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Fluoride-Free Molten Salt Hydrate-Assisted Synthesis of

MXene in Air Down to 150 °C

Sin-Yi Pang, Weng Fu lo, Lok-Wing Wong, Xinyue Lao, Qiangian Bai, Kam Lin Chan,

Jiong Zhao, and Jianhua Hao*

The conventional Lewis acid molten salt etching approach for synthesizing
MXenes typically necessitates elevated temperatures exceeding 550 °C,

in addition to the use of inert gas protection to prevent oxidation. Additionally,
delamination of molten salt-etched MXenes typically requires hazardous
intercalating agents. Herein, a scalable and non-toxic low-temperature
shielded salt (LSS) approach for synthesizing MXene in air is reported, with
the use of only a small portion of salts and a low reaction temperature down to
150 °C. Especially, the synergistic effect of the increased diffusion rate by Li*
ions and the phase change of magnesium chloride hexahydrate (MgCl,-6H,0)
enables a redox-controlled A-site etching of the parent MAX phase, which

of applications including battery, electro-
chemical energy storage, and biosensor, ow-
ing to their layered structure, metallic con-
ductivity, and low cytotoxicity.!5] MXene
is commonly fabricated through the selec-
tive etching of the “A” layer components
from the parent MAX phase using a so-
lution containing fluoride or through the
assistance of molten salt or alkali under
high temperature and pressure.l*® In MAX
phase material, the “M” represents an early
transition metal element (such as Ti, V,
Cr, etc.), “A” represents an element from

even facilitates the synthesis of hard-to-etch MXenes. As a proof-of-concept
demonstration, several theoretically hard-to-synthesize MXenes including
Cr,CT, and Nb,CT, are successfully prepared through the LSS technique,
where Cr,CT, is not achieved by Lewis acidic molten salt yet. Compared

to conventional techniques, this low-temperature shielded salt etching
method exhibits unconventional molten behavior while offering several
advantages, including a non-oxidizing environment, shorter processing
time, and elimination of highly corrosive washing agents and organic
intercalants. These advances render the LSS approach a promising route for
synthesizing MXenes with applications toward diverse practical applications.

1. Introduction

Emerging two-dimensional (2D) transition metal carbides, ni-
trides, and carbonitrides, known as MXene, exhibit a wide range
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groups 13-16 (such as Al, Si, etc.) and X
is C and/or N. The chemical component
of MXene is M, ;X T, (n = 1,2,3), where
T, denotes the surface termination, such as
oxygen, hydroxyl, and halogen groups.>-!!l

Lewis acidic molten salt (LAMS) etch-
ing route is a developing method to pre-
pare HF-free MXene by utilizing various
metal salts.’] LAMS-etched HF-free MX-
enes have attracted attention due to their
controllable surface chemistry with unique
features such as outstanding capacitance!®
and superconductivity.'?! The utilization
of a hydrofluoric acid-free synthesis protocol can eliminate the
hazard associated with the use of toxic hydrofluoric acid, a highly
corrosive and hazardous agent, thereby minimizing the safety
concerns linked to the etching process.['>1] However, achieving
successful exfoliation of MXene in the molten salt requires crit-
ical conditions such as high temperature (>550 °C) and an ar-
gon atmosphere to protect the material from oxidation.['®! The
elevated temperatures required during the conventional synthe-
sis process can lead to oxidation of the material and additional
processing time is needed to reach the target high-temperature
regime.l'”"18] Recent progress has been made in the delamina-
tion of LAMS-MXenes using LiCl in anhydrous polar organic
solvents, 1921l which resolves issues related to previously used
hazardous chemicals such as n-butyllithium. Despite these ad-
vances, the high-temperature synthesis conditions remain, and
the current molten salt synthesis approach has only been applied
to a few MXene members. The feasibility of synthesizing certain
MXenes, such as Cr,C, which are theoretically predicted to be
difficult to exfoliate, has not been explored using the LAMS etch-
ing method.[?2) On the other hand, the Molten Salt Shielded Syn-
thesis/Sintering (MS?) approach leverages molten salts as both a
reaction medium and a protective agent for MXene, shielding it
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Figure 1. The schematic diagram depicts the LSS process. This synthesis involves a redox reaction on the A-site of the MAX phase material, resulting

in the termination of functionalized groups on the resulting MXene.

