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Multilayer TisC,T, MXene was synthesized from Ti;AIC, MAX phase via hydrofluoric acid
etching followed by a gentle shaking-assisted delamination strategy, yielding well-preserved
layered structures with expanded interlayer spacing of ~1.2-1.3 nm. Structural and spectroscopic
analyses confirmed effective removal of Al layers and the formation of functionalized accordion-
like MXene sheets. The electrochemical behavior was systematically investigated in symmetric
two-electrode cells using alkaline and acidic electrolytes. The MXene electrode exhibited quasi-
rectangular CV curves and symmetric charge—discharge profiles in alkaline media, indicating
predominantly capacitive charge storage with good reversibility and rate capability. Significantly
higher capacitance and improved retention were obtained in 6 M KOH, reaching ~70-72 Fg*
at low scan rates, which is attributed to enhanced ionic conductivity, reduced charge-transfer
resistance, and faster ion diffusion, as further supported by EIS analysis. In contrast, the acidic
electrolyte showed distorted CV responses and increased polarization, suggesting slower charge-
transfer kinetics and diffusion limitations. These findings highlight the decisive role of electrolyte
chemistry in governing charge-storage mechanisms and demonstrate the strong potential of
multilayer Ti;C,T, MXene for supercapacitor applications in concentrated alkaline electrolytes.
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KenkabatTbl TisC.T, MXene TisAlC; MAX-dpa3acbiHaH GTOPCYTEK KbILWKbIIbIMEH BHAEY KaHe
KeWiHHEH JKyMcaK LWaiKay apKblibl KabaTTapblH axblpaTy agiciMeH cuHTesaenai. HaTuskeciHae
KabaTapanbiKapaKallblKTbiFbl WamameH 1,2-1,3 HM 60naTbIH KaKCbl CAKTaNfaH KabaTTbl KypblNbiM
anbiHAbl. KypbibIMAbIK KJHE CMeKTPOCKOMUANBIK Tangaynap ajatloMUHUI KabaTTapbiHbIH
TUIMAi KOMbINFaHbIH )XaHEe aKKopAeoH Tapi3ai mopdonorusacel 6ap GyHKUMoHangaHfFaH MXene
KabaTTapblHbIH TY3iAreHiH pacTagbl. DNEKTPOXMMUANbIK KacueTTepi CinTini KoaHe KblWKbINAbI
3NEeKTPOoAUTTepAi NnaiganaHa oTbipbin, CAMMETPUAbI €Ki 3NEKTPOATHI YALLbIKTapAA KyheniTypae
3epTTengi. MXene HerisiHaeri anekTpog, CinTini optaga UMKAALIK BONbTamneporpammanapibliH,
KBA3UTIKOYPBIWTLI MilliHIH KOHE CUMMETPUANbI 3apAA—Paspas KUCbIKTapblH KepceTTi, 6yn
3apAATbIH, Heri3iHeH CbIMbIMADBINbIK MEXaHW3Mi apKbl/ibl XUHAKTANATbIHbIH, NPOLLECTIH, *KaKCbl
KaUTbIMAbINbIFbIH KOHE OFapbl XKblAAAMAbIKTbIK cMnaTTamanapbiH ganengengi. EH »ofapbl
MEHLIKTI CbIMbIMAbINBIK MeH TypakTbiiblk 6 M KOH epiTiHaiciHae 6aiikanbin, TOMeH CKaHepey
KblgamAbIKTapbiHAa wamameH 70-72 ®/r maHiHe XeTTi. by }Kofapbl MOHABIK OTKI3riLTIKKe,
3apAg, TacbiMangay KepepriciHiH TemeHaeyiHe >KaHe MoHAapablH Kbingam anddysmacbiHa
6alinaHbICTbl 60/1bIN, 3NEKTPOXUMUANBIK UMNEAAHCTBIK cneKTpockonua (EIS) HaTuxkenepimeH ae
pacTangbl. AN KbllWKbIAAbI 3NEKTPONUTTE UMKAALIK BONbTamneporpammanapabl, bypmanaHybl
JKOHEe NoNApM3auUAHbIH apTybl 6aiikanabl, 6yn 3apAs Tacbimangay KUHETUKACbIHbIH, 6afynaybiH
KoHe Andoy3nAnbiK WekTeynepaiH, 6ap ekeHiH KepceTTi. AnblHFaH HaTWXKenep 3apajg
KUHaKTay MexaHU3MAepiH aHblKTayZa 3N1eKTPONUTTIH XMMUANbIK TabuFaTbiHbIH WewWwywi pen
aTKapaTbliHbIH KepceTeai )aHe KenkabatTtol TisC,Tx MXene maTepuanbiHblH, KOHUEHTPAI cinTini
3NEeKTPONUTTEPAET CyNnepKOHAEHCATOPAAP YLWiH XKOFapbl d/1eyeTKe Me eKeHiH Aanengensi.

