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Abstract. At present, due to the growing global energy consumption, the demand
for energy sources continues to increase every year. Consequently, there is a growing
need for the development of powerful energy generators and storage devices capable
of delivering large amounts of energy over extended periods. Lithium-ion batteries are
currently among the most widely used energy storage systems in portable electronic
devices. These batteries are characterized by a high energy density and low self-
discharge rate, with a specific energy reaching up to 300 Wh-kg!, which is sufficient to
power even electric vehicles. However, optimization of the performance of these types
of batteries under high current loads is still required. To improve the electrochemical
performance of lithium-ion batteries, special attention is being paid to the development
and modification of cathode materials, which play a decisive role in determining the
capacity, stability, and lifetime of the cell. Various approaches, such as surface coating,
doping, and structural modification, have been proposed to enhance their conductivity
and structural integrity. Advanced fabrication techniques, including electrospinning and

128



Volume 4, Number 465 (2025)

controlled annealing, allow for the formation of nanostructured cathodes with improved
ion diffusion pathways. Additionally, the introduction of conductive additives helps to
minimize internal resistance and increase rate capability (C-rate). Continued research
in this area aims to achieve higher efficiency, safety, and sustainability of lithium-ion
energy storage systems.

Keywords: lithium-ion battery, cathode material, electrospinning, annealing,
conductive additive, C-rate
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Annoramusi. Kazipri yakpiTTa s>kahaHABIK SHEprus TYTBHIHYIABIH apTyblHa
0alTaHBICTBl PHEPrUsl KO3/IEpiHE AETeH CYpaHbIC Kb cailbiH ecim kemneni. COHBIH
HOTHXXECIHIEC YJKCH KOJeMJe OHHEPrusiHbl Y3aK YaKbIT OOHBI JKETKi3e aslaTbIH
KyaTTbl TeHeparopiiap MEH OSHEprus CakTay KYpBbUIFBUIAPBIH d3ipiiey KaKeTTUIir
apryga. JIUTHH-MOHIOBI aKKyMyJSTOpiap Ka3ipri TaHJa HOPTATHBTI AIEKTPOHIBIK
KYpBUIFbIIapAa, COHBIMEH KaTap dJIEKTp KOJIIKTEPiHAE YKOHE CTAllMOHAPIBIK SHEPIHS
caKTay O>KyHenepiHae KEHIHEH KOJJAHBUIATBIH SHEPTusl cakTay >KyHemnepiHiH Oipi
Oonbill TaObUTAABI. Bysl akKymynsTOopiap >KOFapbl SHEpPIUsl THIFBI3ABIFBIMEH, Y3aK
LUKIIIK TYPaKThUIBIFBIMEH KOHE O31HIIK Pa3psAThIH TOMEH JACHIeHiMEH cuarTanaibl,
oJnapablH MeHIIIKTi Heprusicel 300 BT-car/kr-ra neiin xeTteli, Oy onapbl KOFapbl
KyaTThl KoJiaHOamapaa THiMJI eTe/i. AJaiiia, 5KOFapbl TOKTBIK JKYKTeMeJep Ke3iHJe
OJIapIBbIH >KYMBICHIH OHTaMJIaHABIPY, Y3aK MEp3iMAl CEHIMIUTrH KaMTamachl3 €Ty
YKOHE KayiNCi3iK KOPCEeTKILITEPiH apTThIPY Jli 1€ ©3€KTi FHIIBIMU Mocelie OO Kajia
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Oepeni. JIMTUH-MOHIBI AKKyMYJSTOPIAPABIH DICKTPOXUMUSIIBIK CHIIATTaMalapbiH
JKaKcapTy YIIIH KaTOATHIK MaTepuaigapAbl 93ipiey MEH MOAU(HUKALUIIAyFa epeKiie
KeHi1 OeiHesi, ceOeOl onmap MEMEHTTIH ChIMBIMIIBUIBIFBIH, UKIJIK TYPAKThUIBIFBIH
KOHE KBbI3MET €Ty MeEp3iMiH aHBIKTAHTBIH HETi3r1 KOMIOHEHT OOJBIN TaObUIAIbI.
OTKI3TIIITIKTI )K9HE KYPBUTBIMABIK TYPAKTBIIBIKTHI ATTHIPY MaKcaThbIH1a OETKi KaOaTThl
KanTay, AOTHPJEY >KOHE HAHOKYPBUIBIMABI KYPBUIBIMABIK MOAW(UKAIMAIAD CHSIKTHI
TYPJIi TocijAep KONJaHbUIaAbl. DJIEKTPOCITUHHUHT, OaKblIaHATBIH OT)KUT JKOHE OacKa
3aMaHayd TEXHOJIOTHSUIAD HMOHAApAbIH JU(Qy3Hs >KONJapblH KaKCAPTHIIN, >KOFaphI
OHIMAI KaToxTap anyra MYMKiHAIK Oepeai. COHbIMEH Karap, OTKI3rill KocHamapabl
eHri3y iMIKI KeAepriHi a3alTbIN, KOFapbl TOKTapAa KyMbIC icTey KaOimetin (C-rate)
apTThIpyFa bIKNan ereni. Ocbl OaFbITTaFbl 3epPTTEYIIEp JIUTHH-UOHIbI aKKYMYJISITOpIapra
HET13/IeITeH SHEPTUs CaKTay )KYHeJIepiHIH THIMIIITH, CEHIMIUTITIH )KoHE KayINCIi3Airin
apTTHIpyFa OarbpITTaNFaH.

