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is and morphological analysis of
Mo2CTx and Ti3C2Tx MXenes: a study on
multilayered and delaminated architectures

Vasanth Magesh,†a Raji Atchudan,†b Sandeep Arya, c

Surendra H. Mahadevegowda d and Ashok K. Sundramoorthy *a

MXenes, a family of two-dimensional transition metal carbides, nitrides, and carbonitrides, display high

conductivity, large surface area, hydrophilicity, and biocompatibility. This work demonstrates

a comparative scalable synthesis of multilayer (m-MXene) and delaminated (d-MXene) Mo2CTx and

Ti3C2Tx from their MAX phases (Mo2Ga2C and Ti3AlC2) using optimized HCl/HF/DI water etchants (ratios

of 6 : 3 : 1 for Mo2Ga2C and 6 : 1 : 3 for Ti3AlC2) via an LiCl-assisted delamination strategy. Significant

interlayer expansion is confirmed by XRD (002) peak shifts (from 9.81° to 8.03° for Mo2CTx and from

9.51° to 8.80° for Ti3C2Tx), while their lateral sizes reached 2–5 mm for Ti3C2Tx and 0.5–1 mm for

Mo2CTx. The UV-Vis spectra showed characteristic absorption peaks at 209, 230, 295, and 568 nm for

Mo2CTx and at 263, 325, and 798 nm for Ti3C2Tx, confirming their delamination and distinctive electronic

structure. Thorough structural and compositional characterizations (UV-Vis spectroscopy, XRD, HR-SEM,

EDS, Raman spectroscopy, and FTIR spectroscopy) verified the successful synthesis of MXenes. This

study provides the first direct systematic comparison of Mo2CTx and Ti3C2Tx MXenes, establishing

benchmarks for the scalable production and applications of MXenes.
1 Introduction

MXenes are two-dimensional (2-D) transition metal carbides,
nitrides, and carbonitrides with the general formula of Mn+1-
XnTx. In this formula, “M” represents an early transition metal
(such as Ti, Mo, V, Sc, Nb, and Cr), “X” is carbon and/or
nitrogen, “n” is an integer from 1 to 4 indicating the layer
thickness, and “Tx” represents surface functional groups (–F, –
O, and –OH) introduced during the wet chemical etching
process, where “A” is typically a group 13 or 14 element, except
boron (B) and carbon (C).1,2 MXenes have gained global research
interest for their potential in energy storage, photovoltaics,
nanoelectronics, and optoelectronics,3,4 motivating funda-
mental studies on their synthesis, structure, and surface
chemistry. Both stacked multilayer and single-layer delami-
nated MXenes have attracted tremendous attention in many
elds including supercapacitors, sensors, EMI shielding,
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actuators, eld-effect transistors, photothermal therapy, and
cancer treatment.5–12 Their unique properties, including high
electrical conductivity,13 metallic nature,14 hydrophilicity,15

biocompatibility,16,17 and large surface area, make MXenes
highly valuable across these research elds.18 Recent publica-
tions have highlighted Ti3C2Tx, Mo2CTx, and other related
MXenes and their applications in adsorption,19 antimicrobial
activity,20 environmental remediation,21 water treatment and
pollution control.21,22 To date, over 62 distinct MXenes have
been synthesized experimentally, and many others have been
theoretically examined.23–25 However, the majority of research to
date has focused on Ti3C2Tx.26,27

Various synthesis methods have been developed to etch the
MAX phase for producing multilayer MXenes (m-MXenes) and
to utilize intercalating agents for delaminating m-MXenes into
few-layer or monolayer MXenes (d-MXenes).28 The etching and
delamination processes signicantly inuence the shape, size,
morphology, and surface chemistry of MXenes, which in turn
affect their processing and performance.14,29–31 Wet chemical
etching is the most commonly used method for preparing
MXenes. In this approach, immersing MAX phases in concen-
trated hydrouoric acid (HF) leads to the separation of layers
and the introduction of –OH and –F terminal groups.32 During
this wet etching, ‘A’-layer is gradually removed to produce m-
MXenes, while organic agents (e.g., TBAOH and DMSO) or
inorganic compounds (e.g., cationic surfactants) are used to
delaminate m-MXenes into d-MXenes.28 However, HF-etched
© 2025 The Author(s). Published by the Royal Society of Chemistry
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MXenes oen exhibit small lateral sizes and structural
defects.33,34 To address these issues, a minimally intensive layer
delamination (MILD) method was adopted to produce high-
quality MXenes, which was based on in situ HF generated
using LiF, HCl and biuoride-based etchants (NH4HF2, NaHF2,
and KHF2).35–39 These methods have their own strengths and
limitations. MILD etching requires extended durations at room
temperature (RT) or shorter times at elevated temperatures and
typically involves organic intercalation or ultrasonication for
successful delamination. In contrast, the in situ HF method
produces clay-like aggregated m-MXenes, and delamination
into d-MXenes can be achieved using deionized (DI) water by
a simple hand-shaking liquid-assisted process (no need for
organic intercalation or ultrasonication).28,40 However, the in
situ formation of HF leads to a slower etching rate and some-
times incomplete removal of the A-layer, which may leave
residual A-site elements in the MXene structure due to its less
aggressive nature compared to concentrated HF. Therefore,
longer etching durations are required, which can affect the
overall quality and yield of the resulting MXene.41 Additionally,
the etching process can generate unwanted byproducts such as
salts (e.g., LiCl and GaF3) or gel-like residues during the washing
process, which are difficult to remove completely and may also
interfere with the delamination process and the nal applica-
tion of MXenes.42–44 Biuoride-based etching methods require
additional steps to remove the residual inorganic cations aer
the etching process, especially when intended for specic
applications.45,46 Furthermore, Mathis et al. emphasized that
the production of high-quality m-MXenes and d-MXenes
depends not only on optimized etching methods but also on
the quality of the starting MAX phase.47 They had demonstrated
that synthesizing Ti3AlC2 with an excess of aluminum enhances
the structural integrity and morphology of MAX phase grains.
This approach resulted in high-quality Al–Ti3C2Tx MXene
nanosheets with superior chemical stability, allowing storage
for up to 10 months without signicant oxidation or degrada-
tion.47 This study highlights the importance of optimizing both
the MAX phase synthesis protocols and etching processes to
achieve consistent and reliable MXene production.

Despite notable progress inMXene synthesis methodologies,
signicant research gaps persist, particularly in conducting
systematic comparative studies among different MXene types
and optimizing synthesis protocols for less-explored families
such as Mo2CTx. Most existing studies focus on individual
MXenes, which restricts our understanding of how synthesis
parameters should be customized for distinct MAX phase
precursors with diverse chemical compositions. Moreover, the
correlation between precursor properties and the resulting d-
MXene morphology remains poorly elucidated.

To bridge these gaps, the present study reports the rst
comprehensive comparative synthesis and characterization of
Mo2CTx and Ti3C2Tx MXenes under identical experimental
conditions. The novelty of this work is fourfold: (1) optimization
of etchant composition (HCl : HF : DI water), determining ideal
ratios (6 : 3 : 1 for Mo2Ga2C and 6 : 1 : 3 for Ti3AlC2) based on the
intrinsic chemical differences between Mo–Ga and Ti–Al
bonding in their respective MAX phases; (2) detailed
© 2025 The Author(s). Published by the Royal Society of Chemistry
morphological and structural comparison of Mo- and Ti-based
MXenes throughout the synthesis pathway (MAX / m-MXene
/ d-MXene); (3) successful fabrication of d-MXenes via LiCl
intercalation alone, removing the need for organic intercalants,
ultrasonication, or other aggressive delamination treatments;
and (4) systematic evaluation of precursor inuence on nal d-
MXene lateral dimensions, revealing that Ti3C2Tx MXenes
exhibit 2–5 mm lateral sizes, whereas Mo2CTx MXenes achieve
0.5–1 mmwhen subjected to optimized HCl/HF/DI water etching
followed by LiCl-assisted delamination at room temperature.
This integrated approach effectively promotes interlayer
expansion and enables direct side-by-side assessment of Mo-
and Ti-based MXenes, offering valuable insights into how
etching and delamination conditions affect MXene structural
integrity.