TyitiH cespep: TisC.T, MXene; TisAlC; MAX-dasa; cynepKoHAEHCATOP; CY/ibl 9NEKTPONUTTEP;
SHEPTUAHbI SNEKTPOXUMMANDBIK KUHAKTAY.
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MHorocnonHbit MXene TisC,Tx 6bin cuHTe3anposaH u3 MAX-¢dasbl TisAlC; meTogom
TpaBneHnna HF ¢ nocneaylowmm MATKMM pPaccioeHMem Npu BCTPAXMBAHWUM, YTO obecrneunno
NoAyYeHMEe XOPOLIO COXPAHMUBLUMXCA CAOUCTBIX CTPYKTYP C YBENUYEHHbIM MENKCI0EBbIM
pacctoaHnem okono 1,2-1,3 HM. CTPYKTYPHbIA M CMEKTPOCKOMUYECKUWA aHanu3 MnoATBepAun
apdpekTnBHOE ynanerue cnoes Al u dpopmuposaHme GyHKLMOHANN3MPOBaHHbIX MXene cnoes
XapaKTepHOM aKKopaeoHonoaobHoW Mmopdonorvein. INeKTpoxmmuyeckme cBOWCTBa 6blan
CUCTEMATUYECKM UCCNEAOBAHbI B CUMMETPUYHbIX ABYX3/IEKTPOAHbIX AYEMKaX C UCNOb30BaHUEM
LLENOYHBIX U KUCABIX SNEKTPONNTOB. DNEeKTpoA Ha ocHoBe MXene NpoAeMOHCTPUPOBAN KBa3U-
NPAMOYro/ibHble KpUBbIE LIUKNNYECKON BONbTaAMNEPOMETPUN U CUMMETPUYHbBIE KPUBbIE 3apAa—
paspas B WeNOYHOMN cpeae, YTO CBUAETENLCTBYET O NPEUMYLLECTBEHHO EMKOCTHOM MEXaHU3ME
HaKonneHusa 3apsaga, Xxopowel 06paTUMOCTU U BbICOKON CKOPOCTHOM cnocobHocTu. Hanbonee
BbICOKME 3HaYeHUA yAeNbHOW eMKOCTU U cTabunbHOCTM b6binn nonyyeHsl B 6 M KOH, gocturas
0K00 70-72 ®/r NpU HU3KMX CKOPOCTAX CKAHMPOBaHWA, YTO OBYCNOBAEHO MOBbIWEHHOM
MOHHOWM NPOBOAMMOCTbLIO, CHUXEHMEM COMPOTUBNEHUA MepeHoCy 3apAafa W YCKOPEHHOW
anddysneit MOHOB, UTO TaKkKe TMOATBEPKAAETCA pe3ynbTaTamMu  3NEKTPOXMMUYECKOMN
MmnenaHcHow cnekTpockonuu (EIS). HanpoTws, B KucnoW cpeae HabnwoAanncb UCKaXKEHHblE
KPUBbIE LMKINYECKO BONbTaMNEPOMETPUM U MOBbIWEHHAA NONApU3aLMA, yKasbiBalowme Ha
3aMeANeHHYI0 KUHETUKY NepeHoca 3apasa u orpaHudeHna andodysuun. NonyyeHHble pesynbtaThl
NOAYEPKMBAIOT PELLAIOWYIO POAb XMMUYECKON Npupoabl 3nekTponuTa B GOpmMUpOBaHUM
MeXaHU3MOB HaKOoMAeHMA 3apafa U AEMOHCTPUPYIOT BbICOKMI NOTEHLMan MHOTOCNOMHOro
MXene Ti;C,Tx 1A NPUMEHEHUA B CYyNepKOHAEHCATOPax C KOHLEHTPUPOBAHHbIMU LLENOYHbIMU
3N1EKTPOAUTAMM.

KnioueBble cnosa: MXene TisC,Ty; MAX-¢dasa TizAlC,;
3N1EKTPONINTDI; 3EKTPOXMMMUYECKOE HAKOMNIEHWNE SHEPTUM.
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1. Introduction

The global transition toward clean and renewable energy
sources demands the development of safe and reliable energy
storagetechnologies, particularlyforportableelectronics [1,2].
Electrochemical capacitors store energy through reversible
ion adsorption at electrode surfaces, offering high power
density but limited energy density. Recent strategies to
enhance their energy output involve introducing faradaic
contributions via pseudocapacitive materials and surface
functionalization. In this context, introducing additional
faradaic charge-storage mechanisms has been recognized as
an effective strategy to enhance the energy density of
electrochemical capacitors([1,3].

