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Effect of HF Concentration on the Structural, Morphological, and Electrical
Properties of TisC,T, MXene Prepared by Microwave-Assisted Etching

Two-dimensional MXenes have emerged as a versatile class of materials for energy storage, electronics, and
catalysis owing to their high electrical conductivity, tunable surface chemistry, and layered structure; howev-
er, the controlled synthesis of TisC,T, MXene with well-defined morphology and stable surface chemistry
remains a major challenge, as etching conditions strongly influence structural integrity, degree of exfoliation,
and functional performance. In this study, the morphological, structural, and functional evolution of TizC,T,
MXene materials was systematically investigated by applying hydrofluoric acid (HF) etching at varying con-
centrations (6 %, 12 %, 24 %, 36 %, and 48 %) using microwave-assisted method. The impact of etching in-
tensity on Al removal, layer delamination, and surface functionalization was examined through a multi-
technique characterization approach including scanning electron microscopy (SEM), X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), and energy-dispersive X-ray spectroscopy (EDS).
The results reveal that an HF concentration of 24 % achieves efficient Al extraction while preserving the Ti—
C framework, yielding well-exfoliated and structurally stable MXene sheets. Lower HF concentrations (6 %
and 12 %) lead to incomplete etching and limited exfoliation, whereas higher concentrations (36 % and 48 %)
cause over-etching and pronounced structural degradation. These findings underscore the critical role of etch-
ing conditions in tuning MXene morphology and functional properties. The ability to balance surface termi-
nation control and structural integrity via gradient etching is particularly relevant for the use of TisC,Ty
MXenes as conductive electrodes and interfacial layers in photovoltaic and other energy-conversion devices.

Keywords: Ti;,C,T, MXene, MAX phase, gradient HF etching, etching concentration, surface terminations,
exfoliation, morphology, structural integrity

Introduction

Two-dimensional (2D) transition metal carbides and nitrides, collectively known as MXenes, have rap-
idly emerged as an exciting class of nanomaterials due to their unique combination of metallic conductivity,
hydrophilic surfaces, mechanical robustness, and versatile surface chemistries [1-3]. Since their discovery in
2011 via selective etching of the “A” layer from MAX phases (M,.1AX,), MXenes such as TisC,T, have at-
tracted extensive research interest for applications including energy storage, catalysis, electromagnetic inter-
ference (EMI) shielding, sensing, and environmental remediation [4-6].

The conventional synthesis of MXenes involves chemical etching of the parent MAX phase using hy-
drofluoric acid (HF) or in situ generated HF from fluoride salts [7—10]. This process removes the “A” ele-
ment (typically Aluminum), resulting in multilayered Ti;C,T, with surface terminations like —F, —OH, and
-0, collectively denoted as Ty groups. These terminal groups strongly influence MXene’s electrochemical,
optical, and interfacial properties [11-14].
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Theoretical and experimental studies have demonstrated that different surface terminations lead to dis-
tinct electronic, ionic, and optical behaviors in TisC,T, [15-21], significantly impacting their potential for
energy storage, water purification, and membrane design. For instance, TisC,T, membranes with optimized
surface terminations exhibit excellent ion-sieving and antibacterial capabilities, highlighting the key role of
surface chemistry in functional performance [22-27].

The concentration of HF used during etching is a crucial parameter affecting MXene quality. Low HF
concentrations often result in incomplete etching and poor delamination, whereas high HF concentrations
promote over-etching, structural defects, and excessive fluorination, which degrade conductivity and me-
chanical integrity [28-30]. Excessive fluorination adversely affects selective ion intercalation and electro-
chemical behaviour, while oxygen terminations improve ion mobility and device performance [31-33].

To overcome the limitations of HF-based synthesis, alternative strategies such as in situ HF generation
(e.g., LiF+HCI), molten salt etching, and electrochemical methods have been developed, allowing better con-
trol over surface terminations and morphology [34-36]. Moreover, hybrid structures combining MXenes
with graphene or silver nanoparticles have been proposed to enhance membrane stability and electronic con-
ductivity [37], demonstrating that post-synthesis modifications can synergistically improve properties when
etching is well controlled. Furthermore, environmentally friendly approaches to MXene synthesis, particu-
larly those based on microwave irradiation, are currently being actively developed [38, 39]. Microwave-
assisted synthesis is reported to enhance reaction kinetics through rapid and uniform heating, thereby reduc-
ing processing time and improving etching efficiency compared to conventional methods [38—41]. These
characteristics make microwave irradiation particularly suitable for controlled MXene synthesis. This tech-
nology offers several advantages, including cost-effectiveness, operational simplicity, rapid and uniform
heating, high reaction rates, and improved control over morphology [40, 41]. In addition, microwave irradia-
tion can promote selective and localized heating at the solid-liquid interface, which facilitates more effective
disruption of Al layers and accelerates their removal from the Ti;AlC, structure, contributing to improved
etching uniformity and structural evolution of Ti;C,T, [42].