Overall, this study establishes the rst unied comparative
framework that links synthesis parameters, structural evolu-
tion, and morphological characteristics across different MXene
families. The ndings provide critical benchmarks for opti-
mizing MXene synthesis and deepen the understanding of how
MAX phase chemistry dictates the properties of derived 2D
MXenes. This comparative methodology is anticipated to
advance the rational design of synthesis strategies for emerging
MXene compositions, facilitating more predictable control over
their structure and performance for diverse applications.
2 Experimental
2.1 Chemicals and reagents

Titanium aluminum carbide (Ti3AlC2) and molybdenum
gallium carbide (Mo2Ga2C) MAX phase powders were purchased
from Aritech Chemazone, India. Hydrochloric acid (HCl, 35%)
and lithium chloride (LiCl, 99%) were obtained from Sigma-
Aldrich, India. Hydrouoric acid (HF, 48%) was sourced from
NICE Chemicals, India. All chemicals were used as received,
without further purication. Common laboratory-grade
reagents were employed as per standard protocols. Distilled
water (DI water) with a resistivity of 18.2 MU$cm was supplied
using a Millipore system.
2.2 Preparation of Mo2CTx m-MXenes and d-MXenes

To prepare Mo2CTx m-MXenes, the Mo2Ga2C MAX phase
powder was pretreated to remove impurities (unreacted gallium
(Ga), molybdenum (Mo), and carbon (C) during MAX phase
synthesis), and then wet etching was performed. For the
removal of impurities, 1 g of Mo2Ga2C MAX phase powder was
pretreated with 30mL of 9MHCl for 24 h.47 During this process,
the solution turned yellow aer 10 h and became completely
golden yellow within 24 h (Fig. 1 and S1A). The treated powder
was vacuum-ltered, thoroughly rinsed with DI water, and dried
at 80 °C for 24 h in a vacuum oven under −25 inHg pressure,
resulting in a greenish-gray powder with a our-like texture
(Fig. S2A). Next, 0.5 g of the dried powder was etched in 30mL of
a solution comprising 12 M HCl, 48% HF, and DI water in
a ratio of 6 : 3 : 1.47 The etching process was conducted at 70 °C
± 3 °C in an oil bath with continuous stirring at 400 rpm for
Nanoscale Adv., 2025, 7, 8122–8137 | 8123
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Fig. 1 Schematic of the etching and delamination process of Mo2CTx from theMo2Ga2CMAX phase. The diagram shows the selective etching of
Ga layers followed by LiCl-assisted delamination, yielding multilayer and delaminated Mo2CTx sheets.
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120 h. The resulting etched mixture was washed multiple times
by centrifugation at 3500 rpm for 5 min per cycle using 30 mL of
DI water. Washing process was continued until the supernatant
achieved a pH between 6 and 7, which was typically reached
aer the h wash.

For Mo2CTx d-MXene preparation, the centrifuged precipi-
tate (m-Mo2CTx) was added to 50 mL of 0.5 M LiCl and stirred at
400 rpm at RT for 24 h.47 The mixture was washed by centrifu-
gation at 3500 rpm for 5 min to remove unreacted LiCl. By the
fourth wash, the supernatant became slightly transparent with
a brown tint, indicating the successful removal of excess LiCl.
Aer the fourth wash, N2-purged DI water was added to the
precipitate, hand-shaken for 2 min and centrifuged at 3500 rpm
for 30 min. The resulting supernatant appeared as a transparent
brownish-green solution (Fig. S3A), conrming the delamina-
tion of Mo2CTx MXenes. This process was repeated three times,
and the collected transparent brownish-green supernatant
containing the d-MXene was stored separately. Aer three
repetitions, the remaining precipitate was re-dispersed and
stored in tightly sealed PTFE bottles at 4 °C.

The product yields at each synthesis stage are summarized as
follows: For Mo2CTx, starting from 500 mg of Mo2Ga2C MAX
precursor, approximately 305 mg of multilayer MXenes were
obtained aer acid etching, corresponding to a yield of ∼61%.
Subsequent delamination produced about 120 mg of delami-
natedMXenes, equivalent to∼24% of the initial MAX precursor.
Some material loss is expected during repeated washing steps
following etching and LiCl treatment. Only the delaminated
monolayer and few-layer MXene sheets remain suspended in
the supernatant aer sedimentation, representing the actual
8124 | Nanoscale Adv., 2025, 7, 8122–8137
yield of the delaminated product. These variations in yield are
attributed to the intrinsic structure of the MAX phase and the
efficiency of the etching process.
2.3 Preparation of Ti3C2Tx m-MXenes and d-MXenes

The Ti3C2Tx MXene was synthesized by following a similar
procedure to that used for Mo2CTxwith slight changes. First, 1 g
of Ti3AlC2 powder was immersed in 30 mL of 9 MHCl for 24 h at
RT without stirring to remove impurities (unreacted titanium
(Ti), aluminum (Al), and C during MAX phase synthesis).47 In
the beginning, (rst 2 min), the air bubbles began to emerge
from the powder in the HCl solution (likely hydrogen gas [2Al(s)
+ 6HCl(aq) / 2AlCl3(aq) + 3H2(g)]) (Fig. 2). Aer 10 h, the solu-
tion's color shied to a pinkish–purple hue, and later it turned
completely pinkish–purple aer 24 h (Fig. S1B).28 The treated
powder was then ltered using a vacuum ltration system and
rinsed several times with DI water to remove residual HCl.
Subsequently, the powder was dried at 80 °C for 24 h in
a vacuum oven under a pressure of −25 inHg, resulting in
a blackish-gray powder with a texture resembling that of ne
black-sand (Fig. S2B). Next, 0.5 g of the dried powder was etched
in 30mL of an etching solution composed of 12MHCl, 48%HF,
and DI water in a ratio of 6 : 1 : 3.47 The etching process was
conducted with stirring at 400 rpm for 24 h at a controlled
temperature of 35 ± 2 °C using an oil bath. The resulting
mixture was washed repeatedly by centrifugation at 3500 rpm
for 5 min per cycle with 30 mL of DI water until the supernatant
achieved a pH of 6 or higher. In this procedure, the pH of the
supernatant was stabilized between 6 and 7 aer the sixth wash.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic of the etching and delamination process of Ti3C2Tx from the Ti3AlC2 MAX phase. The scheme depicts selective Al removal
using an acid mixture and subsequent LiCl-assisted delamination, producing multilayer and delaminated Ti3C2Tx sheets.
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For Ti3C2Tx d-MXene preparation, the centrifuged precipi-
tate of m-MXenes was added to 50 mL of 0.5 M LiCl solution and
stirred at 400 rpm at RT for 24 h.47 Themixture was then washed
with DI water by hand-shaking for 1 min, followed by centri-
fugation at 3500 rpm for 5 min to remove unreacted LiCl. Aer
the third wash, the supernatant became slightly transparent
with a greenish tint, indicating the successful removal of
unreacted LiCl. Thereaer, N2-purged DI water was added to the
precipitate, hand-shaken for 2 min, and centrifuged at
3500 rpm for 30 min. Finally, the supernatant appeared as
a transparent green solution (Fig. S3B), conrming the delam-
ination of Ti3C2Tx MXenes. This process was repeated three
times, and the collected transparent green supernatant con-
taining the d-MXene was stored separately. Aer three repeti-
tions, the remaining precipitate was re-dispersed and stored in
tightly sealed PTFE bottles at 4 °C.

The mass yields at each synthesis stage are summarized as
follows: for Ti3C2Tx, acid etching of 500 mg of Ti3AlC2 MAX
precursor produced approximately 360 mg of multilayer MX-
enes, corresponding to a yield of ∼72%. Subsequent delami-
nation yielded around 155 mg of delaminated MXenes,
equivalent to ∼31% of the initial MAX material. Minor material
loss occurs during the repeated washing steps following etching
and LiCl treatment. The true yield of the delaminated product
corresponds to the monolayer and few-layer MXene sheets that
remain suspended in the supernatant aer sedimentation.
© 2025 The Author(s). Published by the Royal Society of Chemistry
These yield variations are inuenced by the intrinsic MAX phase
structure and the efficiency of the etching process.

