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With the increasing demand for energy-efficient technologies, there is a growing focus
on developing new materials for supercapacitors and other energy devices. MXene Ti,CT is
known for its unique electrochemical properties and has garnered significant interest in stich
applications. However, the high cost of synthesizing MXene limits its commercial viability,
prompting research into cost-effective methods for synthesizing the MXene precursor, the
Ti,AIC, MAX phase. This paper presents a method for synthesizing the MAX-phase Ti AIC, using
local raw materials from Kazakhstan Electrolysis Plant JSC and Ust-Kamenogorsk Titanium-
Magnesium Plant JSC. Utilizing local resources significantly reduces production costs. The study
investigates the impact of temperature conditions and excess aluminum content on MAX phase
formation. Process optimization, including pressing the precursors and coating them with a
layer of aluminum oxide, resulted in a Ti,AIC, content of 91.2%. MXene Ti,C,T derived from the
synthesized MAX phase demonstrated electrochemical performance comparable to materials
prepared from commercially available MAX phases. An economic assessment revealed that the
cost of synthesizing 1 gram of Ti,AIC_ from local precursors is $0.22, more than 19 times lower than
similar commercial materials. These findings confirm the cost- effectlveness and competitiveness
of the proposed approach, highlighting its potential to create high-performance materials suitable
for advanced batteries, supercapacitors, and other energy devices.

Keywords: Ti,AIC, MAX phase synthesis; MXene Ti,C,T ; local raw materials; production
cost reduction; temperature conditions; process optlmlzatlon electrochemical performance;
economic assessment.
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JHepruAHbl  YHEMAEWTIH  TexHoNnoruanapfa  AereH  CypaHbICTbliH,  apTybiMeH
cynepkoHaeHcaTopnap MeH 6acka fa 3HepreTUKanblK KypbliAfblnapFa apHanfaH KaHa
maTepuangapabl e3ipneyre kebipek keHin 6beninyae. MXene Ti.C,T e3iHiH epekwe
INEKTPOXUMUANBIK ~ KacueTTepiMeH TaHbIMan XaHe MyHZAain Kocwvu.uanapp,a YKeH
KbI3bIFYLWbINbIKKA We. Analifa, MXene CUHTE3iHiH »KOfapbl KyHbl OHblH KOMMEPLMANbLIK
emMipweRnairiH wektenai, 6yn MXENE NPeKYpPCOPbIHbIH, MAX Ti,AIC, ¢dasacbiHbiH, yHEMA
CUHTe3 oapaicTepiH 3epTTeyre MTepmenem,ql byn makanaga «Kasargc-raHp,bng 3NeKTponus
3aybITbl» AK KaHe «BcKeMeH TUTaH-MarHuii KoMOGUHaTbI»AK eHAipic OpbIHAAPbIHBIH, KeprinikTi
LWMKi3aTbIH naw,qanaHa oTbipbIn, Ti AIC MAX- d)a3aCbIH cuHTe3Aey 9Aici ycbIHbINFaH. KeprinikTi
pecypcTapabl nafanaHy er,|p|c LIJbIFbIH,D,aprH amapnbuqam TemeHgeTesi. 3epTTey Typm
TemnepaTypa WapTTapbl MeH apTblK antoMUHUIAAIH MAX-dasacbiHbiH KanbinTacyblHa acepiH
3epTTengi. MpouecTi oHTalNaHAbIPY, COHbIH, iWiHAE NPeKypcopaapabl KbiCbiIMAAy MeH onapabl
ANOMUHUI OKCuAi KabaTbiMeH Kaby apKblabl eHimaeri Ti AIC yneci 91,2%-fa peniH XeTTi.
CuHTesgenreH MAX ¢dasacbiHaH anblHFaH MXene T| C,T, KOMM(—:'pLI,VIFmbIK Kon xetimai MAX
dasanapbiHaH anbiHFaH maTepuangapmen canblcn;lpapnbug INEKTPOXUMUANBIK OHIMAINIKTI
KepCeTTi. IKOHOMUKaNbIK, 6aranay XeprinikTi npekypcopnapaaH 1 rpamm TiAIC, cuHTesIHIH
KyHbl 0,22 AKLLU gonnapblH KYpalTbiHbIH KepCeTTi, 6y yKcac KOMMepUUANbIK, MaTepManp,ap,a,aH
19 ece TemeH. by HaTMXKeNep YCbIHbINFAH TACINAIH SKOHOMMKANbIK TUIMAINIr MmeH Bacekere
KabineTTiniriH pactanbl, OHbIH 3aMaHayn akKyMynAaTopaap+a, CynepKkoHAeHcaTopaapFa KaHe
6acka Aa sHepreTUKanblK KypblnfblnapFa CaMKec KeneTiH Kofapbl eHimAi matepuangapabl
»Kacay aneyeTiH KepceTeai.