Recent advances in the MXene field have increasingly focused on engineering both the atomic surface
terminations and multiscale architectures of TizC,T, and related systems to enhance their functional perfor-
mance. In energy-storage applications, post-treatments such as atomic surface reduction have been shown to
greatly improve capacitance and rate capability by optimizing termination chemistry and defect density
[43, 44]. At the same time, the design of hierarchical MXene macrostructures including porous films, foams,
and composite frameworks has enabled outstanding (EMI) shielding performance with high conductivity and
mechanical robustness [45, 46]. Water-treatment and membrane technologies have also progressed rapidly,
with MXene laminates and MXene—polymer hybrids demonstrating high desalination flux, ion-sieving selec-
tivity, and antibacterial activity due to controlled interlayer spacing and surface surface terminations [47]. In
the sensing field, TizC,T, based gas sensors have achieved high room-temperature sensitivity and selectivity
by tuning defects, terminations, and hybridization with oxides or other 2D materials [48]. These develop-
ments are driven by rational synthesis control etching pathway, termination tuning, and structural design po-
sitioning MXenes as a versatile platform for next-generation supercapacitors, batteries, nanofluidic devices,
sensors, and environmental remediation systems [49, 50].

Latest studies underscore that even after extensive exploration of MXenes, surface functionalization
remains a pivotal lever for unlocking new application spaces and improving performance. By introducing
tailored functional groups, ligands or dopants on the MXene surface, researchers have been able to modulate
electronic work-function, wettability, interlayer spacing and defect states thereby improving properties for
catalysis, sensing, biomedicine and energy storage [51-53]. For example, controlled termination engineering
on TisC,T, enables precise tuning of the work function and charge-transfer kinetics, opening pathways to
high-efficiency sensors and heterostructure devices [54]. In biomedicine and wearable electronics, surface-
functionalized MXene platforms promise enhanced biocompatibility, selective binding and long-term stabil-
ity in complex physiological environments something unmodified MXene surfaces alone struggle to deliver
[55]. In electro-catalysis, the introduction of specific functional moieties on the MXene basal plane or edges
improves active-site exposure and stabilises the material under harsh conditions, thus expanding MXene util-
ity beyond its initial energy-storage niche [56]. Collectively, these advances reveal that surface functionaliza-
tion isn’t just a fine-tuning step, but a core strategy for diversifying MXene applications and achieving next-
generation performance across domains.

The aim of this work was to systematically investigate the effect of hydrofluoric acid (HF) concentra-
tion on the morphological, structural, and functional evolution of TizC,T, MXene using a microwave-
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assisted gradient etching approach. Unlike traditional HF etching, which relies solely on thermal conditions,
this strategy accelerates reaction kinetics and allows for more precise control over the selective removal of
aluminum from Ti;AlC,. The novelty of this work lies in the systematic investigation of HF concentration
under microwave-assisted conditions, enabling the identification of a processing window where efficient Al
removal, structural integrity, and controlled surface functionalization are simultaneously achieved. This
study demonstrates that microwave irradiation facilitates the development of the characteristic accordion-like
MXene morphology at 24 % HF, which suggests that microwave-assisted etching may enable efficient mor-
phology formation at comparatively moderate HF concentrations. It establishes a quantitative structure—
property correlation, linking shifts in the (002) reflection and increases in the c lattice parameter and inter-
layer spacing to the reaction yield and electrical conductivity of MXene and it identifies a practical pro-
cessing window where efficient aluminum removal occurs while maintaining the integrity of the Ti-C
framework, as higher HF concentrations lead to over-etching and structural degradation. These findings pro-
vide a rational basis for tailoring the morphology and functional properties of TisC,T, MXenes through con-
trolled etching conditions. In the present work, a direct experimental comparison with conventional non-
microwave HF etching was not performed; however, the role of microwave irradiation is discussed based on
literature reports and the observed formation of accordion-like Ti;C,T, morphology at 24 % HF.

