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Abstract. Introduction. Positive electrodes play a significant role in operation of lithium-ion
batteries. The inactive constituents of the electrode coating, electrically conductive additive and binder,
are key components for efficient operation of active material. Therefore, minimizing the toxicity of some
and the synthesis or modification of others remain an urgent topic for increasing the energy intensity of
lithium-ion batteries, which is the main goal of this work. The purpose: Synthesis and modification of
nanostructured carbon electrically conductive additives and the study of their influence on the specific
characteristics of the electrode in combination with water-soluble polymers. Results. During the research,
the optimal compositions of the positive electrode were found: 1) using aqueous polymers, 2) with the
addition of synthesized graphene oxide obtained by the Hummers method; 3) with the addition of
modified carbon nanotubes obtained by the Hummers method. Conclusion. Graphene oxide synthesized
by the Hummers method and carbon nanotubes reduced by the same method give a discharge specific
capacity of more than 150 mAh/g and 140 mAh/g, respectively, with an active material theoretical
capacity of 160-170 mAh/g, those using them instead of commercial conductive additives can
significantly improve the specific characteristics of positive electrodes. This is due to an increase in the
kinetics of lithium ion transfer inside the active material due to many structural defects due to synthesis, in
addition, they are better dispersed in water, and it is also possible to obtain thick coating layers.
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1. Introduction

Lithium-ion batteries are one of the high energy storage devices. They are
widely used in portable devices such as smartphones, laptops due to their high
energy efficiency, cycling ability, no memory effect and environmental
friendship. Moreover, this particular type of battery is used in electric vehicles
and plug in hybrids [1,].For example, the global manufacturer of electric vehicles,
the American company Tesla [2], uses complete lithium-ion batteries as an energy
source in its cars. And despite the development of other types of batteries such as
solid state, sodium-ion, lithium-sulphur, lithium-air and multivalent batteries,
lithium-ion batteries are still likely to dominate the market for the next 10 years
[3].

Like all typical batteries, lithium-ion batteries consist of a positive and a
negative electrode, and an electrolyte and a separator between them to prevent
short circuits. The electrodes, in turn, are obtained by applying an electrode
suspension to the current collector: aluminum foil in the case of a positive
electrode and copper foil in the case of a negative electrode [4]. The electrically
conductive additive and polymer binder are inactive components of the electrode
coating, but they play an equally important role in the electrode coating.The
electrically conductive additive contributes to the electronic and ionic
conductivity of the active material, while the polymer binder ensures the adhesion
of the electrode coating to the current collector and the particles of the active
material and the electrically conductive additive to each other [5,6].

Reducing energy costs with the environmental safety of the resulting
electrodes are key tasks in the technology of lithium-ion batteries. Therefore,
numerous studies in the field of modification of cathode materials remain topical
[7].

The purpose of this work is the synthesis and modification of nanostructured
carbon conductive additives and the study of their effect on the specific
characteristics of electrode in combination with water-soluble polymers.To
achieve this goal, the following tasks were defined:

- synthesis of graphene oxide by the Hummers method;

- modification of carbon nanotubes by the Hummers method;

- developmentof water technology in obtaining positive electrodes.

- manufacturing of positive electrodes based on commercial cathode
materials and synthesized conductive additives;

The objects of study are positive electrodes based on lithium iron phosphate
LiFePO..

The subjects of research are 1) polymers — carboxymethylcellulose(CMC)
and styrene-butadiene rubber (SBR); 2) graphene oxide (GO) and carbon
nanotubes (CNTS).

2. Results and discussion
Obtaining electrodes using aqueous polymer binders
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In order to understand the behavior of aqueous polymers, SBR and CMC
electrodes were obtained on their basis separately. The electrode coatings based
on the polymers used are inhomogeneous, crack and have poor adhesion to
aluminum foil. Application thickness 400 pm.

Since, SBR has good elasticity, viscosity, and CMC - strength. To solve this
problem, it was decided to use these polymers together in a 1:1 ratio, but it was
not possible to obtain satisfactory results.