2.4 Instrumentation

The absorption spectra of the Ti3C2Tx and Mo2CTx d-MXenes
were examined by UV-Visible spectroscopy (UV-Vis, LAMBDA
365+, PerkinElmer, USA). A D8-Advance XRD (BRUKER, Bi-
llerica, MA, USA) was used for recording the X-ray diffraction
(XRD) data. The surface structure and morphology of the
Ti3C2Tx and Mo2CTx d-MXenes were investigated using a high-
resolution scanning electron microscope (HR-SEM, Quanta
FEG 200F, FEI, USA). Energy-dispersive X-ray spectrum (EDS)
data were obtained using an XPLORE-30 (Oxford, UK). Raman
spectra were acquired using an XPLORA plus (HORIBA, Kyoto,
Japan) with 532 nm laser excitation. Spectrum-II (PerkinElmer,
USA) equipment was used to record the Fourier transform
infrared (FTIR) spectra. All characterizations (except UV-Vis)
were performed using vacuum-dried powder samples of the
MAX phases, m-MXenes, and d-MXenes.

3 Results and discussion
3.1 UV-visible spectra of Mo2CTx and Ti3C2Tx d-MXenes

The UV-Vis spectra of Mo2CTx and Ti3C2Tx d-MXenes reveal
distinct absorbance peaks for each material. Mo2CTx exhibits
peaks at 209 nm, 230 nm, 295 nm, and 568 nm (Fig. 3A),
whereas Ti3C2Tx shows peaks at 263 nm, 325 nm, and 798 nm
Nanoscale Adv., 2025, 7, 8122–8137 | 8125
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Fig. 3 UV-visible absorption spectra of delaminated MXene suspensions: characteristic absorption peaks of (A) Mo2CTx and (B) Ti3C2Tx, high-
lighting their distinct electronic structures. Insets: photographs of the d-MXene dispersed solutions, indicating colloidal stability.
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(Fig. 3B).48 The absorption peaks at 209 nm and 263 nm are
attributed to p / p* transitions within the Mo–C and Ti–C
framework, reecting strong electronic interactions in their
carbon structures.49 The absorption peak at 230 nm is also
attributed to the p / p* transitions in the Mo–C framework.

The dual peaks observed at 209 nm and 230 nm for Mo2CTx

d-MXenes with the same transition are probably due to differ-
ences in bonding environments and the inuence of surface
terminations such as –OH, –F, or ]O groups. The peaks at
295 nm (Mo2CTx) and 325 nm (Ti3C2Tx) are probably attributed
to n / p* transitions, involving lone pairs of electrons on
oxygen or other surface groups, interacting with the carbon p-
system. These transitions may also be inuenced by the surface
terminations of MXenes.49 In the visible region, a broad peak at
568 nm (for Mo2CTx) suggests d–d electronic transitions char-
acteristic of molybdenum atoms. Similarly, the absorbance at
798 nm in the near-infrared region for Ti3C2Tx indicates d–
d transitions typical of titanium atoms.28,50 The absorption
peaks observed in the visible and near-infrared regions reect
signicant electronic interactions within the Mo2CTx and
Ti3C2Tx d-MXene structures. These observations indicated the
charge transfer between metal centers and ligands, inuenced
by surface terminations.51,52 Additionally, the broad absorbance
features may arise from plasmonic-like collective oscillations of
delocalized electrons, as suggested in earlier MXene studies.53,54

UV-Vis spectroscopy validated the optical properties and
colloidal stability of both Mo2CTx and Ti3C2Tx MXenes. The
observed electronic transitions in their UV-Vis spectra are
consistent with the characteristic features reported by Alhabeb
et al. (2017), Mathis et al. (2021) and Sunderiya et al.
(2024).28,47,55 These results conrm that the optical transitions
and dispersion achieved in this study are in line with other
earlier studies, affirming successful synthesis and delamination
of both Mo- and Ti-based MXenes for advanced applications. To
further support these results, the oxidation stability of delami-
nated Mo2CTx and Ti3C2Tx MXene dispersions was evaluated by
monitoring their colloidal stability in DI water over 32 days
8126 | Nanoscale Adv., 2025, 7, 8122–8137
under ambient conditions (Fig. S4). Both dispersions main-
tained a stable, highly dispersed state with no visible sedi-
mentation or color change throughout this period. Theminimal
sedimentation observed aer 32 days indicated excellent resis-
tance to oxidation and prolonged colloidal stability for both
MXene types. While these observations demonstrated good
stability over 32 days, the longer-term oxidation stability was not
assessed. Moreover, the 32-day data suggested that the as-
prepared MXenes have strong resistance to oxidation and sus-
tained dispersion quality, supporting the retention of electronic
and optical transitions, as reected by the UV-Vis spectra.
3.2 XRD analysis of Mo2Ga2C and Ti3AlC2 systems

The XRD results of the Mo2Ga2C and Ti3AlC2 MAX phases, along
with their corresponding m-MXene and d-MXene forms, are
presented in Fig. 4. The XRD pattern of the pure Mo2Ga2C MAX
phase (Fig. 4A(i), red curve) exhibits diffraction peaks at 9.81°
(002), 19.68° (004), 34.16° (100), 37.35° (103), 39.91° (008),
42.56° (105), 45.86° (106), 49.48° (107), 53.51° (108), and 61.06°
(110).56,57 Aer etching Ga fromMo2Ga2C, signicant changes in
crystallinity and structure were observed, as shown in the m-
MXene XRD pattern (Fig. 4A(ii), blue curve). The (002) peak at
9.81° shied slightly to a lower angle of 8.86°, indicating an
increased d-spacing due to the expanded interlayer gap. A new
peak appeared at 25.77°, corresponding to the (006) reection.
This new peak is a characteristic feature of Mo2CTx MXenes,
signifying successful etching and the formation of the layered
MXene structure.56,58 In the Mo2Ga2C MAX phase, the compact
structure and the presence of Ga layers suppress the periodicity
required for the (006) reection. Aer Ga is eliminated, the
Mo2C layers undergo rearrangement, establishing a new peri-
odicity along the c-axis and resulting in the emergence of the
(006) peak.59 The disappearance of the (103) and (008) peaks at
37.35° and 39.94°, respectively, further conrms the successful
removal of Ga. Additionally, the (100) peak, originally located at
34.16°, shied slightly to a higher angle of 34.38° aer Ga
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XRD patterns of (A) Mo2Ga2C and (B) Ti3AlC2 systems showing (i) MAX phase, (ii) m-MXene, and (iii) d-MXene forms. The graphs high-
lighted in yellow and blue indicate that etching induces a shift in the (002) peak toward lower angles and the appearance of the (006) peak in m-
MXenes. Delamination further shifts the (002) peak due to Li+ intercalation and interlayer expansion.
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removal. This shi can be attributed to a slight contraction in
the lattice structure within the ab-plane (a and b axes).60 The
removal of Ga reduces interlayer interactions, leading to
a decrease in lattice parameters and causing the diffraction
angle of the (100) plane to increase, as explained by Bragg's
law.61 These structural changes reect the successful etching of
Ga and the subsequent formation of the Mo2CTx MXene. The
XRD pattern of the Mo2CTx d-MXene (Fig. 4A(iii), green curve)
reveals a reduction in the intensity of most peaks, except for the
(002) peak. Notably, the (002) peak is further shied to a lower
angle of 8.03°. This shi is attributed to the intercalation of Li+

ions during the delamination process, which increases the
interlayer spacing between the sheets.

The XRD pattern of the pure Ti3AlC2 MAX phase (Fig. 4B(i),
red curve, JCPDS No. 52-0875) exhibits diffraction peaks at 9.51°
(002), 19.14° (004), 33.98° (101), 36.70° (103), 38.85° (104),
41.71° (105), 44.82° (106), 48.38° (107), 52.25° (108), 56.31°
(109), and 60.17° (110).62–64 Aer etching aluminum (Al) from
Ti3AlC2, the crystallinity and structure underwent signicant
changes, as evident from the m-MXene XRD pattern (Fig. 4B(ii),
blue curve). The (002) and (004) peaks of Ti3AlC2, originally
found at 9.51° and 19.14°, were shied to lower angles of 8.92°
and 18.48°, respectively.