Experimental

Chemicals and Materials

MAX phase (Ti;AlC,, powder, 98 wt%) was purchased from Shandong Fan Tai Fine Chemical Bio-
technology Co., Ltd., China. Hydrofluoric acid (HF, 48 wt %) was purchased from Sigma-Aldrich Chemical
Co. Ltd. (Tianjin, China). Filtration and delamination processes employed cellulose acetate membranes with
a pore size of 0.22 um (GVS). All reagents were of analytical grade and used without further purification.
Deionized water was employed throughout all experiments unless otherwise stated.

Synthesis of Ti;C,T, (MXene)

TisC,T, was synthesized by selective chemical etching of the Al layer from the TisAIC, using a pub-
lished method with a slight modification [57]. Briefly, 1 g of TizAlIC, powder was added to 10 mL of hydro-
fluoric acid solutions of varying concentrations (6 %, 12 %, 24 %, 36 %, and 48 %). The mixtures were
placed into a Microwave Digester (BMD-12H, China) and treatment with microwave radiation at 2450 MHz
for 30 minutes. Following the microwave treatment, the suspensions were centrifuged at 3500 rpm for
10 minutes, and the black powder was separated. The sediments were washed repeatedly with deionized (un-
til pH = 6-7) to remove residual HF. To obtain delaminated MXene powders, the washed sediments were
mildly sonicated for 30 minutes. The final TisC,T, powders were collected by vacuum drying at 60 °C for
12 hours. MXene samples synthesized using 6 %, 12 %, 24 %, 36 %, and 48 % HF solution were labeled as
MX-6, MX-12, MX-24, MX-36 and MX-48, respectively.

Although it is not possible to calculate an accurate reaction yield because it isn’t possible to define an
exact stoichiometry for the samples obtained, a yield was calculated by the following formula, that usually is
used in literature for these materials [58]:

MXene mass
MAX phase mass

Yield(%):( ]xlOO.

Characterization Methods

FTIR

The FTIR spectrometer “Inventio-S” (Bruker) was used and FTIR spectra were recorded in 400—
4000 cm™ wavenumber range with a resolution of 2 cm™ and 32 scans at a temperature of 25 °C. All sam-
ples were finely ground, dried at 60 °C for 12 h, and pressed into KBr pellets (1 wt%) before analysis. Soft-
ware of OPUS was applied to determine the peaks at specific points.

Wide-Angle X-Ray Diffraction

XRD studies were carried out using XRD Miniflex 600 (Rigaku, Japan) with monochromatic CuKa ra-
diation isolated by a nickel filter with a wavelength of 1.5418 A at 40 kV and the current strength of 15 mA.
The spectrum was recorded in the interval 20 = 5°—40°, The air-dried MXene powders were gently ground,

mounted on zero-background glass slides, and analyzed under identical sample thickness and humidity con-
ditions. The data processing of experimental diffraction patterns, peak deconvolution, describing the peaks
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used by Miller indices, peak shape, and the basis for the amorphous contribution were conducted using the
software “SmartLab Studio II”” and data base PDF-2 (2020 Powder diffraction file, ICDD).

Scanning Electron Microscopy (SEM)

Scanning electron microscopy studies were performed using SEM equipment Jeol-210 (Japan). Magni-
fication of the device x10-300000, voltage 200-300 V, maximum scanning area (x+y=2) is 120~120+65 um.
SEM images were obtained at an accelerating voltage of 10 kV and a working distance of 10.6 mm.

Conductivity

The electrical conductivity of MXene and MAX phases samples was evaluated from measured sheet re-
sistance using the Ossila four-point probe system (Osilla, UK), combined with thickness measurements to
calculate conductivity. Four-point probe measurements were performed following the procedures described
in [59].

Statistical Analysis

All experimental data were collected in triplicates and data expressed as average + standard deviation.
Data were compared using a one-way ANOVA with post-Bonferroni test using GraphPad Prism 5.04
(GraphPad Software Inc.)