Figure 1 shows SEM micrographs of positive electrodes marked CC001 and
CCO002. These images show that the particles of the electrodes are not completely
connected with each other, there are voids and, therefore, the kinetics of the
transfer of lithium ions is not satisfactory, this is confirmed by electroche mical
studies of the cells. Galvanostatic cycling of the cells was carried out on an 8-
channel MTI-BST8-MA power source analyzer in the voltage range of 2-4 V.
The cell charge/discharge current was set at the rate of 10 mA per gram of
cathode coating. Figure 6 shows the discharge curves of cells with a positive
electrode based on LiFePO4 and various polymer binders (4% wt.): SBR, CMC
and SBR:CMC. Discharge current - 10 mA/g.

Figure 1- SEM micrographs of electrodes using as a polymer binder a) SBR, b) CMC.

From this graph, shown in Figure 2, it can be seen that the sample using SBR
polymer binder showed the lowest capacity. The CMC sample showed the highest
capacity.
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Figure 2 — Galvanostatic discharge curves of cells with a positive electrode based on LiFePO4 and
various polymer binders (4% wt.): SBR, CMC and SBR:CMC. Current - 10 mA/g.

Despite the fact that the sample using CMC has a higher capacity, it cannot
be used only when creating a composite electrode, because electrodes at large
thicknesses will crack badly and have poor adhesion to aluminum foil. Since,
SBR has good elasticity, viscosity, and CMC - strength. To solve this problem, it
was decided to use these polymers together in a ratio of 1:1, however, it was not
possible to obtain satisfactory results, the capacity was 120 mAh/g.

LFP 95%, CNT:C45 (1:9) 5 %, Solef 5130 5%
LFP 95%, CNT:C45 (1:9) 5 %, SBR:CMC (3:2) 5%
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Figure 3 — Galvanostatic discharge curves of cells with a positive electrode based on LiFePO4and
various polymer binders (4% by weight): Solef5130 andSBR:CMC. Current — 10 mA/g.

A comparison of the best obtained test result of an electrochemical cell with
a cathode mixed with water with the results of testing an electrochemical cell with
a cathode of the same composition, but already with a polymer binder PVDF is
shown in figure 3, showed that the replacement with a water-soluble polymer did
not affect the performance of the electrochemical cell. From this it can be
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concluded that the replacement of traditional polymers with water-soluble ones is
carried out without loss of capacity.

Application of synthesized and modified conductive additives

Figure 4 shows galvanostatic discharge curves of cells with a positive
electrode based on LiFePOs4 and a different composition of the conductive
additive: roCNT:C45 (1:9), roCNT, CNT. It can be seen that cells with a cathode
based on carbon black and modified nanotubes demonstrate the greatest capacity.
The use of these conductive additives in a ratio of 1:9 improves the transport of
ions inside the active material, as a result of which the results obtained show. The
graph also shows curves with modified and commercial CNTs in the amount of
1%. Modified roCNTs by the Hammers method demonstrate similar results, due
to many structural defects, they are better dispersed in water and also make it
possible to obtain thick layers of electrode coatings.

= LFP 90%, roCNT 0,5%, C45 4,5 %, SBR:CMC (3:2) 5%

LFP 94%, roCNT 1%, SBR:CMC (3:2) 5%
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Figure 4 — Galvanostatic discharge curves of cells with a positive electrode based on LiFePO4and a
different composition of the conductive additive: roCNT:C45 (1:9), roCNT, CNT.

Figure 5 shows a graph of galvanostatic discharge/charge curves of a cell
with a positive electrode based on LiFePQs4, synthesized graphene oxide was used
as a conductive additive by the Hammers method, its mass fraction in the
composite electrode is 1%.