This indicated an increased d-spacing due to the expanded
interlayer gap. A new peak at 27.86°, corresponding to the (006)
reection, emerged as a characteristic feature of Ti3C2Tx

MXene, signifying successful etching and the formation of the
layered MXene structure.65–67 In the Ti3AlC2 MAX phase, the
compact structure and presence of Al layers inhibit the peri-
odicity required for the (006) reection. Upon Al removal, the
Ti3C2 layers rearrange and create a new periodicity along the c-
axis, which gives rise to the (006) peak.68 Additionally, the
absence of the (104) peak at 38.85°, originally present in the
MAX phase, further corroborates the successful removal of Al.69
© 2025 The Author(s). Published by the Royal Society of Chemistry
The Ti3C2Tx d-MXene XRD pattern (Fig. 4B(iii), green curve)
reveals a reduction in the intensity of the (002), (004), and (006)
peaks, which have slightly shied to lower angles of 8.80°,
18.25°, and 27.32°, respectively. These shis result from the
intercalation of Li+ ions, which increase the d-spacing between
the sheets during the delamination process.70,71 Additionally,
delaminated MXene layers align preferentially with their basal
planes parallel to the substrate or solvent interface, altering the
XRD patterns. In Mo2CTx d-MXenes, this alignment enhances
basal reections ((002) and (006)) while reducing the intensity of
the (100) peak, conrming successful delamination. In the
Ti3C2Tx d-MXene, the opposite trend is observed, with basal
plane reections being reduced and the (103) peak diminished
or disappeared, indicating successful delamination. The
combined effects of peak shis, reduced peak intensities, and
the disappearance of specic peaks demonstrated the success-
ful exfoliation of both Mo2CTx and Ti3C2Tx MXenes into
monolayer or few-layer delaminated sheets. The observed (002)
diffraction peak shi for Ti3C2Tx (from 9.51° in the MAX phase
to 8.80° in the d-MXene) is consistent with the values reported
by Naguib et al. and Ghidiu et al. (2014), conrming a signi-
cant increase in interlayer spacing upon delamination and Li+

intercalation.40,62 Similarly, for Mo2CTx, the (002) peak shi
aligns with the ndings of Gupta et al. (2023) and Pazniak et al.
(2021), which also attribute to the expansion in d-spacing to Li+

insertion during the delamination process.56,57 These compa-
rable results validated the efficiency of the tailored synthesis
protocol employed in this study for achieving effective interca-
lation and exfoliation.

To quantify the structural changes, we calculated the (002)
interlayer spacing from Bragg's law (eqn (1) and (2)) using Cu Ka
radiation (l = 1.5406 Å) (Table 1). The Mo-system shows an
increase in d (002) from 9.01 Å (Mo2Ga2C MAX) to 9.97 Å (m-
Mo2CTx) and to 11.00 Å aer delamination (d-Mo2CTx),
Nanoscale Adv., 2025, 7, 8122–8137 | 8127
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Table 1 Interlayer spacings (d (002)) and % changes of Mo2CTx and Ti3C2Tx compared with their parent MAX phases using Bragg's law

System Phase 2q (°) (current work) d (002) (Å) % Change vs. MAX

Mo2Ga2C / Mo2CTx MAX (002) 9.81 9.009 Å —
m-MXene (002) 8.86 9.973 Å 10.70%
d-MXene (002) 8.03 11.002 Å 22.12%

Ti3AlC2 / Ti3C2Tx MAX (002) 9.51 9.292 Å —
m-MXene (002) 8.92 9.906 Å 6.60%
d-MXene (002) 8.8 10.041 Å 8.06%
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corresponding to +10.70% and +22.12% increases, respectively.
The Ti-system increases from 9.29 Å (Ti3AlC2 MAX) to 9.91 Å (m-
Ti3C2Tx) and to 10.04 Å (d-Ti3C2Tx), i.e., +6.60% and +8.06%,
respectively. These quantitative changes support the interpre-
tation that Li+ intercalation and delamination substantially
increase the interlayer separation, and that the Mo-system
undergoes a larger relative expansion than the Ti-system
under our etching/delamination conditions.

nl = 2d sin q (1)

d ¼ nl

2 sin q
(2)

3.3 HR-SEM and EDS analysis of Mo2Ga2C and Ti3AlC2

systems

The surface morphology and elemental composition of
Mo2Ga2C and Ti3AlC2 MAX phases, m-MXenes, and d-MXenes
were analyzed by HR-SEM imaging and EDS, as illustrated in
Fig. 5 and 6. The molecular structures of the Mo2Ga2C and
Ti3AlC2 MAX phases, along with the etched m-MXenes and d-
MXenes, are depicted in Fig. 5A and 6A. The HR-SEM images
of the Mo2Ga2C MAX phase revealed a white-stone-like
morphology characteristic of Mo-MAX phases with well-
dened stacked grains (Fig. 5B(i)). Aer the etching process to
produce Mo2CTx m-MXenes, the HR-SEM images revealed
signicant exfoliation of Ga layers, resulting in a loosely packed
layered morphology (Fig. 5B(ii)). In the proposed etching
method, the Mo2Ga2C MAX phase did not undergo vigorous
etching as it would with highly concentrated HF. The slow
removal of the A-layer and gradual release of H2 during etching
led to the formation of this type of structure. The d-Mo2CTx

MXene demonstrated further delamination, with monolayer
sheets, conrming the successful delamination of Mo2CTx-
MXenes (Fig. 5B(iii)). The delaminated MXene sheets exhibited
slightly bent edges and a smooth surface morphology.

Similarly, the HR-SEM images of the Ti3AlC2 MAX phase
display its characteristic rock-like layered morphology, with
individual particles measuring approximately 10–15 mm and
exhibiting distinctly stacked grains (Fig. 6B(i)). Upon etching to
form the multilayer Ti3C2Tx (m-MXene), the morphology
transforms into a layered structure (Fig. 6B(ii)), where the
stacked layers, oriented perpendicular to the imaging plane,
clearly reveal the material's multi-layered nature.72,73

Subsequent delamination leads to the formation of Ti3C2Tx
8128 | Nanoscale Adv., 2025, 7, 8122–8137
d-MXenes, consisting of completely separated, monolayer
MXene sheets (Fig. 6B(iii)).

The d-MXene sheets of Ti3C2Tx exhibited sharp edges and
a smooth surface, in contrast to the bent edges observed in
Mo2CTx d-MXenes. This difference can be attributed to the
structural composition of the MXenes: Ti3C2Tx has three layers
of titanium and two layers of carbon in each sheet, whereas
Mo2CTx comprises two layers of molybdenum and one layer of
carbon, making the Mo2CTx sheets more prone to bending and
uneven edges compared to the sharper edges of Ti3C2Tx MX-
enes. The HR-SEM images showed larger lateral sizes for the
Ti3AlC2 MAX phase (5–10 mm) compared to the Mo2Ga2C MAX
phase (1–2 mm). Aer delamination, the lateral size of the
Ti3C2Tx MXene observed in this study (2–5 mm) is slightly larger
but broadly consistent with the atomic-scale characterization
reported by Pazniak et al. (2019), who produced Ti3C2Tx akes
with an average lateral size close to 1–2 mm with uniform
morphology using self-propagation high-temperature synthesis
(SHS) and grinding to produce Ti3AlC2 MAX phases.74 For
Mo2CTx MXenes, the observed lateral sizes (0.5–1 mm) are
comparable to those reported by Guo et al.(2020),75 who found it
difficult to obtain Mo2CTx akes larger than 1 mm regardless of
etching technique, where most akes being sub-micrometer in
size. The lateral sheet size distributions of the exfoliated
Mo2CTx and Ti3C2Tx MXenes were quantied using the ImageJ
soware from the HR-SEM images. The size measurements
were plotted as histograms and tted with a normal (Gaussian)
distribution using the Origin soware (shown in Fig. S5). This
analysis revealed a notable difference in mean lateral sheet
sizes: approximately 620 nm for Mo2CTx and 3.7 mm for Ti3C2Tx.
These ndings conrmed that both of the synthesis routes and
the quality of the precursor MAX phase play crucial roles in
determining MXene sheet morphology and size.