Results and Discussion

TisC,T, MXene was synthesized through selective chemical etching of the aluminum layers in the par-
ent MAX phase TisAlC, using hydrofluoric acid (HF) at various concentrations. This etching process occurs
due to the preferential reactivity of aluminum with HF, resulting in the formation of soluble AlF; species and
the release of hydrogen gas (H,), while the titanium-carbon framework remains largely intact. Consequently,
the layered structure of Ti3C, is preserved, and surface terminations such as —F, —OH, and —O are introduced,
resulting in TisC,T, (Fig. 1).

ﬁ —
— 3

Ti,AlC, i
HF + Ti,AlC, > TisCoT4 + A, Af Removal Exfoliation &
MA?( Phase & Layer Etching Surface Termination
(Ti,AlC,)

Figure 1. Schematic representation of MXene preparation via selective chemical etching process

In the FTIR spectrum of pristine, non-etched TisAlC, (Fig. 2, curve 1), the weak absorption bands are
observed, indicating the absence of significant surface functionalization. A broad, low-intensity band in the
3443-3439 cm* region corresponds to O—H stretching vibrations. The bands at 2854 and 2925 cm™* arise
from C—H stretching vibrations, likely associated with trace organic residues remaining from the synthesis
process, while the weak band near 1640 cm™ is assigned to the bending vibration of adsorbed water mole-
cules, attributed to their hydrophilic nature [60]. In the low wavenumber region (500-800 cm*), characteris-
tic vibrations of Ti—C and Ti—Al bonds dominate, which are typical of Ti-based MAX phases and confirm
that the layered TisAlC, structure is preserved with negligible surface terminations.

For the sample MX-6 (Fig. 2, curve 2), a noticeable broadening and increase in intensity of the O—H
stretching band at ~3440 cm ™' is observed, indicating the initial formation of hydroxyl groups on the MXene
surface. At the same time, weak new features appearing in the 550-650 cm* region indicate the onset of
Ti—O bond formation. When the HF concentration is increased to 12 % and 24 %, the intensity of the O-H
stretching band increases significantly, reflecting a higher density of hydroxyl terminations. In addition, ab-
sorption bands in the 12001400 cm ™ region, assigned to C—F stretching vibrations, indicate the progressive
incorporation of fluorine terminations. Notably, for the sample MX-24 (Fig. 2, curve 4), a balanced intensity
of O-H and C-F groups is observed, together with clear Ti—O/Ti—F vibrations in the low-wavenumber re-
gion [61]. This behaviour indicates that the Al layers were effectively removed while the Ti—C backbone of
the structure remained intact. With further increase of the HF concentration to 36 % and 48 %, an intense
O-H stretching band is also observed; however, the comparison of absolute intensities between different KBr
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tablets is semi-quantitative due to different water sorption. The enhanced intensity of the band near
1640 cm™ is attributed to a higher degree of water molecule intercalation between the MXene layers. How-
ever, the appearance of distinct Ti—F vibrations in the 550650 cm™ region for these samples indicates ex-
cessive fluorine coverage of the surface. This observation is consistent with the structural degradation and
over-etching effects revealed by SEM and XRD analyses.

Absorbance, a.u.

4000 3500 3000 2500 000 1500 1000 500
Wavenumber, cm™

Figure 2. FTIR spectra of MAX phase (1) and MXene samples:
MX-6 (2), MX-12 (3), MX-24 (4), MX-36 (5), MX-48 (6)

Overall, the FTIR analysis indicates that HF concentration influences the evolution of surface-related
functional groups on Ti3C,T, MXene. Since FTIR provides qualitative information on vibrational features,
the observed band intensities are discussed as relative trends rather than precise quantitative measurements.
While incomplete functionalization is observed at low concentrations, an optimal ratio of —-OH, —F, and =O
groups is achieved at an intermediate concentration (24 %). Higher HF concentrations, however, lead to ex-
cessive fluorination, which may compromise the structural stability of the material.

The structural changes occurring during HF etching of TizAIC, and the subsequent formation of Ti;C,T,
MXene were investigated using XRD (Fig. 3a). The neat Ti;AlC, sample exhibits sharp and intense diffrac-
tion peaks characteristic of the MAX phase, confirming its high crystallinity and well-ordered layered struc-
ture. The (002) peak observed at a low angle (~9.49°) corresponds to the regular stacking of Ti—C layers
separated by Al atomic layers, including characteristic peaks around 26 = 19.2° (004), 29.5° (103/006),
36.4° (104), 39.2° (105), and 42.3° (106) [62].