A breakthrough in two-dimensional materials was
achieved in 2011, when selective chemical etching of the Al
layer from Ti,AIC, MAX phase using hydrofluoric acid enabled
the synthesis of MXenes, a class of transition metal carbides
and nitrides with layered morphology [4]. Their unique
combination of metallic conductivity, hydrophilicity, and rich
surface chemistry has positioned MXenes as a highly promising
class of materials for electrochemical energy storage
applications [5-7]. The parent MAX phases, generally described
by the formula M__AX , are layered hexagonal carbides and
nitrides in which early transition metal-carbon/nitrogen
slabs (M—X) are separated by an A-element layer, typically Al.
Strong covalent and metallic M—X bonding provides structural
stability, whereas weaker metallic M-A bonding enables
selective removal of the A-layer, forming MXenes [8,9]. In the
case of Ti3AIC2 HF selectively cleaves Ti—Al bonds, dissolving
aluminum as soluble AlF, species while preserving the Ti-C
framework [10-12]. The resulting Ti,C,T nanosheets are

terminated with surface functional groups such as—0, —OH, and
—F, which enhance hydrophilicity, colloidal stability, and
compatibility with aqueous processing [10,13,14].

Since the original HF-based synthesis, several alternative
etching strategies have been developed. One of the most widely
used approaches involves in situ HF generation through the
reaction of LiF with HCI, which enables gradual fluoride release
and simultaneous Li* intercalation, promoting structural
swelling and partial delamination during etching, often assisted
by ultrasonication [15]. Although this method is considered
safer and can yield MXenes with enlarged interlayer spacing, it
often results in incomplete etching, residual aluminum
impurities, or less controlled surface terminations. In addition,
the use of ultrasonication may induce significant structural
degradation, leading to a drastic reduction in the lateral size of
MXene flakes-from approximately 4.4 um to 1.0 um within
15 min, and further down to 350 nm or even 130 nm upon
prolonged treatment [16,17]. This process causes severe
fragmentation of the layered structure and generates a high
density of edge defects, which can adversely affect the electrical
conductivity and electrochemical stability of the material.

Other emerging methods, including molten-salt and
electrochemical etching, eliminate the use of HF but typically
require high temperatures or complex instrumentation and
may alter the stoichiometry of the resulting MXene. Despite
these developments, direct HF etching remains the most
reliable and reproducible approach for producing high-purity
Ti,C,T with well-defined layered morphology, minimal residual
aluminum content, and high electronic conductivity.
Accordingly, HF etching was selected as the primary synthesis
route in this work to obtain structurally uniform and
conductive MXene suitable for subsequent modification.
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Building on the high-quality Ti,C,T MXene obtained via HF
etching, this study further explores the development of Ti.C,T
based composites [18].

In this work, a controlled synthesis of Ti,C,T MXene is
achieved using a gentle shaking-assisted delamination
approach, which preserves the structural integrity of the
material without the use of ultrasonication. The electrochemical
behavior of Ti,C,T was systematically investigated in different
aqueous electrolytes (1M H_SO,, 1 M KOH, and 6 M KOH) using
cyclic voltammetry (CV), galvanostatic charge—discharge (GCD),
and electrochemical impedance spectroscopy (EIS). It is
demonstrated that the electrochemical performance strongly
depends on both the type and concentration of the electrolyte,
with the highest specific capacitance obtained in concentrated
alkaline medium.

2. Experiment

2.1 Materials

Titanium aluminum carbide (Ti3AIC2’Carbon Ukraine) MAX
phase was used as the precursor for MXene synthesis.
Hydrofluoric acid (HF, 48 wt%, Honeywell Fluka) was used as the
etching agent. N-methyl-2-pyrrolidone (NMP, 299.0%) and
poly(vinylidene fluoride) (PVDF, M _~ 534,000 g mol*, Sigma-
Aldrich) were used as received. Super P conductive carbon
black was used as the conductive additive. Potassium hydroxide
(KOH) and sulfuric acid (H,SO,) were used as electrolytes. All
chemicals utilized in this work were of analytical purity and
applied without any additional treatment.

2.2 Preparation of Ti,C,T _MXene powder

Ti,C,T MXene was synthesized by selectively etching
aluminum layers from Ti,AIC, MAX phase powder using
hydrofluoric acid. Briefly, 1 g of Ti AlC, powder was gradually
added to 20 mL of concentrated HF (48 wt%) in a high-density
polyethylene (HDPE) container equipped with a magnetic stir
bar[11]. The mixture was continuously stirred at room

temperature (~25°C) for 8 h under a fume hood. No additional
intercalating agents were used during the etching process.

The formation mechanism of Ti,C,T MXene is illustrated in
Figure 1, while the corresponding reactions are described by
the following equations.

