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Ultrafast microwave synthesis of Ti-based MXenes
with high yields
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We report a microwave-assisted method for synthesizing MXenes that accelerates hydrofluoric acid etching
of MAX phases by ~500-fold compared to conventional approaches. TizC, and TizCN MXenes were
obtained from TizAlC, and TizAICN within 3 minutes at 220 W, yielding ~90% and 70% product,
respectively. The process produces expanded, accordion-like structures that delaminate into flakes with
mild ultrasonication, eliminating post-synthesis intercalation. Rapid, uniform heating and hydrogen
evolution drive structural expansion and facilitate delamination. Structural and morphological analyses
(XRD, XPS, TEM, SEM, DLS, AFM) confirmed their successful synthesis, while electrochemical testing
showed performance comparable to conventionally prepared MXenes. This approach establishes a rapid,

rsc.li/rsc-advances

1. Introduction

Since their discovery over a decade ago," MXenes have emerged
as a versatile and rapidly expanding family of transition metal
carbides and nitrides, attracting significant global attention due
to their potential applications in many fields.>® These materials
are typically described by the chemical formula M,,X,T,,
where M denotes one or more transition metals, X represents
carbon and/or nitrogen, T signifies surface terminations such as
-OH, -F, -Cl, etc., and n ranges from 1 to 4.*

MXenes represent a broad and chemically diverse family of
two-dimensional (2D) transition metal carbides, nitrides, and
carbonitrides, with over 50 compositions synthesized to date.
Their physical and chemical properties can vary significantly
depending on composition, surface terminations, and struc-
tural characteristics.>” Owing to their high electrical conduc-
tivity, large specific surface area, hydrophilicity, efficient
electron-transfer capabilities, and tunable surface chemistry,
MXenes represent promising platforms for the immobilization
of biomolecules such as enzymes, antibodies, and aptamers,
making them attractive candidates for biosensing applications.”
In addition, the precise manipulation and tunability of physi-
cochemical properties, enabled by their abundant surface
terminations, facilitate the formation of composite materials,
further enhancing their potential in a wide range of other
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efficient, and high-yield route for scalable MXene production.

applications,®™® including catalysis,"" energy storage,"”” and

electromagnetic shielding.”*** In the biomedical domain,
MXene nanosheets have been explored for drug delivery appli-
cations and show significant promise as efficient sorbents for
urea and other uremic toxins.'>'®

Although MXenes have shown significant potential across
a wide range of applications, their synthesis remains a critical
bottleneck limiting further development and their broader
adoption in various applications. The most commonly
employed top-down synthesis approaches rely on selective
etching of A element layers (mostly Al) from MAX phases in
aqueous solutions of hydrofluoric acid (HF) or mixtures of
fluoride salts with hydrochloric acid (HCI).">” These methods
face two primary challenges: (i) the process is labor-intensive
and time-consuming, involving multiple steps - chemical
etching, repeated washing, exfoliation, delamination, collec-
tion, and filtration - and (ii) it requires the use of hazardous
etchants, including concentrated or chemicals that generate HF
in situ.® To address these limitations, alternative synthesis
methods are being developed, including etching parent MAX
phases in molten salts such as CuCl,, SnF,, etc., at elevated
temperatures.”*° Even though this method excludes HF or in
situ formation of HF, it is a significantly more time- and energy-
intensive process and includes etching at elevated temperatures
(>600 °C). Additionally, molten salt MXenes are challenging for
post-etching exfoliation to single- or a few-layer MXenes and
have poor dispersibility in aqueous dispersion due to the
hydrophobic nature of mostly Cl-terminated surfaces.***> Most
recently, a solvent-free, one-step gas-phase dry etching method
was developed using the strong oxidizing power of halogens and
hydrogen halide gases - such as Cl,, Br,, I, HCI, HBr, and HI—
to etch various A-elements (e.g., Al, Si, Sn) in MAX phases. As
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a result, pure MXenes terminated with specific gas-induced
functional groups can be obtained using this method.*
However, this method also requires a temperature above 500 °C
and the use of highly toxic gases. In addition, it may face
limitations in processing larger quantities of MXenes. Electro-
chemical etching is another alternative method proposed for
synthesizing MXenes by selectively removing the A-layers from
MAX phases. This approach utilizes a low-voltage electro-
chemical cell with a mild acidic electrolyte, typically diluted
hydrochloric acid (HCI). While it offers a safer and more envi-
ronmentally friendly alternative to conventional HF-based
chemical etching, it also presents several challenges. These
include the need for specialized electrochemical equipment
and precise control over process parameters such as voltage and
etching duration. Moreover, the incorporation of chlorine-
containing surface terminations (-Cl) from the HCI electrolyte
may alter the physicochemical properties of the resulting MX-
enes, potentially limiting their applicability in certain fields.”®**®