MXene T|3CZTX, )Kepl'iﬂiKTi WKKi3aT;

npouecTi oHTalnaHAbIpy;

Tyiin cespep: Ti,AIC, MAX ¢asacbiHblH, cuHTES];
OHIMHIH, ©3iHAjiK K\(HbIH TemeH,u,e'ry, TemnepaTtypa Kafpainapsl;
3N1EKTPOXUMMUAIBIK OHIMAINIK; SKOHOMMKaNbIK Baranay.
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C pocTom cnpoca Ha 3HeproadpPpeKTUBHbIE TEXHONOTUM BCE BOblIE BHUMAHMA yaensaeTcs
paspaboTke HOBbIX MaTepuanosB ANA CYNEPKOHAEHCATOPOB MW [APYrUX 3SHepreTUHecKux
ycTpoiicte. MXene Ti,C,T W3BeCTEH CBOMMM YHUKANbHLIMU INEKTPOXMMMUYECKMMM CBONCTBAMM
1 MPUB/EK 3HAYUTENbHBIN UHTEPEC ANA TaKUX ycTpolicTB. O4HAKO BbICOKAA CTOMMOCTb CUHTE3a
MXene orpaHuuYMBaeT ero pbIHOYHYIO KOHKYPEHTOCNOCOBHOCTb, NobyXAaa K uccnefoBaHuio
3KOHOMMUYECKM 3GGDEKTUBHbIX METOA0B CUHTE3a npekypcopa MXene — MAX-¢a3sbl Ti3AICz.
B pAaHHOW cTatbe npeacTaBneH metof cuHTesa MAX-dasbl TiAIC, ¢ ucnonbsosaHuem
MecTHOro cbipbs 0T AO «Ka3axcTaHCKWUI 3N1EKTPOAU3HBIN 3aBOA» U AO «ycTb- -KameHoropckui
TUTAHO-MarHneBbli KOMBMHAT». McnoNb30BaHWE MECTHbIX PecypcoB 3HAYUTENbHO CHUNKaeT
NPOW3BOACTBEHHbIE 3aTpaThbl. B uccnenoBaHun Mlyyaetca BANAHME TeMMNEPATYPHbIX YCA0BUI
M U3OLITOYHOTO CcoAepKaHUA anloMuHMA Ha ¢opmuposaHne MAX-dasbl. OnTumusauma
npouecca, BK/lOYaA NpeccoBaHWe NPeKypcopos M MOKPbITME MX CNOEM OKCUAA antoMUHUA,
no3sosaunaa nonyuntb Ti AIC ynctoToin 91,2%. MXene Ti 6T, , NONIyYEeHHbIV U3 CUHTE3UPOBAHHOWN
MAX-dasbl, npo,u,eMOHCTpMposan 3neKTpox14mw4ecr<V|e XapaKTePUCTUKK, COoMocTaBUMble
C XapaKTepucTMKaMu MaTepuanos, MNONYYEHHbIX M3 KOMMEPYECKU AOCTYynHbIXx MAX-das.
JKOHOMMYEeCcKan OLEeHKa NOKas3ajia, YTo CTOMMOCTb cuHTe3a 1 rpamma Ti AIC M3 MeCTHbIX
npekypcopos coctasnnet 0,22 gonnapa CLUA, uto 6onee yem B 19 pas Hue, l4eMyaHanorqublx
KOMMepYEeCKUX MaTepmanos. T pesynbTaTbl NOATBEPKAAIOT IKOHOMUYECKYHO 3G DEKTUBHOCTD
M KOHKYPEHTOCMOCOBHOCTb Npeasiaraemoro noaxofa, NoAYEPKMBAA ero noTeHuuan Ana
CO34aHNA  BbICOKOMPOWU3BOAMUTENIbHLIX MaTepuanos, MNOAXOAAWMX ANA COBPEMEHHbIX
aKKYMY/NIATOPOB, CYNEePKOHAEHCAaTOPOB M APYruX SHEPTeTUHECKUX YCTPOMCTB.