During the etching process, aluminum atoms were
selectively removed according to the following reaction:

TizAIC, + 3HF — Ti,C,T, + AlF, + 1/2H, 1
Ti,C, + 2HF — Ti,C,F, + H,
TisC, + 2H,0 — Ti,C,(0H), + H,

where T,= —0,—0H,—F denotes the surface
terminations formed during etching [19]. The color of the
suspension gradually changed from gray to dark black,
confirming the transformation of MAX phase into Ti,C,T MXene
Following the etching process (Figure2), the resulting
suspension was washed multiple times with deionized water
and subjected to centrifugation at 5000 rpm for 5 min in each
cycle until the supernatant reached a near-neutral pH (~6-7),
indicating effective removal of residual HF and AlF, species.
Typically, 6-7 washing cycles were required using ~50 mL of DI
water per cycle. Prior to each centrifugation step, the suspension
was subjected to mechanical shaking at 250 rpm for 5 min to
promote delamination of the etched Ti,C,T layers. Ultrasonic
treatment was intentionally avoided to prevent structural
fragmentation and edge defects. The resulting sediment was
vacuum-filtered through a PVDF membrane filter (0.22 um pore
size, 47 mm diameter) to obtain a uniform black Ti,C,T, film. The
film was rinsed with DI water and dried under vacuum at 60°C
for 8 h. Subsequently, the dried MXene Ti,C,T film was gently
peeled off and ground in an agate mortar to obtain a fine

powder. The final yield of Ti,C,T was approximately 0.99 g per
1gof Ti,AIC,, corresponding to a yield of ~99%.

Figure 1 — Schematic illustration of the synthesis of MXene Ti,C,T from the MAX phase Ti,AIC,

BecTHuK KasHY. Cepua xummyeckana. — 2026. — Ne 2
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Figure 2 — Methodology scheme of synthesis Ti,C,T Mxene powder

2.3 Characterization

Phase composition and crystallinity of the synthesized
materials were analyzed using X-ray diffraction (XRD) on a
Rigaku MiniFlex BENCHTOP diffractometer, operating in the 26
range of 10-60° with a step size of 0.01°. The microstructure and
surface morphology of the MXene powder were examined
using a JEOL JSM-IT890 scanning electron microscope (SEM,
Japan). Chemical states and elemental composition were
analyzed by X-ray photoelectron spectroscopy (XPS, Thermo
Scientific NEXSA). In addition, transmission electron microscopy
(TEM, JEOL), Raman spectroscopy (LabRAM, Horiba),
thermogravimetric analysis (TGA, STA6000, Perkin Elmer) were
employed in the scan rate 10°C and X-ray photoelectron
spectroscopy (XPS, NEXSA, Thermo Scientific) with a
monochromated low-power Al Ka X-ray source - 1486.6 eV.

2.4 Electrode preparation

For electrode fabrication, Ti,C,T _MXene powder, Super P
conductive carbon black, and PVDF binder were mixed in a mass
ratio of 8:1:1 using NMP as the solvent. The components were
thoroughly ground in an agate mortar to obtain a homogeneous
slurry. The slurry was cast onto graphite foil using the doctor
blade technique with a controlled thickness of approximately
22 um and dried under vacuum at 60°C for 12 h. The obtained
electrode was defined as the active material for electrochemical
measurements. Circular electrodes with a diameter of 10 mm
and an active material mass loading of approximately 6-7 mg
were cut using laser cutting equipment to ensure uniform
geometry. A symmetric supercapacitor cell was assembled in a
two-electrode Swagelok-type configuration using a glass fiber
separator (Whatman GF/A) soaked in 1 M KOH, 6 M KOH and
1M H,SO, aqueous electrolytes.

ISSN 1563-0331
elSSN 2312-7554

2.5 Electrochemical testing

Electrochemical measurements were conducted using a
potentiostat/galvanostat (SP150E, BiolLogic) in a two-electrode
Swagelok-type cell configuration. Cyclic voltammetry (CV) was
performed within a potential window of 0-1 V at scan rates
ranging from 2 to 100 mV s. Galvanostatic charge—discharge
(GCD) tests were carried out at current densities between 0.2
and 2 A g?. Electrochemical impedance spectroscopy (EIS)
measurements were performed over the same voltage window
in the frequency range of 1 MHz to 10 mHz.

The specific capacitance was calculated from the GCD
curves using the following equation:

and from CV curves using:

here | is the discharge current, At is the discharge time (s),
AV is the potential window excluding IR drop (V), m is the mass

c B 4w J & At
cch AV E=m

of active material (g), A is the integrated area of the CV curve, v

24
== AV

Cov =

m total

is the total mass of active

is the scan rate (V s7), and m,
otaal

material in both electrodes (g).
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Figure 3 — XRD analysis (a) and Raman shift (b) of Ti,C,T Mxene

3. Results and Discussion

3.1 Structural analysis

The structural evolution from Ti,AIC, MAX phase to Ti,C,T,
MXene was investigated by X-ray diffraction (XRD), as presented
in Figure 3. The pristine Ti,AIC, exhibits sharp and well-defined
diffraction peaks corresponding to the (002), (004), (101), (103),
(104), and (105) crystallographic planes, confirming the highly
ordered hexagonal structure of the MAX precursor. Following
selective etching of the Al layers, a pronounced modification of
the diffraction pattern is observed, indicating the successful
formation of Ti,C,T MXene.

