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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-¹, 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 
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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.
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Аннотация. Қазіргі уақытта жаһандық энергия тұтынудың артуына 
байланысты энергия көздеріне деген сұраныс жыл сайын өсіп келеді. Соның 
нәтижесінде үлкен көлемде энергияны ұзақ уақыт бойы жеткізе алатын 
қуатты генераторлар мен энергия сақтау құрылғыларын әзірлеу қажеттілігі 
артуда. Литий-ионды аккумуляторлар қазіргі таңда портативті электрондық 
құрылғыларда, сонымен қатар электр көліктерінде және стационарлық энергия 
сақтау жүйелерінде кеңінен қолданылатын энергия сақтау жүйелерінің бірі 
болып табылады. Бұл аккумуляторлар жоғары энергия тығыздығымен, ұзақ 
циклдік тұрақтылығымен және өзіндік разрядтың төмен деңгейімен сипатталады, 
олардың меншікті энергиясы 300 Вт·сағ/кг-ға дейін жетеді, бұл оларды жоғары 
қуатты қолданбаларда тиімді етеді. Алайда, жоғары токтық жүктемелер кезінде 
олардың жұмысын оңтайландыру, ұзақ мерзімді сенімділігін қамтамасыз ету 
және қауіпсіздік көрсеткіштерін арттыру әлі де өзекті ғылыми мәселе болып қала 
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береді. Литий-ионды аккумуляторлардың электрохимиялық сипаттамаларын 
жақсарту үшін катодтық материалдарды әзірлеу мен модификациялауға ерекше 
көңіл бөлінеді, себебі олар элементтің сыйымдылығын, циклдік тұрақтылығын 
және қызмет ету мерзімін анықтайтын негізгі компонент болып табылады. 
Өткізгіштікті және құрылымдық тұрақтылықты арттыру мақсатында беткі қабатты 
қаптау, допирлеу және наноқұрылымды құрылымдық модификациялар сияқты 
түрлі тәсілдер қолданылады. Электроспиннинг, бақыланатын отжиг және басқа 
заманауи технологиялар иондардың диффузия жолдарын жақсартып, жоғары 
өнімді катодтар алуға мүмкіндік береді. Сонымен қатар, өткізгіш қоспаларды 
енгізу ішкі кедергіні азайтып, жоғары токтарда жұмыс істеу қабілетін (C-rate) 
арттыруға ықпал етеді. Осы бағыттағы зерттеулер литий-ионды аккумуляторларға 
негізделген энергия сақтау жүйелерінің тиімділігін, сенімділігін және қауіпсіздігін 
арттыруға бағытталған.

Түйiн сөздер: литий-ионды аккумулятор, катодтық материал, электроспиннинг, 
күйдіру, өткізгіш қоспа, C-rate
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Аннотация. В настоящее время в связи с ростом мирового энергопотребления 
спрос на источники энергии ежегодно продолжает увеличиваться. Вследствие 
этого возрастает необходимость разработки мощных генераторов и устройств 
накопления энергии, способных обеспечивать подачу значительных объёмов 
энергии в течение длительного времени. Литий-ионные аккумуляторы являются 
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одной из наиболее широко используемых систем хранения энергии в портативной 
электронике и электротранспорте. Эти системы характеризуются высокой 
плотностью энергии и низкой степенью саморазряда, при этом их удельная 
энергия достигает 300 Вт·ч/кг, что позволяет применять их даже для питания 
электромобилей. Однако оптимизация работы данного типа аккумуляторов 
при высоких токовых нагрузках остаётся актуальной научной задачей. Для 
повышения электрохимических характеристик литий-ионных аккумуляторов 
особое внимание уделяется разработке и модификации катодных материалов, 
которые определяют ёмкость, стабильность и срок службы ячейки. Различные 
технологические подходы — нанесение поверхностных покрытий, допирование 
и структурная модификация — применяются для повышения проводимости и 
улучшения механической и химической устойчивости катодов. Современные 
методы получения, включая электроспиннинг и контролируемый отжиг, 
позволяют формировать наноструктурированные катоды с оптимизированными 
путями диффузии ионов лития. Дополнение катодов проводящими добавками 
способствует снижению внутреннего сопротивления и повышению способности 
эффективно работать при высоких скоростях заряда-разряда (C-rate). Проводимые 
исследования направлены на повышение эффективности, безопасности и 
долговечности литий-ионных систем хранения энергии, что делает разработку 
новых катодных материалов и методов их модификации особенно значимой для 
дальнейшего прогресса энергетических технологий и расширения их практической 
применимости.

Ключевые слова: литий-ионный аккумулятор, катодный материал, 
электроспининг, отжиг, проводящая добавка, 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+/Meʸ+ 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 (LiCoO2) (Mao et al., 2018; Demirocak 
et al., 2017; Zhang et al., 2015) the spinel-type lithium manganese oxide (LiMn2O4) 
(Rodríguez et al., 2018), the lithium nickel manganese cobalt oxide (LiNiMnCoO2 or 
NMC) (Jana et al., 2019), and the olivine-structured lithium iron phosphate (LiFePO4) 
(Li et al., 2018; Bachtin et al., 2016). Among these cathode materials, particular 
attention has been given to lithium iron phosphate (LiFePO4 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 (10-9 S·cm-¹) 
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
LiFePO4, 
%

PVDF, 
%

Carbon black obtained by 
annealing PVDF, %

Timсal Super 
C45, %

Nanotubes, CNT, %

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 (LiFePO4, 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 LiFePO4.5.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 LiFePO4 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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  1а                                                                            1b
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.

 2a                                                                       2 b
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 LiFePO4, 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).

3 a                                                                             3 b
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 mA·h/g of active material at current densities of 50, 125, 250, 500, 
and 50 mA/g  LFP, respectively (Figure 4b).

  4 a                                                                          4 b
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).

     
             5 a                                                                               5 b

Figure 5a - 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.

The results indicate that the incorporation of 3% Timcal Super C45 conductive additive 
into the LiFePO4-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 LiFePO4 - based cathodes for high-rate lithium-ion batteries.
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