KnioueBble cnoBa: cuHTes MAX-dasbl TiSAICZ; MXene T|3C2Tx, MeCTHOe CbIpbe;
CHUXKeHMe cebecToMmMOoCTM NPOAYKUMU; TemMnepaTypHble YCNOBMA; ONTMMM3aLMA MpoLuecca;

3NNEKTPOXUMUNYECKMNE XapPaKTEPUCTUKU; SKOHOMMNYECKAA OLEHKa.
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1. Introduction

Research on batteries and supercapacitors is actively
being conducted today, as these devices are crucial for energy
storage due to the growing demand for electric vehicles and
portable electronics. Two-dimensional (2D) materials have
become promising candidates for electrode materials in metal-
ion batteries and supercapacitors due to their large surface-
area-to-volume ratios and substantial internal surface areas,
which provide high energy density [1]. 2011 marked the
discovery of a new class of two-dimensional transition metal
carbides, nitrides, and carbonitrides, known as MXenes [2].

MXene are layered materials with the general formula
M_,. X T, where M is a transition metal (Ti, Mo, V, Cr, and others),
X is carbon or nitrogen, and T are surface groups (usually ClI, F,
OH, 0) formed during its synthesis process [3]. MXenes are
derived from MAX phases, where M and X are the specified
elements, and A is an element (typically Al) that binds them. The
A atoms are removed from the MAX phases via etching, forming
the desired 2D material. To date, over 40 MXenes have been
synthesized, with computational modeling suggesting the
stability of over 100 more [4]. The metallic properties of the M
layer offer excellent pseudocapacitance characteristics,
while the X layer is characterized by abundant active sites and
conductivity similar to that of graphene. Compared with
conventional materials, the existence of various functional
groups on the surface of MXenes gives them stronger
hydrophilicity and higher wettability in aqueous electrolytes,
which, combined with their diverse frame structures and
functional group combinations, significantly augment their
applicability for energy storage devices [5].

The most well-known and widely used MXene in
electrochemical energy storage devices (supercapacitors) is
titanium carbide (Ti,C,) [6-8]. Ti,C, is produced from the
corresponding MAX phase Ti,AIC, by etching aluminum using
hydrofluoric acid or fluoride [9]. The MAX phase is synthesized
using a high-temperature method from the respective
elemental powders (Al, C, Ti) or binary compounds (such as
titanium carbide, titanium hydride, and aluminum carbide) [10-
12]. However, converting MXene into practical products faces
several challenges, including high synthesis costs. For instance,
1 g of MXene costs approximately $12.20 [13]. According to
Zaed et al., the most significant contribution to the cost of
MXene, accounting for 34% ($4.20), comes from the total cost
of raw precursors required to synthesize 1 g of MAX phase: Ti
powder is $3,38, Al powder is $0,045, and C powder is
$0,77according to the prices of Sigma Aldrich sales. However,
considering a 60% yield of MXene from the initial MAX phase,
the actual cost of 1g of MXene increases to $20.33. This
highlights the need to reduce production costs to achieve
economic efficiency in the large-scale commercial production
of MXene.