The EDS spectra were used to conrm the formation of
Mo2CTx by analyzing the atomic weight percentages of
elemental compositions in the MAX phase, m-MXene, and d-
MXene. The MAX phase (Mo2Ga2C) showed the presence of
Mo (35.80%), Ga (34.71%), C (15.39%), and O (14.10%)
(Fig. 5C(i)). For Mo2CTx m-MXenes, the EDS spectrum
conrmed the presence of Mo (19.49%), C (47.01%), and O
(29.30%) (Fig. 5C(ii)). Moreover, uorine (F, 2.09%) and chlo-
rine (Cl, 2.11%) were detected in the EDS spectrum of the m-
MXene, originating from the etchant used. In the Mo2CTx d-
MXene, the EDS analysis conrmed the presence of Mo
(16.19%), C (50.94%), and O (28.85%) (Fig. 5C(iii)).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Molecular models, illustrating the Mo2Ga2C MAX phase, selective Ga removal to form m-MXenes (Mo2CTx), and LiCl-assisted
delamination yielding mono- and few-layer sheets. (B) SEM images, indicating the morphological changes: (i) white-stone-like Mo2Ga2C MAX
(∼2–4 mm), (ii) stacked multilayer Mo2CTx (∼1–2 mm), and (iii) exfoliated, bent-edge delaminated Mo2CTx sheets (∼0.5–1 mm). (C) EDS spectra,
showing the corresponding compositional changes: (i) Mo, Ga, C, O in MAX; (ii) strong Ga reduction and appearance of F/Cl terminations in m-
MXenes; and (iii) enhanced surface functionalization in d-MXenes.
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Similarly, the EDS spectrum of the Ti3AlC2 MAX phase
(Fig. 6C(i)) conrmed its elemental composition, with Ti
(37.93%), Al (11.49%), C (37.11%), and O (13.47%). In the m-
MXene (Ti3C2Tx) spectrum (Fig. 6C(ii)), the removal of Al is
evident, along with increased ‘O’ and ‘F’ contents, attributed to
surface terminations. The elemental composition of m-MXenes
includes Ti (29.39%), C (33.23%), O (22.30%), F (14.69%), and Cl
(0.39%). For d-MXenes (Fig. 6C(iii)), the spectrum highlighted
the presence of Ti (27.89%), C (34.17%), O (23.56%), F (14.09%),
and Cl (0.29%), with a signicantly reduced Al content, further
conrming successful etching and delamination processes. The
EDS analysis of both Mo2CTx and Ti3C2Tx d-MXenes showed
elements with weight percentages, which are well consistent
with the values reported by Guo et al. (2020), Wei et al. (2023),
Yan et al. (2019) and Feng et al. (2019), conrming preservation
of the Mo–C and Ti–C framework.75–78 Both MXenes exhibited
strong F and O signals, reecting surface terminations intro-
duced during HF etching and subsequent ambient oxidation, in
© 2025 The Author(s). Published by the Royal Society of Chemistry
line with Alhabeb et al. (2017).28 The higher carbon content is
attributed to the direct adherence of both titanium and
molybdenum MAX phase, m-MXene, and d-MXene powders to
the carbon tape during SEM and EDS analyses. The slightly
elevated O and F contents, compared to some previous reports,
can be ascribed to the optimized etching ratios employed,
which promote enhanced termination coverage and surface
uniformity. These ndings not only align with earlier studies
but also set new benchmarks, highlighting how the etching
chemistry critically governs the surface termination density and
stability of MXenes.
3.4 Raman analysis of Mo2Ga2C and Ti3AlC2 systems

The Raman spectra of Mo2Ga2C and Ti3AlC2 systems of MAX
phase, m-MXene, and d-MXene are presented in Fig. 7. The
Raman peaks were observed at different stages of the material
transformation, highlighting structural and vibrational changes
during etching and delamination. The Raman spectrum of the
Nanoscale Adv., 2025, 7, 8122–8137 | 8129
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Fig. 6 (A) Molecular models, illustrating the transformation of Ti3AlC2 MAX intomultilayer Ti3C2Tx (m-MXene) after selective Al removal, followed
by LiCl-assisted delamination yielding mono- and few-layer sheets. (B) SEM images, indicating the morphological changes: (i) dense rock-like
Ti3AlC2 MAX (∼10–15 mm), (ii) stacked multilayer Ti3C2Tx (∼5–10 mm), and (iii) exfoliated, sharp-edge delaminated sheets (∼1–2 mm). (C) EDS
spectra, showing the elemental compositional changes: (i) Ti, Al, C, and O in MAX; (ii) significant Al removal and appearance of F/Cl terminations
in m-MXenes; and (iii) enhanced surface functionalization in d-MXenes.
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Mo2Ga2C MAX phase (Fig. 7A(i), red curve) exhibited distinct
peaks at 201.5, 331.8, 419.8, 633.1, and 748.4 cm−1. The Raman
bands at 201.5, 331.8, and 419.8 cm−1 labeled as S1, S2, and S3
correspond to the characteristic shear (E2g) and longitudinal
(A1g) vibrational modes of Mo and Ga atoms along the c-axis in
the layered MAX phase structure.79,80 Specically, the S1 peak is
associated with the vibrations of Ga atoms.81 The peaks at 633.1
and 748.4 cm−1 are attributed to Mo–Ga and Mo2C vibrations
within an octahedral coordination. Upon etching to form
Mo2CTx m-MXenes (Fig. 7A(ii), blue curve), signicant changes
were observed in the Raman spectrum. A sharp, high-intensity
peak appeared at 827.7 cm−1, while the peaks at 201.5 and
633.1 cm−1 corresponding to the vibrations of Ga and Mo–Ga in
the MAX phase were signicantly reduced, indicating the
successful removal of Ga layers and the formation of Mo2CTx

MXene. The peaks at 827.7 and 998.1 cm−1 are characteristic of
the E2g and A1g vibrations of the Mo2C layer in the MXene
structure.82–84 Low-intensity peaks at 289.3, 350.2, and
8130 | Nanoscale Adv., 2025, 7, 8122–8137
432.5 cm−1 (labeled as S2, S3, and S4 in Fig. 7A(ii)) correspond to
out-of-plane Mo and C vibrations inuenced by surface termi-
nations (–F, –O, or –OH groups) introduced during the etching
process.85 For delaminated Mo2CTx MXenes (Fig. 7A(iii), green
curve), further spectral changes conrmed successful delami-
nation. The increased intensity and sharpness of the peak at
207.2 cm−1 (labeled as S2 in Fig. 7A(iii)) are attributed to the
formation of surface oxide on the Mo2CTx MXene surface.86

Additional peaks at 298.5 and 348.4 cm−1 (labeled as S3 and S4
in Fig. 7A(iii)) were attributed to Mo–C vibrations inuenced by
intercalated Li+ ions or structural rearrangements.80 New peaks
at 574.6 and 1110.2 cm−1 were identied as artifacts from the
glass microscope slide (marked with “+” in Fig. 7A(iii)) used for
MXene sample preparation as the substrate.87,88 The Raman
peaks at 207.2, 298.5, and 348.4 cm−1 exhibited slight shis
compared to the corresponding peaks at 289.3, 350.2, and
432.5 cm−1 of m-MXenes, probably due to interference from the
glass substrate peaks (574.6 and 1110.2 cm−1). Similarly, the
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00669d


Fig. 7 Raman spectra of the (A) Mo2Ga2C and (B) Ti3AlC2 systems, shown for their (i) MAX phase, (ii) m-MXene, and (iii) d-MXene. For Mo2Ga2C,
S1, S2, and S3 peaks correspond to the shear (E2g) and longitudinal (A1g) vibrational modes of Mo and Ga atoms along the c-axis; the diminution of
Ga-related peaks after etching is marked with dashed lines. In Ti3AlC2, j1, j2, and j3 peaks correspond to E2g and A1g modes of Ti and Al. The j1

disappears after etching and the peak at 156.3 cm−1 (“*”) denotes out-of-plane Ti/C vibrations.
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characteristic peaks of Mo2CTx MXenes at 827.7 and 998.1 cm−1

shied slightly to 729.4 and 912.6 cm−1, which also attributed
to the glass substrate. The peaks at 729.4 and 912.6 cm−1

represent characteristic Mo2C vibrations, with their reduced
intensity further conrming the successful delamination of the
MXene.