While conventional top-down methods that involve MAX
phase etching, a bottom-up synthesis method has also been
reported.*>*' For example, Ti,CCl, was produced “atom by
atom” by Chemical Vapor Deposition (CVD). This method
enables the growth of MXene complex spherulite-like
morphologies with no need for selective removal of “A” layers
from MAX phase, and as such, represents a breakthrough in the
MXene synthesis.*> However, this method faces several chal-
lenges, including low production rates, limited control over
morphology and crystallographic orientation, and the require-
ment for harsh processing conditions, which remain a key
limitation of the CVD approach.*

To overcome the time-consuming nature and high energy
consumption associated with conventional MXene synthesis via
MAX phase etching, researchers have proposed microwave (MW)-
assisted etching as an alternative approach.*** This technique
offers several advantages, including cost-effectiveness, opera-
tional convenience, improved controllability, rapid heating, and
enhanced reaction kinetics. In this process, the selective removal
of A-layer atoms from the MAX phase is significantly accelerated
by the microwave heating effect. Although the energy of an indi-
vidual MW photon (~0.0016 €V) is insufficient to directly break
the chemical bonds within the MAX phase, microwave radiation
can be efficiently absorbed by polar molecules such as HF and
water due to their permanent dipole moments. This absorption
induces molecular rotation, vibration, and friction, resulting in
rapid localized dielectric heating within seconds, thereby
promoting faster etching reactions.®* Zhu et al. reported that after
15 min of microwave irradiation at a power of 200 W, tempera-
tures exceeding 100 °C were achieved, which is sufficient to
accelerate the etching process of the MAX phase.* Furthermore,
during microwave synthesis, energy is generated within the
medium itself rather than transferred from an external source,
and combined with the high achieved temperatures, this results
in a drastic reduction in synthesis time. During this process,
hydrogen gas is rapidly generated, weakening the bonds between
etched layers, aiding delamination. The reaction starts at the
edges of the MAX phase, where etchant diffusion is most acces-
sible, and progresses inward. As the A-layers are gradually
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removed, voids form and are swiftly filled by HF and water
molecules, enabling further reactions on the planar surfaces.**

In conventional hydrothermal or chemical etching methods,
the synthesis of MXenes typically involves prolonged reaction
times (often hours or days), slow heat transfer through
conduction and convection, and limited control over reaction
selectivity and uniformity,>** whereas the microwave etching
process reduces the reaction time to minutes.” Beyond the
obvious time efficiency, microwave-assisted etching offers
enhanced reaction selectivity and improved yield, followed by
sustainability goals - lowering energy input and minimizing
environmental impact.***® The shortest duration for successful
microwave-assisted etching of MAX phases into MXenes, re-
ported by Zhu et al., was approximately 15 min.*> Any further
attempts to reduce this etching time resulted in the formation
of multiphase products containing substantial amounts of
unetched MAX phases.

In the present work, this etching time was further reduced to
only 3 min of microwave exposure. This study highlights the
practicality, convenience, and cost-effectiveness of microwave-
assisted synthesis by employing a conventional microwave
oven for MXene production. By applying a microwave power of
220 W for a total exposure time of 3 min, combined with
intermediate mixing and cooling cycles, the fastest reported
etching of Ti;AlC, and TizAICN MAX phases was achieved.