Therefore, recent research was focused on improving the
economic efficiency of the MAX phase synthesis process,
including exploring alternative methods using cheaper
precursors. For example, recycling used car tires through a
simple sulfonation process and subsequent low-temperature
pyrolysis can be an affordable carbon source, costing less than
50% of the price of graphite carbon [14]. Other carbon sources
include petroleum coke, cotton, coconut shells, and other
materials [15,16]. Jolly S. et al. used titanium oxide, which is
50% cheaper than metallic titanium, and recycled aluminum
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scrap instead of commercially pure aluminum, significantly
reducing the product’s cost and environmental impact [17,18].
It was previously believed that Ti,AIC, could not be synthesized
from the TiOZ-AI-C system. However, Li et al. demonstrated the
possibility of forming Ti,AIC, with the corrected stoichiometry
and temperature from such precursors [19]. Another affordable
source of titanium compared to metallic titanium is TiH,, a
semi-product of Ti production, which costs 10% less on
average [10].

This study used
manufacturers JSC “Kazakhstan Electrolysis Plant” and JSC “Ust-
Kamenogorsk Titanium-Magnesium Plant” to synthesize the
MAX phase Ti,AIC,. The cost assessment of the precursors for
synthesizing 1g of MAX phase was based on the following
prices: Ti — $0.04, Al — $0.008, and TiC — $0.11. These prices are
significantly lower than the market prices for similar
precursors [20-22].

MXene Ti,C,T derived from the synthesized MAX phase
exhibited high electrochemical characteristics comparable to
those of materials obtained from the commercially available
MAX phase [20] (Carbon-Ukraine). The cost calculation for
synthesizing 1g of MAX phase Ti,AIC, using local precursors
showed that the total cost amounts to $0.22, with the
precursors’ cost accounting for 74.02% of the total
expenditure. These results highlight the economic efficiency of
the proposed method and confirm its potential for producing
high-performance, cost-effective materials for energy storage
applications.

local resources from Kazakhstan

2. Experiment

When synthesizing Ti3AIC2, it is essential to consider that
aluminum, with a melting point of about 660°C, undergoes
significant losses (due to sublimation) when reaching synthesis
temperatures in the 1100-1350°C range. This fact, well
documented in the literature [6], necessitates using excess
aluminum in preparing precursors. Our study used 20% excess
aluminum as a starting point to compensate for its losses
during synthesis.

For the synthesis of Ti3AIC2, the powders of Ti (99.5 wt.%,
UKTMP, Kazakhstan), Al (99.5 wt.%, KEP, Kazakhstan), and TiC
(99.5 wt.%, UKTMP, Kazakhstan) were used in molar ratios of
1.0 Ti: 2.0 TiC: (1.2-1.6) Al. The phase purity of precursors was
confirmed with the XRD analysis. The precursor mixtures were
homogenized in a ball mill (Fritsch Pulverisette 7) for 2 hours at
400 rpm with the addition of hexane. After homogenization, the
mixture was dried under vacuum at 200°C for 4 hours to remove
the residuals of solvent and oxygen.

After drying, the material was loaded into alumina
crucibles in three different ways: as a powder, as a pellet (9 mm
diameter) pressed at 703 t/m?, and as the same pellet freely
powder-covered with a layer of Al,O, to suppress diffusion of
the trace oxygen presented in the inert gas into the pellet. The
crucibles were then placed in a tube furnace. The heating was
carried out in an Ar/H, (95:5 vol. %) atmosphere at a heating

rate of 5°C/min until the temperature reached 1150-1350°C.
Once the final temperature was achieved, the samples were
sintered for 2 hours and then cooled to room temperature
naturally.

The pellets were ground and analyzed through powder
X-ray diffraction (XRD) using an XRD diffractometer Tongda TD-
3700. The diffractometer was equipped with a copper X-ray
source (A, ,=1.54056 A and A, ,=1.54439 A). The structural,
compositional, and semi-quantitative analysis of the samples
on the diffraction patterns was done using the Rietveld method
with the GSAS-II software [23]. The particle size of the Max
phases was determined using a Partica LA-960 (HORIBA) laser
analyzer in an aqueous medium.