In particular, the characteristic (002) peak of Ti,AIC, shifts
toward lower diffraction angles and becomes noticeably
broadened after etching, suggesting a significant increase
in the interlayer spacing. This shift is attributed to the removal
of Al atomic layers and the introduction of surface
termination groups (O, —OH, and -F), as well as the
intercalation of water molecules between adjacent MXene
sheets. Concurrently, the substantial suppression or
disappearance of non-basal reflections, especially the (104)
peak located near 39°, further confirms the effective elimination
of Al and the disruption of the long-range crystallographic
ordering of the MAX phase.

These observations collectively demonstrate the
successful transformation of Ti,AIC, into few-layered Ti,C,T
MXene with expanded interlayer spacing, reduced crystallinity,
and a characteristic lamellar structure formed during the
etching and delamination processes.

The interlayer spacing of Ti,C,T was further estimated
from the position of the (002) reflection using Bragg’s law
[20,21]. The diffraction patterns were recorded using Cu Ka
radiation (A = 1.5406 A). The low-angle position of the (002)
peak indicates a markedly enlarged interlayer distance
compared with the parent MAX phase, confirming effective
exfoliation and interlayer expansion of the MXene structure.

The calculated d-spacing was approximately 11.9 A (1.19 nm),
consistent with previously reported values for multilayer Ti,C,T,
MXene [22].

The Raman spectra of the Ti,AIC, MAX phase and the
corresponding MXene, presented in Figure 3b, demonstrate
significant structural and bonding changes induced by the
selective etching process. The Ti,AIC, MAX phase exhibits
relatively weak but well-defined Raman features, reflecting its
highly ordered crystalline structure. In contrast, the MXene
sample shows several pronounced and broadened features
across the range of 500-2000 cm™, indicating the transformation
into surface-terminated Ti,C,T layers. Notably, the broad bands
in the 1369-1589 cm™ region can be attributed to the D and G
bands of disordered carbon, typically associated with defects
and carbonaceous species, which may arise from structural
disorder, partial oxidation, or processing induced effects
[23,24], while the band at ~625 cm™ further indicates surface
termination evolution and oxidation-related structural
modifications of Ti,C,T .

XPS analysis was conducted to characterize the surface
chemistry and elemental distribution of the obtained Ti,C,T,
MXene. The survey spectrum confirms the presence of Ti, C, O,
and F elements and the absence of Al, indicating the successful
removal of the A-layer and the formation of MXene with typical
surface termination groups. High-resolution spectra reveal
pronounced surface functionalization. The Ti 2p spectrum is
dominated by oxidized titanium species, with the 2p,, peak at
~458.2 eV assigned to Ti* (Ti-O) and additional components at
~459.8 eV and ~456.8-457.2 eV corresponding to hydroxylated
Ti and Ti** suboxide states, suggesting strong surface oxidation
of the MXene flakes [25,26]. Consistently, the O 1s spectrum
shows contributions at ~531.8 eV attributed to Ti-OH and at
~533-535 eV related to Ti-O and adsorbed oxygen species[27].
The C 1s spectrum is mainly characterized by a peak at ~284.8
eV corresponding to C-C bonds with partially overlapping Ti-C
contributions, while additional components at ~286.5 eV and
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Figure 4 — XPS survey spectrum of Ti,C,T MXene (a), high-resolution spectra of (b) Ti 2p, C 1s (c), O 1s (d)

~288.3 eV are assigned to C-O and 0O—C=0 groups, confirming
surface oxidation and interaction with termination
species [28]. Overall, the results indicate a preserved MXene
framework with significant surface termination and partial
oxidation of Ti atoms.

3.2 Morphological and surface characterization

The enlarged interlayer spacing compared with the
parent MAX phase confirms the successful removal of the
A-layer and the formation of a delaminated MXene Ti,C,T
structure. Such gallery expansion is commonly attributed to
the presence of surface terminations (-O, —OH, —F) and
intercalated species, which improve electrolyte accessibility
and facilitate ion transport. Moreover, the d-spacing values
obtained from XRD are in good agreement with the

interlayer distances estimated from HRTEM/IFFT analysis,
indicating strong structural consistency across different
characterization techniques.

The morphological evolution from Ti,AIC, MAX phase to
Ti,C,T MXene was investigated using scanning electron
microscopy (SEM), as shown in Figure 5. The pristine Ti AIC,
(Figure 5a,b) exhibits a dense and compact morphology
composed of closely stacked, irregularly shaped particles. The

ISSN 1563-0331
elSSN 2312-7554

layered architecture of the MAX phase is clearly visible, with
well-defined edges and relatively smooth surfaces, reflecting
the strong bonding between Ti—Al-C atomic layers. The
interlayer spacing of the MXene precursor was estimated to be
in the range of 68-118 nm.