Studies show that only 1% of the synthesized conductive additive provides
excellent kinetics of lithium ions, the discharge capacity of this sample is 151
mAh/g. Micrographs of the SEM of the positive electrode, shown in figure 6,
indicate that due to the lamellar structure, the rGO envelops all particles of the
active material, thereby increasing the electrical conductivity of the electrode.
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Figure 5 — Galvanostatic discharge/charge curves of an electrochemical cell with a positive
electrode based on LiFePOa.

o

Figure 6 — SEM micrographs of a positive electrode based on LiFePO4 and a conductive additive.

3. Experimental part

Synthesis of conductive additives

The chemical synthesis of graphene was carried out by the modified
Hummers method. This method makes it possible to obtain a higher quality
graphene oxide due to a long exposure of the reagent in an oxidized medium and
thorough washing to remove by products of chemical synthesis.

The scheme of graphene oxide synthesis:
Intercalation of acids into graphite: graphite +H2SO04 + HzPO4
Oxidation of intercalated graphite: addition of KMnO4
Lamination of oxidized graphite: addition of H2C204
Dissolution of MnO2
Reduction by hydrothermal method

Synthe5|s was carried out on the chemical reactor IKA, LR-2ST. 5.6 g of
thermally expanded graphite, 1000 ml of concentrated sulfuric acid (96%) and
100 ml of phosphoric acid were added to the reactor with constant stirring (40

SO
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turn/min) and cooling for 1.5 h until a homogeneous mixture was obtained. As a
result of this interaction, there is an increase in interlayer distances in graphite,
that is, the intercalation of acids into the graphite structure. At the second stage,
33.6 g of potassium permanganate was added to the mixture for 30 minutes,
controlling the temperature, it should not exceed 35 © C, the mixture becomes
dark green in color. This indicates the oxidation of intercalated graphite. Then
turn on the heating to 50°C and the resulting mixture is subjected to prolonged
exposure with stirring for 21 h, after 21 h of stirring without heating and 17 h with
heating to 50°C. As a result, the stratification of oxidized graphite occurs, that is,
the formation of particles of graphene oxide. During the synthesis, a precipitate of
manganese oxide was formed, in order to dissolve it, 50 g of oxalic acid was
added to the mixture. To remove by-products of the synthesis, the suspension was
subjected to dialysis for 20 days, as well as centrifugation. The obtained
suspension of graphene oxide was reduced by the hydrothermal method in order
to obtain electrical conductivity.

The modification of carbon nanotubes was similar to the synthesis of
graphene oxide, except for the amount of reagents. As a result, modified carbon
nanotubes of various structures were obtained.

The process of obtaining electrodes

Obtaining a positive electrode coating begun with the kneading of the paste.
To begin with, the binder polymer is dissolved in a solvent until completely
dissolved on a magnetic stirrer at a temperature of 60°C. Then, the addition of a
carbon conductive additive with constant stirring with an overhead stirrer at a
speed of ~800 turn/min, and the final step in the preparation of the electrode paste
is the gradual addition of the active material. Stirring with an overhead agitator
takes ~15 h. at 1500 turn/min resulting in a homogeneous paste.

The next step was to apply a paste of the required thickness to a carbon-
coated copper foil 20 um thick using an MTI-AFA-1I-V doctor blade and dry
them on a thermal table at a temperature of 60°C for at least 12 h.

The following materials were used for electrode coatings: the active material
was lithium iron phosphate LiFePOs (LFP), the content of which varied in the
range of 89-90%; conductive additives - carbon nanotubes TUBALL Coat_E H20
0.4% (Oksial, Russian Federation), reduced graphene oxide and carbon black
(C45) with a content of 1 - 5%; binders - a suspension of SBR, CMC and Solef
5130 with a content of 4 - 7%, solvents - N-methylpyrrolidone (99.83%) and
distilled water, as well as natural graphite in the amount of 90 - 95% and the
above were used to make the negative electrode binders. The carbon conductive
additives were dispersed in solution with a Bandelin ultrasonic homogenizer three
to four times for 3 minutes.