To obtain delaminated Ti,C,T, the etching of Al from
Ti,AIC, was carried out using the standard method employing a
mixture of HCl and LiF [9]. 1 g of Ti,AIC, was added gradually to
a total of 20 mL of 32% HCl solution mixed with 1.6 g of LiF. The
etching process was done for 48 hours while stirring at 42°Cin a
sand bath. The solid product was separated from the etchant
solution by decantation with centrifugation at 3500 rpm and
washed with deionized water multiple times until reaching a pH
of ~ 5.0-5.5. Then, the solid product was immersed in 50 ml of
deionized water and subjected to ultrasonic treatment at 900
W for 5 min for delamination. The obtained suspension of
Ti,C,T flakes was separated from the residual precipitate via
centrifugation at 5000 rpm for 5 min.

To obtain free-standing Ti,C,T films, the resulting aqueous
suspension was vacuum filtered using a PVdF filter (d=4 cm)
with a pore size of 0.45 um. The vacuum filtration was carried
out using a Buchner-type vacuum filter. After filtration, the
obtained film disk was dried in the vacuum oven at 110°C for
12 hours. After drying, the Ti,C,T film was easily peeled from
the filter, maintaining its integrity and uniform structure.

Scanning electron microscopy (SEM) using a Quanta 200i
3D (FEI™) instrument was employed to study the microstructure
and surface morphology.

Electrochemical measurements were performed by cyclic
voltammetry using a potentiostat-galvanostat Biologic SP-300.
A three-electrode system (Swagelock-type cell) was used in the
experiments, where a Ti,C,T free-standing film (disc of 6 mm in
diameter) was obtained as the working electrode, a silver
chloride electrode (3.5 M KCl) was used as a reference electrode,
and carbon cloth was used as an auxiliary electrode. A saturated
aqueous solution of LiCl (~ 14 M) was used as the electrolyte to
suppress the parasitic hydrogen evolution reaction.

3. Results and Discussion

The study systematically analyzed the influence of
temperature conditions and excess aluminum content on the
formation of Ti,AIC, from local raw materials. Initial experiments
were conducted on a powder mixture loaded into a crucible
and placed in a high-temperature synthesis furnace. Upon
completion of the synthesis, an X-ray diffraction analysis was
carried out to determine the phase composition of the resulting
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sample. The phase diagram in Figure 1la illustrates the changes
that occur during the synthesis of the Ti,AIC, MAX phase at
different temperatures.

At 1150°C, a predominance of the low-temperature phase
Ti,AIC (32.5%) and TiC (52.1%) is observed, while Ti,AIC, (6.7%)
and AlLO, (8.8%) are formed as impurity phases. Since the
precursors were carefully examined for impurities and no traces
of oxygen were found, the relatively constant Al,O, impurity
source remains unclear. However, it is essential to note that any
residual Al,0; formed during this process is naturally eliminated
during the preparation of the MXene phase and has no adverse
effect on the resulting material. When the temperature
increases to 1200°C, the Ti3AIC2 content rises to 18.3%, the
Ti,AIC content decreases to 22.5%, and TiC decreases to 49.9%,
while the ALO, content is 9.3%. A further increase in
temperature to 1250°C leads to the complete disappearance of
the Ti,AIC phase, a decrease in the TiC phase content to 35.1%,
and an increase in the Ti3AIC2 content to 57.1%, while the
amount of AlLO, is 7.8%. Upon reaching 1300°C, the Ti AlC,
phase content reaches 63.1%, while the TiC content continues
to decrease to 29.4% and Al O, is 7.5%. When the temperature
increases to 1350°C, the content of TiaAIC2 increases to 73.7%,
TiC’s decreases to 19.1%, and AI203 is 7.2%. With a further
increase in temperature to 1400 °C, a decrease in the Ti3AIC2
content to 60.1% is observed, while the TiC content increases to
31.7%, and the amount of AL,O, is 8.2%. These final changes may
be associated with the thermodynamic instability of the Ti,AIC,
MAX phase at higher temperatures.