The Raman spectrum of the Ti3AlC2 MAX phase exhibits
distinct peaks at 156.3, 270.7, 403.4, 617.2, 1346.1, and
1569.3 cm−1 (Fig. 7B(i), red curve). The characteristic peaks of
the layered MAX structure at 270.7, 403.4, and 617.2 cm−1 are
labeled as j1, j2, and j3, respectively, and correspond to the E2g
and A1g vibrational modes of Ti and Al atoms.89–92 The j1 peak is
specically associated with the vibrations of Al atoms. The peak
at 156.3 cm−1 marked with “*” is attributed to the out-of-plane
vibrations of Ti and C atoms.93 Raman bands at 1346.1 and
1569.3 cm−1 are associated with sp2-hybridized carbon, indi-
cating the presence of carbon-based vibrations in the struc-
ture.94 Upon etching to produce m-MXenes, signicant changes
were observed in the Raman spectrum (Fig. 7B(ii), blue curve).
The disappearance of the j1 peak in the MXene spectrum
correlates with the successful removal of Al layers and the
formation of the MXene structure. Low-intensity peaks at 408.8
and 624.2 cm−1 correspond to Ti–C vibrational modes inu-
enced by surface terminations such as –F, –O, or –OH
groups.86,93,95,96 A sharp high-intensity peak at 163.9 cm−1 and
a low-intensity peak at 214.7 cm−1, marked with “*”, are
attributed to the formation of oxide on the Ti3C2 surface86,97,98

and the out-of-plane vibrations of Ti–C atoms, respectively.99,100

The D and G bands, located at 1337.4 and 1578.5 cm−1,
respectively, indicate the presence of disordered and graphitic
carbon within the material.101,102 Further changes in the Raman
spectrum of delaminated Ti3C2Tx MXenes conrmed the
successful delamination. The d-MXene spectrum displayed
© 2025 The Author(s). Published by the Royal Society of Chemistry
peaks at 163.9, 216.5, 408.1, 578.2, 638.4, and 1102.1 cm−1

(Fig. 7B(iii), green curve). The peaks at 163.9 and 216.5 cm−1 are
similar to those observed in m-MXenes correspond to the
surface-oxidized Ti3C2 peak and out-of-plane vibrations of Ti–C
atoms, respectively (marked with “*”). However, the intensity of
the 163.9 cm−1 peak was reduced in the delaminated spectrum.
The peaks at 408.1 and 638.4 cm−1 are associated with Ti–C
vibrations, with their increased intensity probably inuenced by
interactions with intercalated ions or functional groups.103

Conversely, the peaks at 578.2 and 1102.1 cm−1 are attributed to
artifacts from the glass microscope slide (marked with “+”) used
for Raman sample preparation.87,88 The slight shi observed in
the 638.4 cm−1 peak compared to m-MXenes is probably due to
Li+ ion intercalation and also the interference from the glass
substrate. The D and G bands at 1346.8 and 1569.4 cm−1 remain
prominent in the delaminatedMXene spectrum, indicating that
carbon-based vibrations are retained aer delamination. The
reduced intensity of the surface-oxidized peak at 163.9 cm−1

and the increased intensity of the characteristics peak of Ti3C2

vibration and G band in the d-MXene spectrum further conrm
the successful delamination of Ti3C2Tx MXene. The ID/IG ratio
decreased for d-MXene (0.82) compared to the m-MXene (0.98)
and the MAX phase (1.15), indicating the successful formation
of the Ti3C2Tx d-MXene with a reduced structural disorder.

The Raman spectra distinctly captured the transformation
from MAX phases to m-MXenes and d-MXenes, reecting the
structural and chemical modications induced during the
etching and delamination processes. In Mo2CTx, the disap-
pearance of Ga-related peaks and the emergence of Mo–C
vibrational modes at 729 and 912 cm−1, along with additional
weak bands between 207 and 432 cm−1 associated with surface
terminations, conrm the successful conversion. These obser-
vations align well with those reported by Bayhan et al. (2023)
Nanoscale Adv., 2025, 7, 8122–8137 | 8131
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and Gupta et al. (2023), who identied similar Mo–C bands and
termination-related features, indicating effective Ga removal
and preservation of the carbide framework.57,104 Likewise, for
Ti3C2Tx, the spectra exhibit characteristic Ti–C modes at 163–
217 and 408–638 cm−1, together with pronounced D
(∼1340 cm−1) and G (∼1570 cm−1) bands, indicating sp2 carbon
ordering. This spectral prole is consistent with earlier ndings
by Sarycheva and Gogotsi (2020), Ferrari and Robertson (2000),
and Rajendran et al. (2022), who reported comparable Raman
features in delaminated Ti-based MXenes.92,95,99,101 Overall, the
Raman signatures of both MXenes substantiate the phase
purity, structural integrity, and low defect density achieved
through the present synthesis approach.

3.5 FTIR analysis of Mo2Ga2C and Ti3AlC2 systems

FTIR and Raman spectroscopies are complementary techniques
widely used to study vibrational modes in materials. FTIR
spectroscopy is particularly effective in detecting Raman-
inactive vibrational modes, such as Eu and A2u, making it
a valuable tool for characterizing surface terminations, such as
chemical bonds, MXene-based organic hybrids, and hydrogen
bonding.105 The FTIR spectra of Mo2Ga2C and Ti3AlC2 MAX
phases, m-MXenes, and d-MXenes exhibit distinct features
across two main regions. The surface functional group region
(4000–1500 cm−1) reveals peaks associated with hydroxyl (–OH),
oxygen (–O) and carbon bonds (C–H, C]O), while the nger-
print region (1500–400 cm−1) contains unique absorption peaks
that identify molecular vibrations characteristic of each mate-
rial's structure.

For the Mo2Ga2C MAX phase (as shown in Fig. 8A(i), red
curve), the Ga–C stretching peak at ∼1023 cm−1 is specic to
gallium carbide bonds,106 Mo–O stretching at ∼762 cm−1 is
linked to partial surface oxidation of molybdenum while Mo–C
Fig. 8 FTIR spectra of (A) Mo2Ga2C and (B) Ti3AlC2, showing transitions
peaks of Mo–C/Ga–C and Ti–C/Al–C appear in the fingerprint region o
diminish in the MXene spectra, and new peaks corresponding to surface
the plotted graph.
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stretching and bending vibrations at ∼2322 cm−1 and
∼580 cm−1 are characteristic of molybdenum carbide in the
MAX phase.107,108 The spectrum of the Mo2CTx m-MXene (as
shown in Fig. 8A(ii), blue curve) reveals O–H stretching vibra-
tions between∼3600 and∼3200 cm−1, conrming the presence
of hydroxyl surface terminations introduced during etching,
and O–H bending at ∼1411 cm−1 further supports this func-
tionalization.99 The C–H stretching at ∼2890 cm−1 reects
aliphatic hydrocarbon vibrations. The spectrum also shows
C]O stretching at ∼1621 cm−1 reecting carbonyl groups.109,110

Additionally, Mo–F stretching at ∼852 cm−1 indicates uorine
terminations from HF etching, Mo–O stretching at ∼733 cm−1

suggests molybdenum oxide species, the Mo–C stretching and
bending at∼2343 cm−1 and∼610 cm−1 conrmed the presence
of molybdenum carbide bonds.109,110 The spectrum of the
Mo2CTx d-MXene is similar to that of the m-MXene, with slight
shis in peaks due to delamination (Fig. 8A(iii), green curve).
These include O–H bending at ∼1410 cm−1 and C–H stretching
at ∼2901 cm−1. Additionally, Mo–F stretching at ∼883 cm−1

suggests increased uorine terminations, while Mo–C stretch-
ing and bending at ∼2326 cm−1 and ∼619 cm−1 indicated the
carbide framework's retention.