Development of water technology in the preparation of positive electrodes

The peculiarity of the preparation of electrodes based on water is a
significant time saving, low cost and environmental friendliness, everyone knows
the fact that the vapors of the organic solvent N-methyl-2-pyrrolidone are toxic to
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the body. In this regard, the study of electrode coatings, synthesized carbon
materials was carried out in samples prepared using agueous polymers.

LiFePOs was used as the active material. In order to obtain the optimal
composition, the amount of the conductive additive and the binder polymer were
varied.

Paste mixing process with composition: LFP 90%, roCNT 0.5%, C45
(carbon black) 4.5%, SBR:CMC (3:2) 5%. CMC was dissolved in distilled water
at a temperature of 80°C for ~ 30 minutes on a magnetic stirrer. Further, CNTs
were dispersed in the resulting suspension with ultrasound for 10-15 minutes,
after which SBR, carbon black and active material were added in turn while
stirring with an overhead stirrer.

Soot was previously ground in a mortar. Stirring lasted ~ 1 hour, at a speed
of 2500 turn/min. As a result, a viscous-fluid homogeneous paste was obtained.

Drying of the electrodes was carried out on a thermal table at a temperature
of 60°C for at least 6 h.

Conducted electrochemical studies of electrode coatings, presented in Table

1.
Table 1- Sample data
Compound
N Electrodes ~Activematerial, % Conductiveadditive, % Polymerbinder, %
1 CC001 LFP 94% CNT 1% SBR 5%
2 CC002 LFP 94% CNT 1% CMC 5%
3 CCO003 LFP 94% CNT 1% SBR:CMC (1:1) 5%
4 CC004 LFP 90% CNTO0.5%, C45(soot) 4.5% SBR:CMC (3:2) 5%
5 CC005 LFP 90% redCNT 0.5%, C45 (soot) 4.5%  SBR:CMC (3:2) 5%
6 CCO006 LFP 90% CNT 0.5%, C45 (soot) 4.5% Solef 5130 5%

At the same time, if to pay attention to masses, then the electrode using SBR
as a polymeric binder has the largest mass, and the electrode using CMC is much
lighter. Based on these two parameters, it can be concluded that when using SBR,
the electrode has a large mass load per cm?.

To compare the samples obtained by the above technology with the generally
accepted one, using NMP, an electrode coating CC006 was obtained. Obtaining
the electrode coating was carried out similarly to the above process.

4. Conclusion

Replacing polymers that dissolve in organic solvents with water-soluble ones
is a solution to the problem of environmental safety in lithium-ion battery
technology. A composite in which the polymer binder is a water-soluble polymer
carboxymethylcellulose (CMC) has the best discharge specific capacity, but
further attempts to increase the thickness of the cathode coating are limited by the
loss of its adhesion to the foil. Therefore, it is necessary to combine two water-
soluble polymers - carboxymethylcellulose and styrene-butadiene rubber, the
electrode with the use of which has a discharge specific capacity of 120 mAh/ g.
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As a result of the research, the water technology was mastered: the optimal
composition of the electrodes was found and homogeneous electrode coatings
were obtained.