After HF etching, significant changes are observed in the diffraction patterns of all Ti;C,T, samples.
For the sample MX-6, the (002) peak shifts to a lower 26 value, indicating an increase in interlayer spacing,
which is commonly attributed to partial Al removal and is often accompanied by the formation of surface
functional groups. The persistence of a few residual MAX-phase peaks, such as the (104) reflection at ~39°,
indicates that etching was not fully complete and exfoliation of the MAX phase is limited. When the HF
concentration is increased to 12 %, Al-related peaks further weaken and the (002) peak becomes more pro-
nounced at ~9.26°. This indicates more effective Al removal and partial opening of the layered structure;
however, traces of the MAX phase are still present, confirming that the etching process is not yet complete.
At low HF concentrations (6 % and 12 %), the etching reaction proceeds slowly and incompletely. SEM and
XRD results indicate that a significant fraction of the Al layers remains within the structure, which limits
interlayer expansion and suppresses effective layer separation. The persistence of MAX-phase reflections in
XRD patterns and the relatively compact layered morphology observed by SEM confirm that insufficient
etching hinders the formation of well-separated MXene sheets (Fig. 4b, c). In this regime, the TizAIC, struc-
ture is only partially transformed, resulting in limited layer separation and structurally heterogeneous prod-
ucts.
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Figure 3. XRD patterns (a) of MAX-phase (1) and MXene samples: MX-6 (2), MX-12 (3), MX-24 (4),
MX-36 (5), MX-48 (6); Residual MAX-phase content of etched samples at different HF concentration,
determined from XRD analysis (b)

The most obvious structural transformation is observed in the sample MX-24. The XRD pattern shows
a strong and well-defined (002) MXene peak at ~9.21°, indicating successful conversion from Ti;AlC, MAX
phase, while the characteristic MAX-phase reflections, such as (104) at ~39° and (105) at ~41°, have nearly
vanished. The observed shift of the (002) peak, which is often the result of delamination or intercalation,
may also be related to the etching process. It is possible that functional groups such as —F, —OH, and =0
formed during etching can increase the interlayer spacing [63]. Increasing the HF concentration to an inter-
mediate level (24 %) results in efficient and selective Al removal. The disappearance (or significant weaken-
ing) of the (104) peak of the MAX phase and a pronounced shift of the (002) reflection to smaller angles
confirm successful etching and expansion of the interlayer space. The disappearance (or strong attenuation)
of the MAX-phase (104) peak and the pronounced shift of the (002) reflection to lower angles in XRD pat-
terns indicate successful etching and interlayer expansion. SEM observations reveal a typical accordion-like
multilayer morphology, characteristic of well-formed MXene (Fig. 4d). At this concentration, the Ti-C
framework remains structurally stable, while the surface becomes functionalized by —F, —OH, and —O groups
originating from the etching medium and subsequent washing steps. This balance between Al removal and
framework preservation results in structurally intact, multilayer TizC,Ty with expanded interlayer spacing.
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Figure 4. SEM images of MAX (a) and MXene samples: b) MX-6; ¢) MX-12; d) MX-24; ) MX-36; g) MX-48

XRD patterns of MX-36 and MX-48 show peak broadening and a decrease in intensity. These features
indicate structural disorder, defect formation, and partial degradation of the Ti—C framework. Although
weaker MXene peaks, such as (004) and (006), remain detectable, the intensity reduction indicates a signifi-
cant loss of long-range structural order. At higher HF concentrations (36 % and 48 %), the etching becomes
overly aggressive. Although Al is completely removed, excessive chemical attack leads to partial degrada-
tion of the TisC, layers, generation of structural defects, and possible thinning or fragmentation of the sheets.
This over-etching is reflected in the deterioration of the layered morphology in SEM images (Fig. 4e, f) and
the broadening or weakening of characteristic MXene diffraction peaks in XRD patterns. In addition, strong-
er fluorination at high HF concentrations increases the density of —F terminations, which may adversely af-
fect electrical conductivity and mechanical integrity [64].