Similarly, the FTIR spectrum of the Ti3AlC2 MAX phase
(Fig. 8B(i), red curve) conrms its structural integrity through
distinct vibrational signatures. The C–H stretching at
∼2331 cm−1 indicates hydrocarbon interactions, while the C–O
stretching at ∼1251 cm−1 suggests surface oxides or possible
impurities. The Al–C stretching at ∼799 cm−1 underscores
aluminum–carbon bonds, essential for the MAX phase struc-
ture.111 The Ti–O stretching at ∼599 cm−1 reveals partial surface
oxidation of titanium, possibly due to environmental exposure,
while the Ti–C stretching and bending at ∼2322 cm−1 and
∼559 cm−1 conrmed the presence of titanium carbide bonds,
from (i) MAX to (ii) m-MXene and (iii) d-MXene. Characteristic vibration
f both systems (Mo2Ga2C and Ti3AlC2). The Ga- and Al-related peaks
functional group-related vibrations (–OH, –F, and ]O) are pointed in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 FTIR vibrationmodes of Mo2CTx and Ti3C2TxMXenes: empirically determined114 vs.DFT-predicted for –F2 and –O2 terminations (Tx)105
a

MXene type

MXene vibration modes

M–C ∼350−450 cm−1 C–C ∼400−500 cm−1 M–O ∼500−650 cm−1 M–F ∼700−750 cm−1

Mo2CTx (Mo–C)99,115,116 (C–C)114,117–119 (Mo–O)99,115,116 (Mo–F)116,120

Ti3C2Tx (Ti–C)109,110 (C–C)114,117–119 (Ti–O)109,110 (Ti–F)118,120

a Footnotes: in the table, empirical terminations are presented in parentheses, while DFT-predicted terminations with –F are marked with “*”, and
terminations with ]O remain unmarked. Discrepancies between DFT predictions and empirical data arise from the use of a single-termination
model and the inherently broad range of empirical FTIR data. All structural visualizations were created using the VESTA soware.
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a dening feature of the MAX phase.109,112 Additionally, the C–C
bending vibration at ∼445 cm−1 highlights in-plane deforma-
tion of carbon–carbon bonds, characteristic of the layered
structure.99,113

The FTIR spectrum of the etched Ti3C2Tx m-MXene
(Fig. 8B(ii), blue curve) shows signicant functionalization
and new surface terminations aer etching process. The broad
O–H stretching (3600–3200 cm−1) and O–H bending
(∼1394 cm−1) conrmed the addition of –OH groups.99 The C–H
stretching at∼2892 cm−1 reected hydrocarbon functionalities.
C]O stretching at ∼1802 cm−1 indicated a carbonyl
group.109,110 The C–F stretching at ∼1248 cm−1 and Ti–F
stretching at ∼764 cm−1 conrmed uorination from the
etching solution, while Ti–O stretching at ∼654 cm−1 and Ti–C
stretching and bending at ∼2323 cm−1 and ∼584 cm−1

demonstrated retention of titanium oxide and carbide
bonds.109,112 The Ti3C2Tx d-MXene spectrum (Fig. 8B(iii), green
curve) resembles that of the m-MXene, with peak shis due to
delamination. These include O–H bending at ∼1410 cm−1 and
C–H stretching at ∼2901 cm−1, reecting altered chemical
environments. Enhanced C–F stretching at ∼1252 cm−1 and Ti–
F stretching at ∼773 cm−1 highlighted uorination, while Ti–O
stretching at ∼652 cm−1 and Ti–C stretching and bending at
∼2327 cm−1 and ∼598 cm−1 conrmed structural stability. A
C–C bending vibration in the range of 550−450 cm−1 is
observed in the Ti3AlC2 MAX phase, m-MXene, and d-MXene,
within the ngerprint region.99,113 However, this vibration
© 2025 The Author(s). Published by the Royal Society of Chemistry
corresponds to a weak A2u (C–C) IR mode, making it less
signicant for FTIR-based identication of Ti3AlC2. The FTIR
analysis revealed the detailed surface chemistry of both Mo2CTx

and Ti3C2Tx MXenes following etching and delamination
processes.105

This is evidenced by the appearance of broad –OH peaks,
which are absent in the MAX phase but become prominent in
the m-MXene and d-MXene, indicating surface functionaliza-
tion. For Mo2CTx, distinct O–H, C–H, C]O, and Mo–F
absorption bands conrmed the presence of hydroxyl, carboxyl,
and uoride terminations, while the preserved Mo–C vibrations
indicate retention of the carbide framework. These features are
consistent with DFT predictions and spectral assignments re-
ported by Parker et al. (2024), reecting the complex and over-
lapping contributions of mixed surface terminations.105

Similarly, Ti3C2Tx exhibits characteristic O–H, C]O, Ti–F, and
backbone Ti–C vibrational modes, in agreement with both
theoretical and experimental analyses by Hu et al. (2015) and
Parker et al. (2024).99,105 Collectively, these studies establish
a robust framework for interpreting MXene FTIR signatures.
The strong correspondence between experimental spectra and
DFT-predicted vibrational modes (Table 2) conrms effective
delamination, functionalization, and structural integrity across
Mo- and Ti-based MXenes, thereby validating the surface
chemistry and phase preservation crucial for advanced MXene
applications. Moreover, the FTIR vibrational modes of Mo2CTx

and Ti3C2Tx (Table 2) demonstrate strong alignment between
Nanoscale Adv., 2025, 7, 8122–8137 | 8133
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empirically observed peaks and DFT-predicted modes for
surface terminations such as –F2 and –O2, further supporting
the presence of these functional groups on the MXene surfaces.

4 Limitations of the study

While this study provides the rst systematic comparative
synthesis of Mo2CTx and Ti3C2Tx MXenes under identical pro-
cessing conditions, several limitations should be noted. First,
the investigation was restricted to only two MXene systems (Mo-
and Ti-based), and the conclusions may not directly extend to
other emerging MXene families. Second, the structural and
morphological characterizations were comprehensive.
However, quantitative surface chemistry (e.g., XPS depth
proling) and computational modeling (e.g., DFT-based elec-
tronic structure calculations) were not included, which would
have further validated the interpretations of the UV-Vis, FTIR,
and Raman features. Third, only short-term oxidation stability
(up to 32 days) was observed, despite the importance of long-
term stability for practical applications. Finally, the study was
limited to laboratory-scale synthesis; thus, the scalability of the
optimized etching protocols to industrial levels remains yet to
be demonstrated. These limitations dene the scope of our
work while also pointing to clear directions for future research
aimed at extending the comparative framework to other MXene
families, integrating advanced surface/electronic characteriza-
tions, and assessing long-term performance in device-relevant
environments.

5 Conclusion

This study demonstrates a comparative scalable synthesis
strategy of both multilayer and delaminated Mo2CTx and
Ti3C2Tx MXenes, by tailored acid etching and LiCl-based
delamination without organic intercalants or ultrasonication.
This unied protocol contrasts with conventional in situHF and
concentrated HF approaches by yielding enhanced ake quality,
scalable yields, and reproducible control of MXene morphology
and surface chemistry. Key ndings including signicant
interlayer expansion (XRD shis: 9.81° / 8.03° for Mo2CTx,
9.51° / 8.80° for Ti3C2Tx), lateral sheet sizes of 0.5–1 mm
(Mo2CTx) and 2–5 mm (Ti3C2Tx), and distinct UV-Vis absorption
features conrmed the strong electronic transitions and high-
quality delamination. HR-SEM and EDS analyses conrmed
robust morphology and elemental composition, while spectro-
scopic analysis conrms delamination and structural integrity.
This work offers a direct, rigorous comparison of Mo- and Ti-
based MXenes under identical conditions, showcasing
a facile, safe, scalable route to high-quality MXenes with well-
preserved carbide frameworks and surface terminations (–OH,
–F, and ]O). These results provide critical comparative data
and clearly demonstrated how etchant formulation and
delamination strategies inuence the MXene properties.
Although no application-specic measurements are included,
the detailed structural benchmarks established here serve as
a foundation for future research into energy, sensing, and
ltration technologies utilizing MXenes.
8134 | Nanoscale Adv., 2025, 7, 8122–8137
Author contributions

Conceptualization: V. M. and A. K. S.; methodology, validation,
formal analysis, data curation, soware, writing – original dra
preparation: V. M.; resources, review and editing: R. A., S. A.,
and S. H. M.; resources, supervision, project administration,
funding acquisition, writing – review & editing, validation: A. K.
S. all authors have read and agreed to the published version of
the manuscript.

Conflicts of interest

The authors declare no conict of interest.

Data availability

We have provided all the obtained data in the manuscript.
Supplementary information: includes photographs of MAX-

phase impurity removal, delaminated MXene dispersion, and
oxidation stability of d-MXene, along with histogram plots of
the lateral sheet size distribution for Mo2CTx and Ti3C2Tx
MXenes. See DOI: https://doi.org/10.1039/d5na00669d.

Acknowledgements

We appreciate the Anusandhan National Research Foundation
(ANRF), India, for funding through CRG/2021/001517. We
thank the Indian Institute of Science (IISc)-Centre for Nano
Science and Engineering (CeNSE) department for providing
Micro Nano Characterization Facility (MNCF) for the charac-
terization of the MAX phase and MXene materials.