Tyiiin co3nep: TUTHH-MOHIBI AKKYMYJISATOP, KATOATHIK MaTepHall, SJIEKTPOCITMHHHHI,
KYH1ipy, eTKi3rim Kocna, C-rate
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AnHoTanus. B Hacrosiee Bpems B CBSI3H C POCTOM MUPOBOTO SHEPTONOTPEOICHHS
CIPOC HAa MCTOYHUKU SHEPTMM €KETroJHO MPOIoJIKaeT yBeluuuBarbecs. Benenctsue
9TOTO BO3pacTaeT HEOOXOAUMOCTb Pa3paOOTKH MOIIHBIX T€HEPaTopoB U yCTPOHCTB
HAKOIUICHHS SHEPrHH, CHOCOOHBIX O0ecleuMBaTh MOAAYy 3HAYUTENBbHBIX 00BEMOB
SHEPrUM B TEUEHHE JIUTEIBHOIO BpeMeHH. JINTHH-NOHHBIE aKKyMYISATOPHI SBIAIOTCS
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OIHOM 13 HanboJIee MUPOKO MCIIOIb3YEMBIX CUCTEM XPaHEHHUs SHEPTUU B TIOPTaTUBHON
AIEKTPOHUKE M JIIEKTPOTPAHCIOPTE. ODTHU CHCTEMBI XapaKTEPU3YIOTCA BBICOKON
IJIOTHOCTBIO B3HEPIMM M HU3KOM CTENEHBIO caMopaspsia, IpU 3TOM HX yICJbHAs
sHeprusi nocturaer 300 Br-u/kr, 4TO MO3BONSET NPUMEHATh MX JaKe Ui MHTAHHS
anekTpoMoOmwiell. OnHako onTUMH3anus paboThl JAHHOTO THIA AKKyMYJISTOPOB
IIpU BBICOKMX TOKOBBIX HAarpy3kax OCTa€TCs AaKTyaJdbHOM HayuyHOU 3amadeir. [lns
MOBBIIICHUS JJIEKTPOXUMHUYECKUX XAPAKTEPUCTUK JIMTUH-UOHHBIX aKKyMYJIATOPOB
ocoboe BHUMaHHUE YenseTcs pa3paboTke W MOAM(UKAIMU KaTONHBIX MaTepHaloB,
KOTOpBIE ONPENENSOT EMKOCTh, CTA0MIBHOCTh U CPOK CIYXKOBI siueiiku. Pasnnunbie
TEXHOJIOTUYECKHE MOAXO/bl — HAHECEHUE MOBEPXHOCTHBIX IOKPBITUM, JOIMUPOBAHUE
U CTPYKTypHasi MOIU(UKALUS — MPUMEHSIOTCS AJsl MOBBIIECHHUS MPOBOAUMOCTH H
YAYYIIEHUS MEXaHMYEeCKOM M XUMHYECKOM yCTOHYMBOCTH KaTonoB. CoBpeMeHHbIE
METOJbl IIOJNyYEHHUs, BKIIOYAsl OHIIEKTPOCIUHHUHI U KOHTPOJMPYEMBIHA OTXKMI,
MO3BOJISIIOT (POPMHUPOBATH HAHOCTPYKTYPUPOBAHHBIE KAaTOIAbl C ONTUMH3HPOBAHHBIMH
nyTsiMu TugQy3uu MOHOB JHTHS. JlomojaHeHHe KaTomoB MPOBOISIIMMH 100aBKaMH
CIOCOOCTBYET CHIDKEHUIO BHYTPEHHETO COMPOTUBICHUS M MOBBIIIEHUIO CIIOCOOHOCTH
3¢ pekTuBHO paboTaTh MPH BEICOKUX CKOPOCTIX 3apsina-paspsaa (C-rate). [IpoBoaumeie
WCCIICIOBAHUSI HANpaBICHbl Ha TMOBBIIIEHUE S((PEKTUBHOCTH, O€30MacHOCTH H
JIONTOBEYHOCTH JIUTUH-MOHHBIX CHUCTEM XPAHECHHUSI SHEPrHHU, YTO JeNlaeT pa3padoTKy
HOBBIX KAaTOAHBIX MarepuanoB U METONOB UX MOIU(PHUKALUU OCOOCHHO 3HAYUMOU IS
JJIbHEMIIIEr0 IPOrpecca YHEPreTHYECKUX TEXHOIOT U U PACILIUPEHUS UX IPAKTUYECKON
IIPUMEHUMOCTH.