As the HF concentration increased from 6 to 48 %, the (002) reflection gradually shifted to lower angles
(from 9.30° to 9.07°), indicating an increase in the c lattice parameter from 18.85 to 21.08 A and an expan-
sion of the interlayer spacing from 9.7 to 13.0 A (Tab. 1).
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Table 1
Structural parameters, yield and conductivity of samples
Sample a A c,A 20, ° Interlayer spacing, A | Yield, % | Conductivity, Sm™
MX-6 3.08 18.85 9.30 9.7 65 14400
MX-12 3.08 19.55 9.26 10.2 68 16500
MX-24 3.07 20.51 9.21 12.2 72 19200
MX-36 3.06 21.02 9.17 12.6 70 22300
MX-48 3.08 21.08 9.07 13.0 67 23800

The evolution of the low-angle (002) reflection can be interpreted in three complementary aspects.
First, the progressive attenuation/disappearance of characteristic MAX reflections (e.g., around ~39-41°)
evidences the gradual conversion of TizAIC, to TisC,T as the HF concentration increases. Second, the shift
of the (002) reflection towards lower 20 values together with the increase of the c lattice parameter (Tab. 1)
indicates interlayer expansion, which can arise from Al removal and the introduction of surface species and
interlayer water during washing. Third, at high HF concentrations (3648 %), the pronounced broadening
and intensity loss of the (002) and higher-order peaks suggest increased structural disorder and defect gen-
eration, consistent with over-etching effects observed by SEM. Importantly, in this work no dedicated inter-
calation chemistry (e.g., Li*-intercalation [65]) was applied; therefore, the observed basal-spacing changes
associated with interlayer expansion are attributed primarily to etching-induced structural evolution and sur-
face functionalization rather than deliberate intercalation-driven delamination.

This structural evolution was accompanied by a steady increase in MXene yield (from 65 % to 72 %)
and electrical conductivity of the corresponding films from 1.44x10* to 2.38x10* S m™ with increasing HF
concentration (Tab. 1), which corresponds to 144-238 S cm™. It should be noted that the conductivity of
TisC, T, films reported in the literature [34, 66] spans a broad range depending on the etching route, oxida-
tion state, flake size distribution, film density, and post-treatments (e.g., pressing, annealing, surface reduc-
tion). In this work, the films were prepared without additional densification, high-temperature annealing, or
chemical reduction, therefore the obtained values are expected to fall into a moderate conductivity regime.
Importantly, the consistent increase in conductivity correlates with the structural evolution revealed by XRD
(increasing ¢ parameter and interlayer spacing), indicating that more efficient Al removal and improved de-
lamination reduce the interflake contact resistance and promote better stacking/alignment of conductive
flakes in the film. At the highest HF concentrations (36-48 %), the conductivity continues to increase; how-
ever, SEM and XRD indicate the onset of structural degradation/over-etching, which suggests that further
optimization should balance conductivity gains against the preservation of sheet integrity.

Figure 3b illustrate the effect of HF concentration on the phase purity; increasing the HF concentration
leads to a significant decrease in the residual TizAlC, content: approximately 12 % at MX-6, 8 % at MX-12,
2 % at MX-24, 1.5 % at MX-36 and a minimum of 1 % at MX-48.

Overall, the XRD results demonstrate that HF concentration plays a critical role in controlling the etch-
ing efficiency and structural integrity of MXene. Low HF concentrations lead to incomplete Al removal,
whereas excessive HF results in structural degradation. Among the investigated conditions, HF concentra-
tions in the range of 24 % are considered optimal for producing well-exfoliated and structurally stable
MXene. These findings are in good agreement with the SEM, FTIR, and EDS analyses.

The smooth and dense surface, along with the absence of layer separation or significant structural de-
fects, can be attributed to the strong interlayer bonding characteristic of the MAX phase (Fig. 4a). EDS re-
sults provided a semi-quantitative estimation of the elemental composition, showing Ti, Al, and C as the
dominant elements with approximate values of 73.75 wt%, 18.20 wt%, and 8.04 wt%, respectively (Fig-
ure 5a), which are in reasonable agreement with the expected composition of the Ti;AIC, MAX phase [67].
Importantly, fluorine (F) and oxygen (O) were not detected in this sample, indicating the absence of surface
terminationsprior to etching. This confirms that the TizAIC, phase has a chemically inert and stable surface.

