTepUCTUKHU
C TOYKH 3peHUs 3J1eKTPOHHOU NpoBoAMMOCTHU U KMHeTUKU ORR. OjHaKo OHM UMEIT CylLieCTBEHHbIe
HeJJOCTaTKHM, B TOM 4YMCJIe BBICOKYI0O CTOMMOCTb M HeCTAaOWUJbHOCTb HPU BBICOKMX pPabo4yux
temnepatypax SOFC. TakuMm o6pasoM, cyllecTByeT pacTyliass HOTPeOGHOCTb B HCCAES0BaHUU
aJbTepHATUB, He coZeprKalluxX KoOalbT, KOTOpble MOI'YT PELIMTb 3TU NpobJeMbl. B janHON pa6oTe
6e3K00aJIbTOBbIE KaTO/[Hble MaTepUaJibl Bal_XerTiO'ngO'ZO}S (BSTZ0, BSTZ25 u BSTZ50; x = 0, 0,25,
0,5) 6B CHHTE3UPOBaHbI TPAJULIMOHHBIMU MeTOJaMU TBepA0dasHbIX peakluil. CHHTe3MpOBaHHbIE
006pa3ibl OBLIM OXapaKTepU30BaHbl MeTOAAMU PeHTTeHOBCKoM gudpakiuu (PPA), ckaHupyoliei
3/1IeKTpOHHON Mukpockonuu (COM) ansa aHaiu3a HX CTPYKTYPHBIX CBOWMCTB M MOpPQOJIOruu
[OBEPXHOCTHU. JJIEKTPONPOBOAHOCTh CHHTE3UPOBAHHBIX MaTepHasioB, M3MepeHHasl Ha BO3AyXe,
nokasaJjia MHoroo6eniawiiue pe3yabraTbl: BSTZ0, BSTZ25 u BSTZ50 nokasasu sHepruio akKTUBalUU
(Ea) 0,25 3B, 0,45 3B 11 0,48 3B cooTBETCTBEHHO. PEHTTeHOCTPYKTYPHBIN aHa/IU3 TOATBEPAHII, YTO BCE
COCTaBbl KPUCTA/JIM3YIOTCA B TeTparoHaJbHOW NpPOCTPAHCTBEHHOW rpynne P4/mmm. Pe3yabTaThl
9TOr0 MCC/Ie/J0BAHUS I0KA3bIBAIOT, YTO CHHTE3UPOBaHHble MaTepuassl BaTijZr .0, ,, jernpoBaHHble
Sr, 06/1aal0T XOpoIlel 3JIeKTPONPOBOJHOCTbIO U ABJSAITCA NMePCIeKTUBHBIMU KaHAWAATaMU g

katoga SOFC.
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