KaloueBble ciioBa: JIUTHUH-MOHHBIA — aKKyMYJATOp, KaTrOAHBIM — Marepual,
ANIEKTPOCTIMHUHT, OTXHT, IpoBosmas gobaska, C-rate

Introduction. As is well known, the search for potential cathode materials for
lithium-ion batteries among lithium-containing compounds continues to this day.
The material from which the cathode is made is the key component of a lithium-ion
battery, determining and limiting its energy capacity. Cathode materials must ensure
the reversible de/intercalation of Li* ions corresponding to the electrochemical activity
of the Mex"/Me¥* redox pair, while maintaining their structural configuration; they must
also operate under high current densities and store large amounts of energy.

The most widely used cathode active materials are lithium-rich transition metal
oxides, including the layered lithium cobalt oxide (LiCoO,) (Mao et al., 2018; Demirocak
et al., 2017; Zhang et al., 2015) the spinel-type lithium manganese oxide (LiMn,O,)
(Rodriguez et al., 2018), the lithium nickel manganese cobalt oxide (LiNiMnCoO, or
NMC) (Jana et al., 2019), and the olivine-structured lithium iron phosphate (LiFePO,)
(Li et al., 2018; Bachtin et al., 2016). Among these cathode materials, particular
attention has been given to lithium iron phosphate (LiFePO, or LFP), discovered in
1996, which exhibits good electrochemical performance and low internal resistance.
However, this type of active material is characterized by low electronic (10° S-cm™)
and ionic conductivity (Bachtin et al.,2018; Toprakci et al.,2011; Bruce et al., 2012;
Kyeremateng, 2014).
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Attempts have been made to improve the active material by introducing various
conductive additives into the lithium iron phosphate—based suspension, reducing the
particle size of the active material, and other approaches (Shim et al., 2003; Li et al.,
2012; Liang et al., 2013).

In the present work, methods for optimizing the morphology of cathode coatings
based on this material are presented through the deposition of thin layers using the
electrostatic spraying technique.

Materials and methods. Experimental Section. Preparation of Suspensions for
Electrostatic Spraying (Table 1).

Table 1. Composition ratios of the components

LiFePO,, | PVDEF, |Carbon black obtained by | Timcal Super | Nanotubes, CNT, %
% % annealing PVDF, % C45, %
Suspension 1 |95 2 3
Suspension 2 |90 7 3
Suspension 3 |92 7,4 0,6
Suspension 4 | 88 7 4,5 0,5

The stages of suspension preparation included the following steps: 1.The polymer
polyvinylidene fluoride (PVDF) (Solef 5130, Solvay) was gradually dissolved in a
mixture of acetone and N,N-dimethylformamide at 60 °C for two hours. This procedure
was preliminarily applied for the preparation of all four suspensions. 2.For the
preparation of Suspension 1, after two hours, lithium iron phosphate (LiFePO,, Gelon
LIB Group) powder was gradually added to the polymer solution.3.For the preparation
of Suspensions 2 and 4, before adding the active material, a commercial conductive
additive, Timcal Super C45, was first introduced into the polymer solution after two
hours of dissolution.4.For the preparation of Suspension 3, carbon nanotubes (CNT,
Solvay) were added to the polymer solution prior to the introduction of LiFePO,.5. After
the addition of all components, the suspensions were stirred for 12 hours.

Electrostatic spraying was performed by adjusting the following parameters: the
distance between the nozzle and the substrate — 7-12 cm, voltage —12—15 kV, and
suspension feed rate — 0.008—0.012 mL/min. Annealing of the samples obtained from
Suspension 1 was carried out in a tubular furnace under an argon atmosphere at 460 °C
for 1 minute.

Results and Discussion. Polymers serve as sources of carbon black, which is
obtained by annealing them in an inert argon atmosphere or under vacuum (Liu et al.,
2013; Toprakci et al., 2012).