In the course of research, it was revealed that the use of modified carbon
nanotubes by the Hammers method as conductive additives instead of commercial
carbon nanotubes can significantly increase the specific characteristics of positive
electrodes. This is due to an increase in the kinetics of lithium ion transfer inside
the active material due to many structural defects of the conductive additive,
moreover, they are better dispersed in water and also make it possible to obtain
thick layers of coatings.
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Pe3tome. Bsedenue. TlonoxuTenbHble 3IEKTPOIBI MMEIOT 3HAUUTENILHYIO POJIb B paboTe JINTUH MOHHBIX
aKKyMYyJIATOpoB. HeakTUBHBIE COCTABISIONINE HIEKTPOIHOTO MOKPBITUS — IEKTPONPOBOAAILAs 100aBKa
U TIOJIIMED CBS3YIOLIee BEIISCTBO SIBISIIOTCS KIIOYEBBIMH KOMIOHEHTaMH Uil 3(dexTuBHONH padoThI
aKTUBHOTO Matepuana. [lo3ToMy MUHUMU3AIKSA TOKCHYHOCTH OTHHUX M CHHTE3 MM MOJUGHKAINSL APYTHX
OCTAIOTCS AKTYaJIbHOM TEMOH MOBBIILICHHUS SHEPIOEMKOCTH JINTUI HOHHBIX aKKYMYJISITOPOB, YTO SIBJISIETCS
rJIaBHOM 3anaueil naHHOM paboThl. [lens. CUHTE3 M MOAM(HUKALUS HAHOCTPYKTYPUPOBAHHBIX YTJIEPOJHBIX
UEKTPOINPOBOLINX J0OABOK U MCCIEIOBAHUE UX BIMSHMS Ha yJeJIbHbIE XapaKTEPUCTHKU JIEKTPOJa B
COYETAaHHU C BOJOPACTBOPUMBIMU MOJUMepaMu. Pesyremamei. B xone uccnenoBaHuil ObLIM HaiieHbI
OINTUMAJIBHBIE COCTaBbl IOJIOKHTEIBHOIO 3EKTpoja:l) ¢ NPUMEHEHMEM BOJHBIX IIOJMMEPOB, 2) C
J00aBICHUEM CHHTE3MPOBAaHHOTO OKCU/Ia rpadeHa, MoIydyeHHOro MeToJoM XamMepca; 3) ¢ nobaBieHueM
MOANGHUIMPOBAHHBIX YIIEPOIHBIX HAHOTPYOOK, MOJNYYSHHBIX METOIOM Xammepca. J3akuoueHue.
Cunre3upoBaHHBII MeTonoM XamMepca OKCHJ TIpadeHa M BOCCTAHOBJIEHHBIE 3TUM K€ METOIOM
YIJIepOAHBIC HAHOTPYOKM BBIJAIOT Pa3psiIHYIO YAENbHYIO eMKOCTb Oojbiie 150 MAuw/r m 140 mMA4Y/r
COOTBETCTBEHHO, MPH TEOPETHYECKOH E€MKOCTH MAaHHOrO aKkTHBHOro martepuana 160-170 mMAu/r, T.e.
HCTIONb30BaHHE UX BMECTO KOMMEPYECKHMX IMPOBOIAMIMX H00ABOK MO3BOJISET 3HAYMTEIBHO HOBBICUTH
YIeNIbHBIE XapaKTEPUCTHKH MOJOKUTENBHBIX OSJIEKTPOJOB. DTO CBS3aHO C YBEIWYCHHEM KHHETHUKU
repeHoca HMOHOB JIMTHS BHYTPM aKTUBHOIO MaTepualla U3-32 MHOXECTBA CTPYKTYpPHBIX JedekToB
BCJICJICTBUU CHHTE3a, KPOME TOT0, OHU JIyullle JUCIEPTUPYIOTCS B BOJE, a TAK)KE BOSMOXKHO IMOJTYyUSHUS
TOJICTBIX CJIOEB MOKPBITHH.