References

1 K. R. G. Lim, M. Shekhirev, B. C. Wyatt, B. Anasori,
Y. Gogotsi and Z. W. Seh, Nat. Synth., 2022, 1, 601–614.

2 D. N. Ampong, E. Agyekum, F. O. Agyemang, K. Mensah-
Darkwa, A. Andrews, A. Kumar and R. K. Gupta, Discover
Nano, 2023, 18, 3.

3 P. Kamakshi, J. Chandrappan, S. Chella and
G. K. Krishnamoorthy, Eur. Phys. J. Appl. Phys., 2024, 99, 23.

4 J. Liew, S. Bashir, K. Ramesh and S. Ramesh, Mater. Sci.
Eng., B, 2025, 314, 118076.

5 L. Damptey, B. N. Jaato, C. S. Ribeiro, S. Varagnolo,
N. P. Power, V. Selvaraj, D. Dodoo-Arhin, R. V. Kumar,
S. P. Sreenilayam, D. Brabazon, V. Kumar Thakur and
S. Krishnamurthy, Global Chall., 2022, 6, 2100120.

6 X. Li, Z. Huang, C. E. Shuck, G. Liang, Y. Gogotsi and C. Zhi,
Nat. Rev. Chem., 2022, 6, 389–404.

7 M. Yadav, M. Kumar and A. Sharma, ACS Appl. Nano Mater.,
2024, 7, 9847–9867.

8 C. K. Raj, R. Siranjeevi, S. S. Shabnum, P. Nivetha,
K. Benazir, A. Saravanan and A. S. Vickram, Environ. Qual.
Manag., 2024, 34, e22360.

9 S. Balasamy, D. Ganapathy, R. Atchudan, S. Arya and
A. K. Sundramoorthy, Curr. Cancer Ther. Rev., 2025, 21,
1016–1029.
© 2025 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1039/d5na00669d
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00669d


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
7/

20
26

 9
:5

8:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
10 P. Iravani, S. Iravani and R. S. Varma, Micromachines, 2022,
13, 1383.

11 B. Zhu, J. Shi, C. Liu, J. Li and S. Cao, Ceram. Int., 2021, 47,
24252–24261.

12 A. Liu, Y. Liu, G. Liu, A. Zhang, Y. Cheng, Y. Li, L. Zhang,
L. Wang, H. Zhou, J. Liu and H. Wang, Chem. Eng. J.,
2022, 448, 137691.

13 A. Lipatov, A. Goad, M. J. Loes, N. S. Vorobeva,
J. Abourahma, Y. Gogotsi and A. Sinitskii, Matter, 2021, 4,
1413–1427.

14 R. M. Ronchi, J. T. Arantes and S. F. Santos, Ceram. Int.,
2019, 45, 18167–18188.

15 L. Pandey, W. Liang, A. VahidMohammadi, T. Zhang,
Y. Gogotsi and M. Wanunu, RSC Adv., 2024, 14, 21635–
21643.

16 H. Li, R. Fan, B. Zou, J. Yan, Q. Shi and G. Guo, J.
Nanobiotechnol., 2023, 21, 73.

17 S. Balasamy, P. Sakthivelan, V. Magesh and
A. K. Sundramoorthy, Nanomedicine, 2025, 20, 1537–1547.

18 R. Akhter and S. S. Maktedar, J. Mater., 2023, 9, 1196–1241.
19 A. M. Amani, E. Vafa, M. Mirzae, M. Abbasi, A. Vaez,

A. Najdian, A. Jahanbin, S. R. Kasaei, S. Mosleh-Shirazi,
H. Kamyab, S. Chelliapan, S. Rajendran and
L. P. Guamán, J. Ind. Eng. Chem., 2025, 149, 275–312.

20 A. M. Amani, A. Rahbar, E. Vafa, L. Tayebi, M. Abbasi,
H. Kamyab, S. Chelliapan, S. R. Kasaee, A. Vaez and
S. Mosleh-Shirazi,Mater. Today Commun., 2024, 41, 110774.

21 A. M. Amani, M. Abbasi, A. Najdian, F. Mohamadpour,
S. R. Kasaee, H. Kamyab, S. Chelliapan, M. Shaee,
L. Tayebi, A. Vaez, A. Najaan, E. Vafa and S. Mosleh-
Shirazi, Ecotoxicol. Environ. Saf., 2025, 291, 117817.

22 A. M. Amani, M. Abbasi, A. Najdian, F. Mohamadpour,
S. R. Kasaee, H. Kamyab, S. Chelliapan, H. Ardeshiri,
L. Tayebi, E. Vafa, S. Mosleh-Shirazi, A. Jahanbin,
S. Rajendran and D. Simancas-Racines, Ecotoxicol.
Environ. Saf., 2025, 297, 118222.

23 B. Anasori and Y. Gogotsi, 2D Metal Carbides and Nitrides
(MXenes), Springer Nature, Cham, Switzerland, 1st edn,
2020.

24 M. Han, C. E. Shuck, R. Rakhmanov, D. Parchment,
B. Anasori, C. M. Koo, G. Friedman and Y. Gogotsi, ACS
Nano, 2020, 14, 5008–5016.

25 Z. Otgonbayar and W.-C. Oh, FlatChem, 2023, 40, 100524.
26 P. A. Rasheed, R. P. Pandey, F. Banat and S. W. Hasan,

Matter, 2022, 5, 546–572.
27 W. Cao, J. Nie, Y. Cao, C. Gao, M. Wang, W. Wang, X. Lu,

X. Ma and P. Zhong, Chem. Eng. J., 2024, 496, 154097.
28 M. Alhabeb, K. Maleski, B. Anasori, P. Lelyukh, L. Clark,

S. Sin and Y. Gogotsi, Chem. Mater., 2017, 29, 7633–7644.
29 X. Sang, Y. Xie, M.-W. Lin, M. Alhabeb, K. L. Van Aken,

Y. Gogotsi, P. R. C. Kent, K. Xiao and R. R. Unocic, ACS
Nano, 2016, 10, 9193–9200.

30 M. A. Hope, A. C. Forse, K. J. Griffith, M. R. Lukatskaya,
M. Ghidiu, Y. Gogotsi and C. P. Grey, Phys. Chem. Chem.
Phys., 2016, 18, 5099–5102.

31 D. Xiong, X. Li, Z. Bai and S. Lu, Small, 2018, 14, e1703419.
© 2025 The Author(s). Published by the Royal Society of Chemistry
32 S. Abdolhosseinzadeh, X. Jiang, H. Zhang, J. Qiu and
C. (john) Zhang, Mater. Today, 2021, 48, 214–240.

33 R. Verma, A. Sharma, V. Dutta, A. Chauhan, D. Pathak and
S. Ghotekar, Emergent Mater., 2024, 7, 35–62.

34 S. Lai, J. Jeon, S. K. Jang, J. Xu, Y. J. Choi, J.-H. Park,
E. Hwang and S. Lee, Nanoscale, 2015, 7, 19390–19396.

35 N. Tyagi, M. K. Singh, S. Moka andM. Khanuja,Hybrid Adv.,
2024, 7, 100285.

36 A. Feng, Y. Yu, F. Jiang, Y. Wang, L. Mi, Y. Yu and L. Song,
Ceram. Int., 2017, 43, 6322–6328.

37 A. Lipatov, M. Alhabeb, M. R. Lukatskaya, A. Boson,
Y. Gogotsi and A. Sinitskii, Adv. Electron. Mater., 2016, 2,
1600255.

38 C. E. Shuck, M. Han, K. Maleski, K. Hantanasirisakul,
S. J. Kim, J. Choi, W. E. B. Reil and Y. Gogotsi, ACS Appl.
Nano Mater., 2019, 2, 3368–3376.

39 Y. Tian, W. Que, Y. Luo, C. Yang, X. Yin and L. B. Kong, J.
Mater. Chem. A, 2019, 7, 5416–5425.

40 M. Ghidiu, M. R. Lukatskaya, M.-Q. Zhao, Y. Gogotsi and
M. W. Barsoum, Nature, 2014, 516, 78–81.

41 X. Zhang, W. Zhang and H. Zhao, Mater. Today Commun.,
2022, 33, 104384.
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