The implementation of 2D materials in sensing and bi-
osensing platforms is a rapidly expanding field, yet developing
affordable, high-performance systems remains a persistent
challenge. The ability to pair a simplified, 3 min home-
microwave synthesis with the exceptional properties of MX-
enes and their potential composites presents a compelling
pathway for sensor innovation. Our method achieves a yield of
70% and higher, providing a substantial quantity of material for
thorough investigative research. Furthermore, the rapid reac-
tion time allows fresh batches to be produced on demand,
ensuring a sustainable and efficient workflow. This study
reports the initial electrochemical evaluation of the synthesized
MXenes, establishing a foundation for their future integration
into advanced sensing and biosensing applications.

2. Experimental details
2.1 Material synthesis

TizAlC, MAX phase precursor was prepared by solid-state
reaction synthesis, using Ti (Sigma-Aldrich, —100 mesh, 99.7%),
Al (Alfa Aesar, —325 mesh, 99.5%), and TiC (Thermo Scientific,
99.5%) powders, mixed in a molar ratio of Ti/Al/TiC =1.1:1.2:
1.9. TiC is used as a precursor to prevent the excessive formation
of intermediate phases and to simplify the overall reaction
synthesis process, whereas 20% excess Al is used to compensate
for the potential loss during high-temperature treatment, which
could affect the stoichiometry of the desired MAX phase. To
ensure homogeneity, the powders were ball-milled for 24 h
using high-density zirconia (ZrO,) beads at a rotation speed of
250 rpm. After ball milling, the powders were placed in alumina
crucibles (Al,O3), and bulk Ti;AlC, samples were synthesized in
an inert argon (Ar) atmosphere using an MTI tube furnace

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Experimental details related to TizC, and TizCN syntheses
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Etching cycle

Mixing and cooling cycle

MAX phase MXene Number of cycles Duration of each MW cycle (min) Number of cycles Duration of each cycle (min)
TizAlC, TisC, 2 1.5 1 2
Ti;AICN Ti;CN 3 2 2

(Richmond, CA, USA) at 1510 °C with a dwell time of 4 h.
Following synthesis, the bulk Ti;AlC, was drill-milled, and the
resulting powders were sieved to obtain a final particle size of
less than 45 pm. On the other hand, Ti;AICN powder (99%) with
a particle size of about 35 pm was acquired from nano-
chemazone (Canada). Those MAX phase precursors were used
for the synthesis of Ti;C, and Ti;CN MXenes, by selective
chemical etching of Al from the corresponding MAX phase in
concentrated HF (48%). The MAX phase powders and concen-
trated HF acid were mixed in a 1:20 mass ratio (0.5 g MAX
phase: 10 ml cc. HF) by gradually adding the MAX phase into the
Teflon vessel with HF solution, over 2.5 min. After 5 min of
magnetic stirring at room temperature, the stir bar was removed
from the Teflon vessel, which was then placed in a MW oven (66,
FUEGO, Spain) and subjected to short MW heating cycles of 1-
or 1.5-minute-long MW exposure cycles at the power of 220 W.
To enable efficient mixing and cooling, the Teflon vessel was
transferred from the MW oven to the magnetic stirrer plate after
each MW heating cycle, where it was stirred for 2 min after
adding the stirring magnet to the vessel. This cycle costing of
MW-assisted heating, stirring, and cooling was repeated 2-3
times, depending on the sample, as summarized in Table 1,
whereas the schematics of the MAX phase etching and MXene
production are shown in Fig. 1.

As noted in Table 1, the synthesis of Ti;CN was performed
over more cycles than Ti;C,. Experimental results showed that
Ti;CN tends to overheat more readily, due to the higher lattice
energy of Ti;AICN during microwave treatment. To manage this
rapid energy release and preserve the structural integrity of the
material, the synthesis was performed in multiple shorter
cycles. After MW-assisted etching of both TizAlC, and Ti;AICN
using the procedure described in Table 1, samples were water-
washed out using a centrifuge (Centrifuge 5804, Eppendorf,
USA) for 5 min at a speed of 4500 rpm. Supernatants were di-
scarded after each centrifugation cycle until the pH reached
a value of ~5.5. Once the supernatant turned dark - indicating
the presence of dispersed MXene - it was collected and retained,
while the etched sediment, herein referred to as the main
sediment, was vacuum filtered and dried at 45 °C for 3 h in the
vacuum oven (VSMD-30, Vims electric, India). The supernatant
collected by washing was centrifuged once again at 7500 rpm,
and the sediment collected after this step (herein referred to as
the soft sediment) was also collected and dried using the same
procedure as in the case of the main sediment. The final
supernatant in this step was sonicated using an ultrasonic
homogenizer (Sonopuls 70HD, Bandelin, Germany) at 70%
power, employing continuous ultrasonic treatment for 30 min.
A sample for electrochemical measurements was prepared by