As shown in Figure 1a, the cathode coating based on LiFePO, and PVDF, obtained
by the electrostatic spraying method, exhibits a fibrous structure with high porosity.
Figure 1b presents the results of electrochemical testing of this cathode after thermal
treatment at 460 °C for one minute.
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Figure 1a - Micrograph of the cathode obtained by electrostatic spraying followed by annealing at 460°C

for 1 minute; Figure 1b - Discharge capacity of the corresponding electrode

The selection of this temperature was based on the thermogravimetric analysis
data of the electrospun PVDF film: in the temperature range of 400 —500 °C, active
decomposition of the polymer structure occurs. Figure 2a shows the elastic PVDF film
obtained by electrostatic spraying, while Figure 2b presents a micrograph of the same
film after thermal treatment at 400 °C.

2b
Figure 2a - PVDF film obtained by electrospraying;
Figure 2b - Thermal decomposition of the electrosprayed PVDF film

To maximize the yield of carbon black from PVDF while maintaining the adhesion
of the electrode coating to the current collector, 460 °C was selected as the optimal
temperature for these purposes. As a result of annealing, the obtained cathode with
a composition of 95%, 2%, and 3% of LiFePO,, PVDF, and carbon, respectively,
demonstrated specific discharge capacities of 95, 75, 55, 30, and 95 mA-h/g at current
densities of 50, 125, 250, 500, and 50 mA/g of active material, respectively.

Electrostatic spraying also enables the fabrication of cathode coatings with the
addition of commercial conductive additives. In Figure 3a, the electrode coating
containing 3% of the commercial conductive additive Timcal Super C45 exhibits
a porous structure; however, its specific discharge capacity is inferior to that of the
positive electrode obtained from suspension 1. At current densities of 10, 50, 125, 250,
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500, and 10 mA/g, the cathode prepared from suspension 2 demonstrates discharge
capacities of 105, 60, 20, 10, 2, and 90 mA-h/g of LFP, respectively (Figure 3b).
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Figure 3a - Micrograph of the cathode obtained by electrospinning with the addition of 3% Timcal Super
C45; Figure 3b - Discharge capacity of the corresponding electrode.

The addition of single-walled carbon nanotubes significantly densifies the cathode
coating, as shown in Figure 4a, while still maintaining its porosity. The nanotubes
enhance the C-rate performance of the electrode, exhibiting specific capacities of 130,
110, 85, 65, and 120 mAh/g of active material at current densities of 50, 125, 250, 500,
and 50 mA/g LFP, respectively (Figure 4b).
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Figure 4a - Cathode obtained by electrospinning with the addition of 0.6% CNT;

Figure 4b - Discharge capacity of the corresponding electrode

The positive electrode with the simultaneous addition of two types of commercial
conductive additives - Timcal Super C45 and single-walled carbon nanotubes (CNTs) -
forms a sufficiently porous coating (Figure 5a). The active material containing Timcal
Super C45 and CNTs develops large and small rounded agglomerates that are randomly
distributed throughout the coating thickness. It is likely that the presence of such
agglomerates prevents the simultaneous addition of both conductive additives from
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improving the C-rate performance of this positive electrode. At current densities of 50,
125, 250, 500, and 50 mA per gram of LFP, the capacity of this cathode is 120, 100, 80,
63, and 120 mA-h/g, respectively (Figure 5b).
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Figure Sa - Cathode obtained by electrospinning with the addition of 4.5% Timcal Super C45 and 0.5%
CNT; Figure 5b - Discharge capacity of this electrode.

Conclusion. Thus, the conducted research demonstrates that the annealing of
positive electrodes obtained by electrostatic spraying enables the formation of cathodes
with improved structural stability and electrochemical performance at high current
densities. Thermal treatment at 460 °C in an inert argon atmosphere facilitates partial
carbonization of the PVDF binder, forming a thin conductive carbon network that
enhances the overall electronic conductivity of the electrode without compromising its
adhesion to the current collector.

Theresults indicate that the incorporation of 3% Timcal Super C45 conductive additive
into the LiFePO,-based suspension does not significantly improve the electrochemical
behavior of the cathode. However, the fibrous morphology of the coating is well
preserved, maintaining sufficient porosity for effective lithium-ion diffusion.

In contrast, the addition of single-walled carbon nanotubes (CNTs), either alone or
in combination with Timcal Super C45, significantly improves the specific discharge
capacity of the electrosprayed cathodes, particularly under higher current rates. This
enhancement can be attributed to the formation of an interconnected conductive
network of CNTs, which facilitates electron transport across the electrode structure.
Nevertheless, the inclusion of CNTs and mixed additives results in a denser and less
porous coating, which may slightly limit ion transport at very high C-rates.

Overall, the study confirms that careful optimization of electrode composition
and thermal treatment parameters plays a crucial role in achieving a balance between
conductivity, porosity, and structural integrity, ultimately contributing to improved
performance of LiFePO, - based cathodes for high-rate lithium-ion batteries.
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