The presented data shows that at lower temperatures, the
Ti,AlC phase is formed, and an increase in temperature promotes
the interaction between Ti,AIC and TiC, which leads to the
formation of Ti,AIC,. The maximum content of Ti,AIC, (73.7%) is
reached at a temperature of 1350°C, after which a further
increase in temperature causes its decomposition with the
formation of TiC. These results are consistent with previously
published data on synthesizing the Ti,AIC, MAX phase in the

temperature range of 1300-1500°C [25] and confirm the
possibility of synthesizing this phase based on local precursors.

Titanium carbide was found in the final product after
synthesis, likely due to unreacted residues caused by the
significant loss of aluminum through sublimation and reaction
with trace oxygen in the gas phase. To reduce these losses, we
proposed sintering a mixture of precursors as a compressed
pellet to minimize the contact area with the gas phase. One of
the pellets was coated with a layer of aluminum oxide to prevent
excessive oxygen diffusion.

Figure 1b shows a phase diagram illustrating the changes
in the composition of the samples. The amount of MAX phase
Ti,AIC, in the uncoated pellet increased to 78.3% compared to
the powder (73.7%), while the TiC content decreased from
19.1% to 14.3%. The best result was achieved with the pellet
coated with aluminum oxide: the Ti,AIC, phase increased to
81.1%, the TiC content decreased to 11.8%, and the aluminum
oxide content was 7%.

Since titanium carbide was still detected in the final
product, indicating an insufficient amount of aluminum in the
initial precursor mixture and its incomplete reaction with
titanium carbide to form the MAX phase, it was hypothesized
that increasing the aluminum content could facilitate a more
efficient synthesis process of the Ti,AIC, phase.

To test this hypothesis, the MAX phase was synthesized
with various aluminum excesses (1.2-1.6). As a result of the
experiments, it was established (Figure 1c) that the maximum
yield of the MAX phase is achieved with an aluminum content of
60% excess. In this case, the share of the TiSAIC2 phase reaches
91.2%, the TiC phase completely disappears, and the Al,O,
impurity phase remains 8.8%. Subsequently, when Al is leached
from Ti,AIC,, a stable aqueous suspension of single and poly
flakes of Ti,C,T is formed; the settled unreacted components
and the unlaminated part precipitate and are separated when
washing the final phase, so the Al,O, impurity does not affect
the quality of the product.

Figure 1 — Phase diagrams showing the changes in the composition of samples obtained: a) as a result of the synthesis of the initial
precursors Ti:2TiC:1.2Al at different temperatures: b) with different forms of precursor mixture loading at 1350°C; c) with varying
aluminum excess at 1350°C
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Figure 2 — a) X-ray diffraction pattern of the MAX phase Ti,AIC, powder and the MXene Ti,C,T disk obtained from it

372 x

b) particle size distribution of the commercial and synthesized MAX phases

The diffraction pattern of the resulting Ti,AIC,(syn) phase
was indexed in the space group P6i3/mmc with unit cell
parameters:a=3.0756(4)A, c=18.5757(3) A, Vol. =152.176(8) A3,
whichisina good agreement with Chen et al. [24] (ICSD 182475).

To determine the possibility of forming MXene Ti,C,T (syn)
from the resulting MAX phase Ti,AIC,(syn), aluminum was
etched to delaminate and form an aqueous suspension. The
concentration of the resulting suspension with a loading of the
18 mg/ml MAX phase reached 14 mg/ml, corresponding to a
yield of 77.77%. Similarly, an MXene Ti,C,T (com) suspension
was obtained from a commercial MAX phase (Carbon-Ukraine).
The obtained concentration of the suspension with the same
loading of the 18 mg/ml MAX phase reached only 10 mg/ml,
corresponding to a yield of 55.55%.