© 2026 The Author(s). Published by the Royal Society of Chemistry

mixing 500 pl of MXene suspension and 500 pl of poly(3,4-
ethylenedioxythiophene): polystyrene sulfonate PEDOT:PSS
(Sigma-Aldrich, USA).

To calculate yields after MW-assisted etching, the mass of
dried main sediments, dried soft sediments, and filtered MX-
enes from the final supernatants was measured and divided by
the initial mass of MAX phase used for etching. MXenes were
recovered from the final supernatant by vacuum filtration using
a hydrophilic membrane filter with a pore size of 100 nm. The
resulting films were dried in a vacuum oven at 45 °C for
approximately 24 h before mass measurements.

2.2 Materials characterization

X-ray diffraction patterns (MiniFlex 600, Rigaku, Japan) of the
MAX phase precursors, namely TizAlC, and TizAICN, dried main
sediments, were obtained by the diffractometer in the 5-60° 26
range in the range of 5-60° with a scanning rate of 0.11°/min to
verify the phase purity of the synthesized materials. Flake size
and morphological examination were performed using an
Apreo 2C Scanning Electron Microscope (SEM, Thermo Fisher
Scientific, Waltham, MA, USA), while the particle size and
distribution were characterized using dynamic light scattering
(Zetasizer, Malvern Instruments, UK), using the supernatant
diluted in DI water to a concentration of approximately 0.01 mg
ml ", The MXene surfaces were studied by X-ray photoelectron
spectroscopy (XPS), using SPECS systems with XP50M X-ray
source for Focus 500 and PHOIBOS100 energy analyzer using
a monochromatized Al Ka X-ray source (1486.74 eV), operating
at 12.5 kv and 250 W. Transmission electron microscopy (TEM)
was conducted using a FEI Talos F200X microscope equipped
with an X-FEG source and a maximum accelerating voltage of
200 kV, using both conventional and high-resolution trans-
mission electron microscopy (TEM/HRTEM) mode and along
with scanning transmission electron microscopy (STEM) mode
drop casting diluted dispersion onto the carbon-coated copper
grid. Atomic force microscopy (AFM) was performed by using
the tapping mode in a Dimension Icon (Bruker) to evaluate the
thickness of the particles in the MXene supernatant. To prepare
a sample for AFM, a dilute (~0.01 mg ml~") dispersion of the
final supernatant was dispersed in deionized (DI) water and
drop-cast on a mica substrate, followed by drying in air before
the analysis.

2.3 Electrochemical measurements

A commercial planar three-electrode carbon system (Metroohm
DropSens DRP-C11L) was used, consisting of a working elec-
trode coated with MXene/PEDOT: PSS composite, a carbon

RSC Adv, 2026, 16, 12989-12999 | 12991


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra10068b

Open Access Article. Published on 09 March 2026. Downloaded on 4/7/2026 2:32:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Microwave synthesis

View Article Online

Paper

Sample washing Ultrasonic treatment

Fig. 1 Schematic illustration of the MAX phase etching and MXene delamination process.