KnroueBble cJioBa: JIMTUH-UOHHBIC AKKYMYJISITOPbI, OKCHUI rpacbeHa, Kap6OKCI/IMeTI/IJII_ICJ'IJ'IIOJ10321,
6yTaI[HCH-CTI/IpOJ'ILHBIC Kay4yKHU, BOCCTAHOBJICHHBIC YIJICPOAHBIC HaHOprGKI/I, METO XaMMCpC&
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Tyiiinaeme. Kipicne. OH 31€KTpoaTap JUTHIl HOHIBI aKKyMYJIATOPIAPABIH JKYMBICHIHAA MaHBI3IbI POl
aTKapajbl. DIEKTPOATHI JKaObIHBIHBIH OCJICEH/I eMec KOMITOHEHTTEPi-OTKI3rill KOCMa YXOHE MOJIUMEp
0aiIaHBICTBIPFBIN  OCNICEH/I MATEePUANIBIH THIMAI JKYMBICHIHBIH HETi3ri KOMIIOHEHTTEpi OOJIbII
tabbutansl. COHNBIKTAH KeHOipeylepAiH YBITTBUIBIFBIH a3aiiTy jxoHe OacKajapblH CHHTE3ICY HeMmece
MoIUGUKALMATAY JUTHI-HOHABI AKKyMYyJSITOPJIApIbIH OHEPIUsl CHIMBIMABUIBIFBIH  apTTBIPY OCHI
JKYMBICTBIH Heri3ri MinzaeTi 6ombin tabbuiagsl. Makcamer. HaHOKYPBUIBIMABI KOMIPTEKT] EKTP OTKI3riIl
KOCTanap/isl CHHTE3/IeY JKoHe MoJM(pHKanusiay, COHBIMEH Katap OJNapAblH Cy/a epUTiH MOJUMepiIepMeH
yitieciMzie 3MEKTPOATHIH crielu(UKAIBIK CHIATTAMANApblHA JCEPIH 3epTTey. 3epTTey JKYMBICTaphIHIIA
KOJJJAHBUIATBIH KapOOKCHMETUIIIEIUIION03a JKOHE OyTaIUEeH-CTUPON KaydyKTaphl Yl OPraHUKAJbIK
epiTKiIuTepae epiTyai KaKeT eTeTiH BHHHJ MOoJUMepiepiHe Oanama aaMacTBIPFBIN OOJbINT TaObLIaIbL.
KemipTekTiH amnoTponTsl MoguduKanusice-rpadeH xoHe KOMIPTEKTI HAaHOTYTIKIIEIep-3IeKTPOATAP IbIH
EKTPOXUMHSIIBIK KAaCHETTEPiH OipHeIe peT jKaKcapTyFa KaOUIeTTi epeklle OTKI3rilll KacHeTTepre ue.
Hamuoicenep. 3eptrey OapbIChIHAA OH 3JIEKTPOITHIH OHTANIBI Kypambl aHBIKTAIBL: 1) cy monuMmepiepin
KOIJfaHa OTHIPHI, 2) XaMmMepc oJiCiMEH alblHFaH CHHTE3JENIeH rpadeH OKCHAIH KOCY apKbUIBL 3)
XaMMmepc oJiCiMEH aiblHFaH MOIU(UKAIMsIAHFAH KOMIPTEKTI HAHOTYTIKIIEIEpAl KOCY apKbUIBL
Kopbimbinoel. XaMMepe oMiCIMEH CHUHTE3JereH rpadeH OKCHII MEeH KOMIPTEeKTI HAaHOTYTIKIIENEp OChI
OeJICeH I MaTepUaNIbIH TCOPHUSUIBIK CHIMBIMIBUIBIFBIMEH 160-170 MAu/T colikecinme 150 M Aca¥r/r-HaH
skoHe 140 MAcar/T-HaH acaThlH HAKThI CHIMBIMIBUIBIKTBI Oepe/i, SFHH OJap/bl KOMMEPIHSIIBIK OTKI3rill
KOCHanap/blH OpHBbIHA MaiJanaHy OH OAJIEKTPOATApJbIH CHIIATTaMaJapblH aMTapibIKTal jKaKcapTyra
MYMKIHIK Gepei.

Tyiinai ce3gep: TUTHI-HOHABI AKKYMYJIITOpIIap, TpadeH oKCui, KapOOKCHMETHIIIEIUTI0N03a, OyTalueH-
CTHPOJIb Kay4yKTepi, KaJIblHAa KENTIPUINeH KOMIPTeKTi HaHOTYTIKIIenep, JIUTuil Temip ¢ocdaTsl,
Xammepc oaici

Ab6opaxmanoea Axncap Xumusa mazucmpi

bayvipscanosna

Kyoepuna banken Xumus macucmpi

Omapoea Hypus Monoazanuesna buonozus ebiiblMOapbIHbIH KAHOUOANbI
Caoumosa Anvgpupa Hypocanosna PhD
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