After etching the MAX phase with 6 % HF, initial changes on the material surface were observed
(Fig. 4b). SEM images revealed shallow pits and small voids, indicating the onset of the etching process.
Interlayer expansion was still very limited, and the overall structural integrity remained largely intact. EDS
analysis suggests an apparent decrease in the Ti signal to approximately 68.70 wt%, along with a marked
decrease in the Al signal. (Fig. 5) The apparent increase in the carbon signal to approximately 13.96 wt%
may be related to the relative enrichment of the Ti—C framework following Al removal. Additionally, the
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detected fluorine (~11.31 wt%) and oxygen (~6.03 wt%) signals in the EDS spectrum suggest the formation
of fluorine- and oxygen-containing surface species through interaction with HF. These groups likely play an
important role in enhancing the hydrophilicity and chemical reactivity of the MXene surface [68]. Minor Ti
loss and partial exfoliation were not clearly visible in the SEM images, and these phenomena were primarily
confirmed through elemental analysis.

At 12 % HF, the etching process became more pronounced. It was observed the partial separation of
layers and loosely packed lamellar structures, suggesting further Al removal and partial formation of MXene
(Fig.4c). Full delamination had not yet occurred, as the layers remained partially aggregated. EDS analysis
suggests an apparent increase in the Ti signal to approximately 73.65 wt%, which may reflect the exposure
of additional TisC, layers after Al removal. Meanwhile, the C content slightly decreased to 11.14 wt%, pos-
sibly due to partial surface restructuring or degradation. The detected F (~10.15 wt%) and O (~4.76 wt%)
signals remained noticeable, suggesting continued surface functionalization. This sample represents a transi-
tional stage between partial etching and optimal exfoliation.

The sample M-24 exhibited the most favourable structural and chemical characteristics. SEM images
revealed the characteristic “accordion-like” morphology of MXenes, with significantly expanded interlayer
spacing. A similar “accordion-like” morphology of MXenes was also observed in Ref. [69] when the MAX
phase was etched using a 30 % HF solution. In our case, the development of this morphology at an HF con-
centration of 24 % can be attributed to the use of microwave irradiation, which enhances the reaction kinetics
and allows efficient etching at a comparatively lower etchant concentration [41].

This morphology is particularly beneficial for applications requiring a high surface area, such as energy
storage or catalysis. Although some regions still showed partial interlayer cohesion, the overall structure was
well exfoliated. EDS analysis showed an apparent high Ti signal (~76.74 wt%) among the samples, support-
ing the preservation of the Ti—C framework (Fig. 5). The detected F (~8.55 wt%) and O (~4.47 wt%) signals
suggest relatively balanced surface functionalization. This sample represents the optimal balance between
effective Al removal, structural stability, and surface functionalization.

At 36 % HF concentration, significant changes in morphology and chemistry were observed. Partial
collapse of lamellar structures, excessive widening of interlayer gaps, and local distortions were observed
(Fig. 4e). Although expanded layers remained, mechanical integrity began to deteriorate. EDS analysis sug-
gests that the Ti signal remained relatively high (~76.94 wt%), while the apparent C signal decreased to ap-
proximately 7.03 wt%, which may indicate partial degradation of the carbon framework. The F signal in-
creased to approximately 9.61 wt%, while the O signal appeared very low (~0.03 wt%); however, these val-
ues should be interpreted with caution due to the limited accuracy of EDS for light elements.
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Figure 5. (a) Atomic percentage of Ti, Al, C, F and O in MAX phase TizAIC,and Ti;C,T, samples
etched at different HF concentrations obtained from EDS analysis; (b) Mass percentage
of corresponding elements as a function of HF concentration

With 48 % HF, the sample showed severe alterations in both morphology, elemental composition and
size. SEM images revealed well-separated, thin, and smooth lamellar sheets, indicating high exfoliation.
EDS results suggest substantial compositional changes: the Ti signal decreased to approximately 60.93 wt%,
while the F (~18.15 wt%) and O (~8.27 wt%) signals increased markedly, suggesting over-functionalization
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(Fig. 5). Excessive etching led to surface passivation, which could significantly impair the electrochemical
properties of the material.