counter electrode, an Ag/AgCl reference electrode, and potas-
sium hexacyanoferrate (II, III) as a redox agent. Electrodes were
cleaned in an ultrasonic methanol bath for 15 min to remove
impurities before functionalization and electrochemical
testing. Bare electrodes were first characterized with a redox
probe using EIS and CV to establish baseline properties. After-
ward, they were functionalized with an MXene/PEDOT:PSS
composite to assess conductivity and performance. Since
MXene flakes were unstable in aqueous suspension, PEDOT:PSS
was used as a binding matrix; its positively charged PEDOT
chains interact electrostatically with negatively charged MXene
groups (-O~, -OH, -F), while hydrogen bonding between -OH
and -S further stabilizes the composite. The material was drop-
cast onto electrodes, dried at 90 °C for 10 min, and stabilized
overnight in a desiccator under an inert atmosphere.
Measurements were performed with a PalmSens 4 Potentiostat/
Galvanostat/Impedance Analyzer and PSTrace 5.8 software. CV
was conducted between —0.8 and +0.8 V, and EIS from 1 Hz to
100 kHz with a 10 mV amplitude. The potential window was
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chosen to capture redox peaks without electrode degradation or
side reactions. Impedance spectra were modeled with the open-
source EIS Spectrum Analyzer using a Randles circuit (https://
www.abc.chemistry.bsu.by/vi/analyser/).

3. Results and discussion

XRD patterns of TizAlC, precursor, main sediment, and Ti;C,
nanosheets from supernatant are shown in Fig. 2a, while those
for Ti;AICN precursor, main sediment, and Tiz;CN nanosheets
from supernatant are shown in Fig. 2b. The diffraction patterns
of precursors show a clear presence of sharp peaks corre-
sponding to TizAlC, and TizAICN. Small, minor peaks can be
attributed to Ti,AlC, Ti,AICN, and binary carbide Ti,CN. More
importantly, XRD results of Ti;C, show a clear presence of
strong intensity peaks, showing no presence of the MAX phase
in the main sediment. On the other hand, Ti;CN sediment and
even supernatant contain traces of MAX phase precursor, as
observed in three reflection lines between 36° and 40° of 26
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Fig.2 X-ray diffraction patterns of the MAX phase precursors, the main sediment fractions, and the MXenes obtained from the final supernatants
for (a) TizC,-based and (b) TizCN-based samples. Diffraction peaks corresponding to pure MXene, TizAlC, and TizAICN MAX phaseses, TiAlC,
Ti,AICN, and Ti,CN are labeled with o,*, @, B, and <, respectively. Peaks are indexed according to.?23658
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Table 2 Crystallographic parameters of TizC, and TisCN derived from
X-ray diffraction patterns

Material d-spacing (A) FWHM (°)
TizC, 10.07 0.944
TizCN 11.26 1.2367

(Fig. 2b). Since TizCN is more resistant to etching compared to
Ti;C, due to stronger Ti-N bonds, leading to the slower or less
noticeable formation of the accordion-like morphology.”” It is
worth noting that further optimization of the synthesis
parameters could improve the purity of the obtained material.
Extending the synthesis time represents one possible approach;
however, fine-tuning and prolonging the mixing cycles may
further contribute to achieving phase-pure MXenes, as this
could improve the interfacial contact between the MAX phase
and HF.

Furthermore, optimization of the centrifugation process
might enable the complete removal of residual MAX phases
from the system in cases where minor unetched remnants
remain after synthesis, as observed in this work. The XRD
pattern of TizC, supernatant consists of phase-pure diffraction
lines; therefore, used for electrochemical analysis. The inter-
layer spacing (d-spacing) calculated from the (002) diffraction
peak was found to be 10.07 A for Ti;C, and 11.26 A for Ti;CN,
indicating a more pronounced layer expansion in the latter
(Table 2).

The d-spacing is slightly less than the most available in the
literature, and it could be related to the fact that we do not
intercalate Li+, nor any other cation. Furthermore, the presence
of interlayered water molecules is limited due to the use of pure
concentrated HF. Additionally, the kinetics of the MW etching
are different from the conventional ones, so it is expected to
reflect on the d-spacing too. It is important to note that the d-
spacing value of for the synthesized Tiz;C, MXene reflects the
material in its bulk, powder form. However, prior to electro-
chemical characterization and electrode preparation, the
MXene suspension undergoes sonication. This process is
specifically intended to promote the separation of the 2D layers
and enhance the accessibility of active sites.

Since there was almost no waste due to efficient etching,
except for that during washing, it was quite expected to obtain
high yields. The yields (y) were calculated using eqn (1):

¥ = (MXene) MMAX phase)) - 100 (1)

where M xene) represents the weight of produced dried MXene
flakes, including sediments, and final supernatants, and

View Article Online
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Mmax phase) Tepresents the weight of pre-etched, washed MAX
phase. Table 3 contains an overview of the mass changes at each
step in the synthesis process, including the final yields that are
about 90% and 70% for Ti;C, and Ti;CN, respectively.