After selective etching of Al layers, Ti,C,T MXene (Figure
5c,d) exhibits a pronounced morphological transformation into
an open, accordion-like structure with clearly separated
lamellae. The expanded layered morphology provides increased
surface area and shortened ion diffusion pathways, which are
beneficial for electrochemical performance.

The compositional and morphological features were
further examined using SEM coupled with energy-dispersive
X-ray spectroscopy (SEM-EDS), as presented in Figure 6. The
MAX phase (Figure 6a) retains a compact and densely packed
layered structure, characteristic of well-crystallized Ti,AIC, The
smooth particle surfaces and limited interlayer spacing indicate
strong metallic bonding involving Al layers. In contrast, the
etched MXene (Figure 6b) displays an open and delaminated
morphology with separated nanosheets, consistent with the
structural evolution observed in SEM and the XRD peak shift of
the (002) reflection toward lower 26 values.

Chemical Bulletin of Kazakh National University 2026, Issue 2
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Figure 5 — SEM analysis of Max phase (a,b) and Ti,C,T Mxene powder (c,d)

Figure 6 — SEM—EDS analysis of the MAX phase (a) and Ti,C,T MXene powder (b)

BecTHuK KasHY. Cepua xummyeckana. — 2026. — Ne 2
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Figure 7 — TEM images of Ti,C,T MXene IFFT patterns (a-c) and the parent MAX phase (d)

The EDS spectra further confirm the compositional
transformation from Ti, AIC, to Ti,C,T MXene. The pristine MAX
phase (Figure 6a) shows a pronounced Al signal corresponding
to the Ti,AIC, stoichiometry. After etching, the MXene sample
(Figure 7b) exhibits a significant reduction in Al content (~1.9
wt%), indicating efficient removal of the Al layers. The residual
trace amount of Al is likely associated with incomplete etching
within multilayer particles, which is commonly reported for
MXene synthesis. Additionally, the increased oxygen content
supports the formation of surface functional groups (-0, —OH,
—F) generated during the etching and delamination processes.
Overall, these results verify the successful conversion of Ti3AIC2
into few-layered Ti,C,T MXene with expanded interlayer
spacing and functionalized surfaces.

High-resolution TEM analysis was performed to further
elucidate the microstructure of Ti,C,T MXene. As shown in
Figure7 (a-c), well-defined layered lattice fringes are observed
within the Ti,C,T, flakes, confirming the formation of an ordered
lamellar structure after selective etching of the MAX phase [29].
The interlayer spacing, determined from the IFFT line profile by
measuring the distance between adjacent intensity maxima, is
approximately 1.3 nm [6,30]. This enlarged interlayer distance
indicates effective removal of the Al layers and the presence of
surface functional groups, leading to expanded MXene galleries.
Such structural expansion is known to enhance electrolyte
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accessibility and facilitate ion transport within the layered
framework [31]. For comparison, the TEM image of the parent
MAX phase shown in Figure8d exhibits a more compact layered
structure, further confirming the successful transformation
from Ti,AIC, to Ti,C,T MXene [32].

3.3 Thermal analysis (TGA)

The thermogravimetric analysis (TGA) was conducted to
compare the thermal behavior of the MAX phase and the
corresponding Ti,C.T MXene (Figure 8). The MAX phase
exhibited negligible mass variation up to ~350°C, confirming its
high thermal stability, followed by a gradual weight increase at
elevated temperatures due to oxidation and formation of oxide
phases.

In contrast, the MXene sample showed a multistep weight
loss behavior. The initial mass decrease below ~150°C is
attributed to the removal of adsorbed and interlayer water,
reflecting the hydrophilic nature of surface terminations. A
pronounced weight loss between 150 and 250°C corresponds to
the elimination of intercalated species and surface functional
groups (-OH, -F), confirming successful etching and
delamination of the MAX precursor [33,34]. Further gradual
mass change up to ~450°C is associated with progressive
dehydroxylation and structural modification of Ti.C,T layers. At
higher temperatures, a slight mass increase is observed due to
oxidation of MXene and formation of TiO,.
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Figure 8 — TGA analysis of Ti,C,T Mxene and Ti,AlC, MAX
phase powder

3.2 Electrochemical characterization

Figure 9 illustrates the electrochemical performance of
the assembled Ti,C,T MXene-based two-electrode Swagelok
cell evaluated in 1 M KOH electrolyte. The cyclic voltammetry
(CV) curves recorded at scan rates ranging from 2 to 100 mV s
within voltage windows of 0.6, 0.8, and 1.0 V (Figure 9a-d)
exhibit quasi-rectangular shapes, indicating predominantly
capacitive charge-storage behavior [35]. As the scan rate
increases, the current response rises proportionally while the
CV shape remains well preserved, demonstrating fast charge
propagation and favorable rate capability.