The SEM observations are consistent with the XRD-derived structural evolution and the electrical con-
ductivity trend. At low HF concentrations (6—12 %), the limited layer separation and the presence of residual
MAX reflections indicate incomplete etching, which likely results in heterogeneous stacking and higher in-
terflake contact resistance in films. At intermediate HF concentration (24 %), the formation of a well-
developed accordion-like architecture indicates effective Al extraction and opening of interlayer galleries,
while XRD still shows comparatively preserved structural order and EDS suggests relatively balanced F/O
signals. This condition provides the best overall balance between phase conversion, structural integrity, and
controlled surface functionalization, which is reflected in the highest yield (72 %) among the studied condi-
tions and a notable conductivity increase relative to MX-6 and MX-12. In contrast, at higher HF concentra-
tions (36-48 %), SEM and XRD evidence increasing disorder/fragmentation (peak broadening and morphol-
ogy deterioration), suggesting over-etching that may compromise mechanical integrity despite higher con-
ductivity. Therefore, MX-24 is identified as the most practical synthesis condition when both structural pres-
ervation and functional performance are considered. Although the highest electrical conductivity is observed
for the 48 % HF sample, this condition is associated with increased structural disorder and over-etching ef-
fects. In contrast, the 24 % HF sample provides the best overall balance between structural integrity, con-
trolled surface functionalization, morphology, yield, and electrical performance.

FTIR and EDS results indicate the formation of surface-containing species (e.g., oxygen- and fluorine-
containing groups) after HF treatment; however, these methods do not provide a complete chemical-state
assignment of the Ti;C,T, surface. FTIR reflects vibrational features that can overlap, and EDS is semi-
guantitative and does not distinguish bonding configurations. The apparent discrepancy between EDS and
FTIR results can be attributed to the limited sensitivity of EDS for detecting low concentrations of light ele-
ments and the fact that FTIR detects vibrational features of surface functional groups rather than bulk com-
position. Therefore, the discussion of —F/-OH/-O terminations in this work is presented as qualitative evi-
dence of termination evolution with etching conditions, while more definitive chemical-state identification
would require complementary XPS analysis.

In summary, SEM and EDS analyses demonstrate the critical effect of HF concentration on the morpho-
logical, yield and conductivity of TisC,T, MXene. 24 % HF provided the optimal balance, ensuring effective
Al removal, controlled surface functionalization, and high structural integrity. Lower concentrations (6 %
and 12 %) were insufficient for full exfoliation, while higher concentrations (36 % and 48 %) resulted in
over-functionalization and structural degradation. These findings highlight the importance of carefully opti-
mizing etching conditions for MXene applications in energy storage, catalysis, and sensing.

Conclusions

TisC,T, (MXene) was successfully synthesized from TisAlC, (MAX phase) by selective etching in hy-
drofluoric acid (HF) solutions with different concentrations (6 %, 12 %, 24 %, 36 %, and 48 %) using a mi-
crowave-assisted approach. The obtained samples were comprehensively characterized by FTIR, XRD,
SEM, and EDS techniques.

FTIR spectra indicated the presence of various surface-related species on the MXene layers. Samples
etched at lower HF concentrations (6 % and 12 %) exhibited relatively more visible O—H vibrational fea-
tures, whereas those treated at higher HF concentrations (36 % and 48 %) were dominated by bands associ-
ated with F- and O-containing groups, highlighting the strong influence of etching conditions on the surface
chemistry of MXene. XRD analysis revealed a systematic shift and broadening of the characteristic (002)
reflection near 26 =~ 9.5°, indicating an increase in the interlayer spacing and partial structural disordering.
This effect became more pronounced for the MX-24, MX-36, and MX-48 samples, confirming progressive
etching and structural transformation of the MAX phase.

SEM observations showed that increasing HF concentration led to a more pronounced separation of the
layered structure. At higher HF concentrations (36-48 %), stronger etching led to more pronounced inter-
layer opening; however, this was accompanied by peak broadening, structural disorder, and partial degrada-
tion of the Ti—C framework, indicating over-etching rather than improved structural quality. EDS analysis
further demonstrated a significant decrease in aluminum content with increasing HF concentration, accom-
panied by an increase in fluorine and oxygen contents, which is consistent with progressive surface function-
alization of Ti;C,Ty.
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Overall, this work not only provides a systematic assessment of the effect of HF concentration on the
formation of TisC,T, MXene, but also highlights the effectiveness of microwave-assisted etching in over-
coming Kinetic limitations of the selective etching process. The identified processing window and the estab-
lished structure—property correlations offer practical guidelines for tailoring Ti;C,T, MXenes for conductive
film and interfacial layer applications.
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