As noted by Chen et al., the substitution of carbon with
nitrogen increases the Young's modulus of the Ti;AICN MAX
phase by approximately 20 GPa, significantly enhancing its
mechanical and chemical stability.”® Nevertheless, the forma-
tion of intermediate phases and impurities (such as TiN, TiC,
Ti,AIN and Ti,AlC) is commonly associated with the complex
reaction kinetics of quaternary MAX phases.” These properties
explain the lower yield of Ti;CN compared to Ti;C,.

SEM images of the as-etched main sediment with an
accordion-like structure are displayed in Fig. 3a. The spacing
between the plates is pronounced due to an enormous amount
of H, gas that is rapidly released during a very short reaction
time. However, the Ti;C, structure (Fig. 3a) is more open than
the Ti;CN ones (Fig. 3b), and as such, probably results in better
delamination and a higher amount of produced material (Table
3). The synthesis time of 3 min is the minimum required for
obtaining a phase-pure Ti;CN, too, and some extension in
synthesis time might result in a more open accordion-like
structure and therefore, could result in even higher yields.
Fig. 3c and d give insights into a flake-like morphology of the
soft sediments, with the flake size over a micron for both Ti;C,
and Tiz;CN. However, due to invasive delamination by probe
sonication, the supernatant flakes are reduced in size to
a submicron level (Fig. 3e and f). Such a destructive method of
delamination significantly increases the yield. In most cases,
reducing the size of MXene flakes is undesirable, especially
when high electrical conductivity is required.*”** On the other
hand, for electrochemical applications, size reduction makes
a positive impact.

AFM analysis of the dispersed Ti;C, MXene from the
supernatant was conducted to elaborate the flake thicknesses
and thus, to evaluate the delamination process. According to
the variations in height profiles (Fig. 4), many flakes are found
to be in the form of 2-3 stacked layers (4-6 nm), rather than
monolayers with the expected range 1.5-1.8 nm.

Flake delamination after etching done by concentrated HF
requires the use of TBAOH or TMAOH intercalates, or
mechanical exfoliation methods such as probe sonication.®®
The present results indicate that delamination by probe soni-
cation was successfully performed; however, complete delami-
nation, including a predominance of monolayers, was not fully
achieved, likely due to insufficient sonication power or exposure
time. Fig. 5 provides additional evidence of a Ti;C, and Ti;CN
flake size and distribution, expressed via volume percentage.
Considering the distribution given in both expressions, the

Table 3 Overview of the mass changes for each step in the synthesis process, including the final yields

Material MAX phase (mg) Main sediment (mg) Soft sediment (mg) Supernatant (mg) Yield (%)
TizC, 500 320.65 92.34 36.37 89.9
TizCN 500 259.34 63.57 28.48 70.3

© 2026 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2026, 16, 12989-12999 | 12993


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra10068b

Open Access Article. Published on 09 March 2026. Downloaded on 4/7/2026 2:32:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

TR v ey

Fig. 3 SEM images of: (a) main sediment of TizC,; (b) main sediment of TizCN; (c) soft sediment of TizC,; (d) soft sediment of TizCN; and TEM

images of: (e) supernatant TizC,; (f) supernatant TizCN.

flakes are not so uniform in size, whereas the most dominant
flakes are with a size of about 400 nm. It is good to point out that
the DLS method is not so accurate for particles with a plate-like
morphology due to a “spherical” approximation, being even
more pronounced when the flakes are shift-stacked. Also, it
must be emphasized that the maximum measuring range of the
apparatus is 1000 nm, and therefore, larger flakes were not
evidenced.