The specific capacitance derived from CV measurements
decreases with increasing scan rate, which is typical for
capacitive materials due to diffusion limitations at higher rates.
In 1M KOH, the capacitance values are 50.3, 44.4, 40.7, and
36.9 Fg? at scan rates of 2, 20, 50, and 100 mV s, respectively
(Figure 9a-d). Notably, higher capacitance values of 69.2, 71.9,
68.9,and 65.3 F g' are obtained in 6 M KOH, indicating enhanced

electrolyte conductivity and improved ion transport under
concentrated alkaline conditions. At lower scan rates,
electrolyte ions effectively penetrate the layered MXene
galleries, enabling access to a larger electrochemically active
surface area, whereas at higher scan rates partial diffusion
limitation reduces the utilization of active sites.

The galvanostatic charge—discharge (GCD) profiles
recorded at current densities from 0.2 to 2 A g* (Figure 9e-h)
display nearly symmetric triangular shapes, confirming good
electrochemical reversibility and high coulombic efficiency [36].
The linear voltage—time characteristics further indicate stable
capacitive behavior. A relatively small IR drop observed at the
beginning of discharge suggests low internal resistance, which
can be attributed to the intrinsic electrical conductivity of
Ti,C,T and efficient electrolyte accessibility within the expanded
layered structure.

Figure 10 presents the electrochemical response of the
Ti,C,T -based two-electrode cell in 6 M KOH electrolyte. The CV
curves (Figure 10a-d) retain quasi-rectangular shapes over the
entire scan-rate range, demonstrating improved rate
performance compared with 6 M KOH. The enhanced current
response reflects accelerated ion transport and reduced
polarization effects in the concentrated electrolyte.

The GCD-derived capacitance values further confirm the
superior performance in 6 M KOH. At all investigated current
densities and voltage windows, the electrode delivers higher
capacitance thanin 1 M KOH. For instance, at0.5Ag*and 1.0V,
the capacitance reaches 52.4 F g in 6 M KOH compared with 44
Fgtin 1 M KOH. Although capacitance decreases with increasing
current density in both electrolytes, the retention is notably
higher in 6 M KOH, indicating improved ionic conductivity and
faster charge-transfer kinetics.

The galvanostatic charge—discharge profiles measured at
current densities from 0.2 to 2 A g*(Figure 10 e-h) display nearly
symmetric triangular shapes across all voltage windows,
confirminggoodreversibility and stable capacitive behavior [37].

Figure 9 — Electrochemical behavior of the active material two-electrode Swagelok cell in 1 M KOH: CV curves at 2-100 mV s!
within 0.6-1.0 V (a—d) and GCD profiles at 0.2-2 A g* recorded in identical voltage windows (e,h)
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Figure 10 — Electrochemical behavior of the active material two-electrode Swagelok cell in 6 M KOH: CV curves at 2-100 mV s~
within 0.6-1.0 V (a-d) and GCD profiles at 0.2-2 A g™" recorded in identical voltage windows (e,f)

These results demonstrate that the Ti,C,T based cell maintains
efficient charge—discharge characteristics in 6 M KOH over a
wide range of scan rates.

A comparison of the electrochemical performance of
MXene-based supercapacitors reported in the literature is
presented in Table 1. As shown in Table 1, the capacitance of
Ti,C,T strongly depends on the electrolyte type. In acidic
electrolytes, symmetric configurations typically exhibit
moderate capacitance values in the range of 45-64 F g™, which
is associated with proton intercalation and increased
polarization effects. In contrast, alkaline electrolytes (1 M and 6
M KOH) demonstrate higher capacitance values, reaching up to
~100 F g™, due to improved ion transport and more stable
charge storage behavior. The results obtained in this work (~70-
72 F g7 in 6 M KOH) are consistent with previously reported
data, confirming that concentrated alkaline electrolytes provide
more favorable conditions for Ti,C,T_MXene electrodes.

The electrochemical behavior in acidic electrolyte was
further evaluated using 1 M H,SO, as shown in Figure 11-f. In
contrast, to alkaline media, the CV curves exhibit pronounced
deviations from ideal rectangular shapes, suggesting a
significant contribution from faradaic reactions [39]. At low
scan rates, the current response increases strongly with applied

potential, indicating enhanced
functional groups.