Films were formed from the resulting suspensions using
vacuum filtration for subsequent analysis. X-ray diffraction
analysis was then performed to confirm the phase composition
of the films. Figure 2a shows the X-ray diffraction patterns of
the synthesized Ti,AIC (syn) phase powder, the Ti,C,T (syn) film
derived from it, and the Ti,C,T (com) film obtained from the
commercial MAX phase. After leaching and
delamination, the original MAX phase completely disappears,
which confirms the purity of the resulting MXene phase. The
main peak of the X-ray diffraction pattern of Ti.C,T (syn) is
located at 7.78° (corresponds to ~11.35 A between TiC layers,
peak (002), according to the structural model of Naguib et al.
[2]) and is shifted towards larger angles compared to the similar
peak of the MXene TiC,T(com) film at position 6.38°
(corresponds to ~13.83 A between the TiC layers).

Since Al
morphology of the MAX particles may play a crucial role. To

aluminum

leaching is a heterogeneous process, the

test the assumption, we determined and compared the particle
sizes of the MAX phases Ti AIC (syn) and Ti,AIC,(com) using the
laser dispersion method (Figure 2b). The weight population
analysis shows that the commercial MAX phase consists of

micro-sized particles with median sizes of 2.8 and 30.1um,
while the MAX phase synthesized in this work has sizes of 0.7,
8.2, and 22.8 pum. With smaller sizes of the initial MAX phase,
the Al leaching and delamination process is likely to proceed
more efficiently, leading to the denser packing of layers in the
MXene structure. Apparently, such a difference is enough to
result in smaller interplanar spacing for Ti,AIC (syn).

The morphology of MXene Ti,CT (syn) and Ti,C,T (com)
films was additionally studied using scanning electron
microscopy. Figure 3 shows microphotographs of cross-sections
of the resulting films. Individual layers of Ti,C,T are visible and
uniformly deposited on top of each other while filtering the
Ti,C,T -containing suspension.

Electrochemical tests were conducted on the synthesized
Ti,C,T (syn) film to compare its electrochemical behavior with
the commercial Ti,C,T (com). Since MXene stores charge
primarily through the electrical double-layer mechanism with
some contribution from surface reactions (oxidation/reduction
of O/OH groups), cyclic voltammetry was performed at a high
sweep rate of 5 mV/s across different potential ranges (Figure 4).
In the narrow potential range from -1to 0V, the Ti,C,T (syn) film
exhibited a capacity of 25.77 mAh/g, compared to 22.55 mAh/g
for the Ti,C,T (com) film. When the potential window was
expanded from -1 to 0.4V, the capacities increased to
34 mAh/g and 33 mAh/g, respectively. The obtained cyclic
voltammetry (CV) curves are consistent in shape and capacity
with previously published data [12,25].

A pronounced redox reaction is observed in a wider
potential window, increasing the material’s capacity by 20-25%.
Wang et al. explain this reaction by the incorporation of Li*
without desolvation into the Ti,C,T, layers, which is observed
only when using superconcentrated water-in-salt (WIS)
electrolytes [12]. During
solvated lithium ion, reversible changes occur in the interlayer

intercalation/deintercalation of a

space Ti,C,T, expressed as a pseudo-Faraday reaction with
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Figure 3 — SEM images of obtained MXene phases: a) TizC,Tx(com); b)TizC,Tx (syn)

Figure 4 — CV curves of 2 cycles of synthesized and commercial MXene Ti,C,T
at ascan rate of 5 mV/s: a) 1to 0V range; b) -1to 0.4V range

peaks and a wide hysteresis in potential between them. For
Ti,C,T (syn), cathode and anodic peaks appear in the potential
region at -0.16 and 0.25 V, and Ti,C,T (com) at -0.24 and 0.14 V.
The observed shift of the redox process to an area of greater
positive potentials for Ti,C,T (syn) is probably due to the smaller
interplanar distance, which complicates the intercalation of the
solvated lithium cation.

Thus, the study confirmed that the MXene Ti,C,T, material
obtained from the MAX phase we synthesized exhibits
electrochemical behavior similar to the commercially available
material.