Fig. 6 and 7 show XPS spectra of the C 1s, Ti 2p, and O 1s core
levels for Ti;C, and TizCN, respectively. F 1s core levels are given
in Fig. S3. The binding energy of C 1s for both MXenes is
positioned at about 282 eV, which means that the binding
energy of C atoms in the octahedral sides (Ti-C-Ti) is not
affected by surface terminations of HF, as well as the presence
of an N atom at the X position.**** So, besides the C 1s core level
(Fig. 6), there is one from C-C contaminations at around
285.1 eV, and two originating from C-O and O-C-O contami-
nations at 286.4 and 289.0 eV, respectively. The relative
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Fig. 4
statistical distributions of AFM thickness.
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intensities of these peaks can be used to assess the degree of
surface functionalization versus contamination. The Ti 2p
region is insufficiently informative for understanding the
oxidation state of titanium in Ti;C,.

The Ti 2p peaks consist of spin-orbit splitting (doublets),
whereas the spectra are usually split into Ti 2ps/, and Ti 2p,,,
and the ratios slightly deviate from the expected due to the
Coster-Kronig effect.***® Here we used Tougaard background
since it has been shown to give better quantitative results, and
the doublets shown in Fig. 7 Ti 2p originate from Ti-C, Ti-O,
and Ti-F. Similar correlations could be found with Ti;CN, too
(Fig. 7). The components with the highest binding energies
(~458.0-459.5 €V) are attributed to Ti*" species resembling
TiO,, indicating partial oxidation of titanium atoms, likely
resulting from surface hydroxylation or ambient air exposure.
The coexistence of Ti** and Ti** oxidation states suggests that
the Ti;C,T, surface is not exclusively composed of Ti-C bonds,
but also includes oxidized titanium species, which may

AFM Thickness Distribution

c)

Mean = 4.74 nm
SD = 2.07 nm
n=11

Thickness (nm)

—

350.00

150.00 200.00 250.00 300.00

Length (nm) AFM Thickness

(a) atomic force microscope (AFM) image of TizC, flake with (b) corresponding variations in height profiles as a function of its length, (c)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XPS analysis of TizC,.

significantly affect its electrochemical and catalytic behavior.
More detailed explanations and an in-depth understanding are
reported by Natu et. al.*

Cyclic Voltammetry (CV) and Electrochemical Impedance
Spectroscopy (EIS) were employed to assess the electrochemical
performance of synthesized MXenes (Fig. 8). CV analysis
provided insights into the redox activity and catalytic behavior
of the modified electrodes by observing oxidation and reduction
peak intensities. Oxidation occurs at the working electrode as
analytes donate electrons, while reduction takes place during
the reverse scan. The high surface area and conductivity of
MXenes enhance redox responses and overall sensor efficiency.

EIS was used to analyze processes at the electrode/electrolyte
interface using equivalent Randles circuits (Fig. S2). The bare
and PEDOT:PSS-modified electrodes followed the model from
Fig. S2a, while the MXene/PEDOT:PSS composite required
additional elements (Fig. S2b) to account for its interfacial

© 2026 The Author(s). Published by the Royal Society of Chemistry
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complexity. CV results (Fig. 8a) showed increased current and
linear ionic and cationic peaks intensity dependence on the
square root of scan rate. MXene/PEDOT:PSS composite revealed
a linear relationship (Fig. 8a), with a slope of 2.31 mA (mv "
s)"? and a high correlation coefficient (R*> = 0.995).

This confirms that the electrochemical reaction is predom-
inantly diffusion-controlled. The increase in current observed
in CV measurements upon addition of a new material to the
electrode indicates enhanced electrochemical activity, Fig. 8d,
as a result of improved electron transfer kinetics and increased
electroactive surface area. The composite material demon-
strated a ~46% enhancement in current response compared to
pure PEDOT:PSS. At 0.4 V, the current was 1082 mA for the
MXene/PEDOT:PSS composite, substantially higher than the
741 mA measured for PEDOT:PSS alone. Stability tests (Fig. 8c)
demonstrated consistent redox peaks after 25 scans, high-
lighting the good electrochemical stability of the composite.
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In the literature, MXene is most commonly used for sensors
and energy storage applications due to its capacitive properties.
When examined as a capacitor, cyclic voltammetry (CV) is often
conducted to evaluate its stability. For instance, in the study by
Mahmood et al.,”* MXene was used in a composite with
manganese oxide and demonstrated excellent stability. In line
with these findings, the electrochemical results presented in

this work indicate good stability of the MXene/PEDOT:PSS

composite with the provided 25 CV scans, along with favor-
able conductivity and reversibility of electrochemical reactions.
These results offer concrete insights into the potential of the
composite material for application in electrochemical biosen-
sors or gas sensors. Moreover, the synthesis approach applies
not only to Ti-based MXenes but also to other types and a wider
range of applications, including biomedical ones.