With increasing scan rate, the distortion of the CV profiles
for Ti,C,T in 1 M H,SO, becomes more pronounced, reflecting

redox activity of surface

increased polarization and slower charge-transfer kinetics
compared to alkaline media. The limited preservation of the CV
shape at higher scan rates indicates a restricted rate capability,
which is a consequence of the charge disproportion inherent in
symmetric MXene-based cells in acidic electrolytes. While the
negative electrode effectively stores charge via hydrogen
electrosorption and hydronium ion intercalation, the positive
electrode operates in a considerably narrower potential range,
limited by poor anion intercalation and susceptibility to
oxidative degradation [41]. Crucially, in a symmetric two-
electrode cell with 1M HSO, electrolyte, a
electrochemical process is virtually impossible at voltages
exceeding 0.6 V [35]. These features suggest that the charge-
storage process in 1 M H,SO, is less stable and more dominated

stable

by Faradaic reactions at the negative side, which restricts the
practical operating voltage window and long-term stability of
the symmetric device. In contrast, alkaline electrolytes provide
better charge compensation and faster ion diffusion, resulting
in the superior capacitive response observed in this study [1].

Table 1 — Overview of the electrochemical performance of MXene-based supercapacitors

Ne  Type of electrode Confugration Type of electrolytes AV, V Ceon(FET) Scan rate, mV s? References
1 TiCT Symmetric PVA/H,SO, 0.8 64 2 (38]

2 PANI@rGO/Ti,C,T,  Symmetric 1MH}S0, 0.5 45.62 0.1 (39]

3 rGO/TiC,T, Asymmetric 1MH,S0, 11 48 2 (40]

4 Ti,C, T Symmetric 1MH,SO, 0.8 51 1 [41]

5 Ti,.C,T, Symmetric 6 M KOH 1 ~60 5 [1]

6 Ti,C,T, Symmetric 1 M KOH 1 ~100 2 [35]
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Figure 11 — Electrochemical analysis of the active material 1 M H_SO, (a-f) electrolyte and specific capacitance vs scan rate for
acidic, alkaline electrolytes at different scan rates (g)

Figure 12 — EIS analysis of the active material 1 M KOH (a) and 6 M KOH (b) electrolyte and
1MH,SO, electrolyte (c) within 0.6-1.0 V

A comparison of capacitance values in different
electrolytes (Figure 12g) shows a clear increasing trend in the
order 1 M H,SO, <1 M KOH < 6 M KOH. The Ti,C,T electrode
delivers the highest capacitance in 6 M KOH, reaching ~70 F g?
at2mVstand ~72 F g'tat 20 mV s?, indicating enhanced ionic
conductivity and improved ion accessibility within the MXene
layers. In contrast, the lowest capacitance is observed in 1 M
H,SO, (~14 F g* at 2 mV s7), reflecting slower charge-transfer
kinetics and stronger polarization effects [38]. These results
demonstrate that pristine multilayer Ti,C,T MXene exhibits
optimal capacitive behavior in concentrated alkaline electrolyte,
while further performance enhancement may be achieved
through composite design.

Compared to 1 M KOH, the Ti,C,T _MXene cell in 6 M KOH
exhibits lower equivalent series resistance, as indicated by the
smaller real-axis intercept in the Nyquist plots (Figure 12a,b).
The reduced semicircle diameter reflects lower charge-transfer

resistance, while the more vertical low-frequency region and
shorter Warburg segment indicate improved capacitive
behavior and faster ion diffusion in the concentrated alkaline
electrolyte. In contrast, the 1 M H,SO, electrolyte (Figure 12c)
shows higher resistance and a more pronounced Warburg
response, suggesting slower ion transport and increased
polarization. These findings agree with the CV and GCD results,
confirming superior electrochemical kinetics in 6 M KOH.

4. Conclusion

Multilayer Ti,C,T MXene was successfully synthesized via
HF etching combined with a gentle delamination approach,
enabling efficient Al removal while preserving structural
integrity. Structural analyses confirmed the formation of an
expanded layered MXene architecture with interlayer spacing
of ~1.2-1.3 nm and functionalized surfaces, accompanied by a
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clear morphological transition from dense MAX-phase particles
to an open accordion-like
measurements

Electrochemical
predominantly  capacitive
behavior with good reversibility and rate capability in alkaline
electrolytes. The electrode delivered superior capacitance in 6
M KOH, reaching ~70 Fg*at 2 mV s*and ~72 F g* at 20 mV s?,
while lower values of ~50 F g were obtained in 1 M KOH and
only 14 F g* in 1 M H,SO,. The enhanced performance in
concentrated alkaline electrolyte is attributed to improved
ionic conductivity, reduced charge-transfer resistance, and
accelerated ion transport within the layered MXene structure.
Conversely, the acidic electrolyte exhibited stronger
polarization, diffusion limitations, and reduced rate capability.
Overall, this study demonstrates that electrolyte concentration
and chemistry critically influence the electrochemical kinetics
and charge-storage mechanism of Ti,C,T MXene. The superior
performance observed in concentrated alkaline electrolyte
highlights the strong potential of multilayer Ti,C,T MXene for
aqueous  supercapacitor further
performance enhancement may be achieved through composite
engineering.

structure.
demonstrated
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