The cost of the MAX phase precursor was analyzed to
compare the economic component of the synthesis of MXene
from local precursors. All stages, including the cost of
precursors, energy and gas costs, and labor costs, were included
in the calculation. Zaed et al. indicate that 1g of MAX phase
Ti,AIC, may cost $4.20 [13]. The cost of Ti,AIC, at the Carbon-
Ukraine production, from which we obtained the MXene
material for comparing electrochemical properties, is $4.35. In

ISSN 1563-0331
elSSN 2312-7554

this study, we calculate the cost of 1g of the Ti AIC, phase
obtained from local Kazakhstan raw materials. The total cost of
precursors for synthesizing 1g of MAX phase was
$0.16 (Table 1).

Table 1 — Costs of precursors to obtain 1 g of MAX phase

Precursor Molar ratio  Mass, g Price per1kg,$ Cost,$
Ti (powder) 1 0,2461 164,6 0,04
TiC (powder) 2 0,6154 180,7 0,11
Al (powder) 1,6 0,2215 35,6 0,01
Total 0,16

Total energy costs include using a planetary mill, drying
oven, ovens, and analytical equipment. During the synthesis of
the MAX phase, gas costs are also taken into account. The basis
for calculating labor costs was the average salary of a researcher

Chemical Bulletin of Kazakh National University 2024, Issue 4
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in Kazakhstan, which is $575.3 per month. The calculation of
costs associated with human efforts is carried out according to
the following equation:

HR/WD
HEE =—HD ___~
m

HHE is the human effort expense, HR is the research
assistant hourly rate, WD is the working days per month, HD is
the hours per day, tis the working time, and m is the mass of the
MAX phase product. Additional costs include overhead costs
for using the laboratory. The final cost of synthesizing 1g of
MAX phase using Kazakhstan precursors was $0.22 (Table 2).
This is significantly lower than the cost of similar commercially
available materials, 19.44 and 20.14 times, respectively [13,20].

The cost analysis revealed that precursor expenses
account for 71.2% of the total production cost. Therefore,
reducing precursor costs can significantly decrease overall
production costs, underscoring the cost-effectiveness of
utilizing local resources. As a result, producing the MAX phase
Ti,AIC, using Kazakhstan precursors is more economical and
competitive in the international market.

Table 2 — The total cost of synthesis of 1g Ti AIC, from
Kazakhstan precursors

Expenditure Cost, $ Cost share
Precursors 0,16 71,2%
Energy costs 0,04 17,8%

Gas costs 0,01 4,4%
Supporting materials 0,01 4,4%
Human effort expense 0,005 2,2%
Total 0,225 100%

4. Conclusion

This study assessed the possibility of synthesizing the
MAX-phase Ti,AIC, using local raw materials from Kazakhstan
Electrolysis Plant JSC and Ust-Kamenogorsk Titanium-
Magnesium Plant JSC. The results showed that a temperature of
1350°C is optimal for the synthesis of the MAX phase, providing
a maximum vyield of the target phase of 73.7%. Pressing
precursors into tablets and coating them with aluminum oxide
helps to increase the yield of Ti,AIC, to 81.1% and reduce the
content of impurity compounds. Additionally, increasing the
aluminum content in the initial precursor mixture by 60%
enabled a Ti,AIC, content of 91.2%. MXene Ti,C,T films were
obtained from the synthesized MAX phase, which demonstrated
electrochemical behavior comparable to commercially available
analogs, confirming the quality of the synthesized material.

An economic assessment showed that the cost of
synthesizing 1 g of Ti,AIC, MAX phase using local precursors is
$0.22, significantly lower than similar materials, reaching $4.20
and $4.35, respectively. This confirms the economic efficiency
and competitiveness of the production of the MAX-phase
Ti,AIC, from local Kazakhstan resources in the international
its unique properties and cost-effective
production, this material shows significant potential for
developing high-performance batteries, supercapacitors, and
other energy devices, such as flexible electronics and renewable
energy systems.
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