®  MXene/PEDOT PSS oxidation s
a) ® MXenePEDOT PSS reduction " b) 3500 4 Bare electrode
24 & PEDOT PSS oxidation . * PEDOT o —
v PEDOT PSS reducton - " —a— MXene/PEDOT composite =
~@-—Bare electrode oxidation - 3000 4 B
©® Bare elecirode reduction ] a &
1 L] gl \
4 ™ a n
< . R i A 2500 4 E
\E ;’_._‘_.___.___._—.——H—H
€ £ | =
§o " s 2000 p
3 v * R I . E
o \ - = 1500 .
° Y v ..y
-1 4 ° v v .y = B a
° v 1000 .a f
e s o
L] i3 s
e so0{ f .
-2 4 ° . 5
03 04 05 06 07 08 09 10 11 0 1000 2000 3000 4000 5000 6000 7000 8000 9000
{Scan rate/\V/s d )
C Re/Ohm
1500 1500
MXene/PEDOT:PSS
PEDOT
1000 1000
Bare electrode
500 =
< i
£ =
£ 5
g o4 S o4
5 . 3
o
-500 -500
-1000 - -1000
T T v v v y T v T ' 1 v v T T v T
-1.0 -08 -06 -04 -02 00 02 04 06 08 10 10 -08 -06 -04 02 00 02 04 06
Potential/V

Fig. 8

Potential/V vs Ag/AgCI

0.8

1.0

(a) The dependence of anionic and cationic peak intensity on the square root of scan rate of bare electrode, PEDOT: PSS and TizC,/

PEDOT: PSS composite; (b) EIS measurements with bare electrode, PEDOT: PSS and TizC,/PEDOT: PSS composite; (c) stability test of the
composite by 25 scans (d) CV of TizC,/PEDOT: PSS composite, PEDOT: PSS and bare electrode.
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An electrostatically stable Ti;C,/PEDOT: PSS composite
demonstrates excellent film-forming ability, flexibility, and
stability, as well as good electrochemical properties. By
combining them, we improved the overall conductivity,
mechanical integrity, and electrochemical performance of the
sensing layer, facilitating better electron transfer and more
stable signal output. These results offer concrete insights into
the potential of the composite material for application in
electrochemical biosensors or gas sensors.

4. Conclusions

Here we report on the fastest-ever obtained synthesis of Ti;C,
and TizCN. A complete etching of TizAIC, and Ti;AICN was
achieved after only 3 min of microwave irradiation in concen-
trated HF, resulting in 90% and 70% yields, respectively. The
obtained etching sediments (main sediments) were MXene-
pure with negligible traces of MAX phase precursors. Delami-
nation was performed solely by probe sonication (without
intercalation), producing flakes composed of 2-3 stacked
monolayers, accompanied by a notable reduction in flake size.
Surface terminations were characteristic of HF-based etching,
consisting of -F, -OH, and -O groups. The resulting Ti;C,/
PEDOT:PSS composites exhibited stable redox behavior, as
indicated by consistent redox peak responses over multiple
cycles, thereby underscoring their potential for electrochemical
sensing applications.

In addition to great structural and electrochemical proper-
ties, this synthesis route is also economically advantageous due
to its significantly reduced processing time. Although this
approach successfully yielded two MXenes with record-fast
etching times, further research should focus on optimizing
synthesis parameters for a broader range of MXene composi-
tions, as well as on exploring alternative, safer etching reagents.
In particular, minimizing or eliminating the use of hydrofluoric
acid (HF) remains an important objective, as HF is highly
corrosive and hazardous, requiring specialized laboratory
infrastructure, including PTFE-compatible work surfaces, fume
hoods, HF-resistant laboratory consumables, and strict safety
protocols for handling and disposal.
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