from oxidation during high-temperature processing in ambient
air conditions.!?#-%] This approach enables a reduced etching
duration at a high reaction temperature of 700 °C and helps to
prevent direct exposure of the oxidation-prone materials to am-
bient air.[2*2°] Despite the potential of using salt to lower the re-
action temperature through the dissolution-precipitation route,
research on utilizing lower temperatures for etching is very lim-
ited, and fluoride-containing molten salt is needed.!?*%]

In this study, we present a facile and fluoride-free approach
for etching MXene materials through a low-temperature shielded
salt (LSS) method operating below 150 °C in air, in which the
fabricated MXene is terminated with —Cl, =O, and —OH func-
tional groups and holds an obvious delamination without using
extra intercalator. Without using an oxidizing washing agent and
a low-temperature environment, the oxidization of the surface of
MZXene to TiO, can be avoided. The decreased temperature and
the used amount of salt for the LSS reaction, as well as the in-
corporation of the shielding effect, also yield cost-saving benefits
through reduced processing time and the employment of a more
economical etchant. As a proof-of-concept experiment, multiple
hard-to-synthesize MXenes including Cr,CT, were successfully
etched through our LSS approach and demonstrated as catalysts
for hydrogen evolution reaction (HER). Impressively, the pristine
Cr,CT, exhibits a low overpotential of 186 mV at a specific cur-
rent density of 10 mA~=2. Our LSS method not only provides a
simple and non-toxic means of delaminating MXene nanoflakes
at a much lower temperature of 150 °C in air but also enables
the synthesis of MXene materials that are theoretically difficult to
prepare using conventional approaches. This advancement will
foster further research into the synthesis of MXenes and the
investigation of their material properties, promising expanded
applications, especially in environments sensitive to fluoride or
toxins.
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2. Result and Discussion

2.1. Synthesis and Characterization of Titanium Carbide by LSS
Method

Ti,C,T, was selected as the prototype for synthesizing fluorine-
free MXene due to the extensive research conducted on Ti,C,
across diverse applications and analyses, including electrocat-
alytic applications and Raman spectroscopic studies.!?2°] First,
Ti;AlC, is immersed in MgCl,-6H,O/LiCl mixed salt and heated
at 150 °C, as illustrated in Figure 1.

LiCl is capable of improving the diffusion rate of molten salts
by facilitating the movement of ions.*") The Li* ions play a crucial
role in forming stable hydration structures, which contribute to a
distinctive ionic environment.[*!] This environment not only sta-
bilizes the system but also influences reaction pathways at the op-
erating temperature of 150 °C. Furthermore, the presence of LiCl
enhances ion mobility and stabilizes the hydrated salt mixture,
thereby synergistically promoting the selective A-site etching of
the parent MAX phase. Meanwhile, the metal Mg?* cations and
the CI~ anions in the solution function analogously to H* ions
and F~ ions, respectively, similar to the chemical environment
of HF etching.”l Drawing inspiration from the MS?® method for
synthesizing MAX and MXene, we adopted the idea of using a
low-temperature salt to etch the A layer from the MAX phase, the
main difference between the synthesis method is listed in Table
S1 (Supporting Information). Typically, a large amount of salt is
required to synthesize MAX from the precursors, as a salt bed is
necessary to prevent the material from coming into direct con-
tact with air during synthesis. In the low-temperature salt etch-
ing method, the temperature is significantly lower than in tra-
ditional methods.[?®! Compared to the conventional MS® LAMS
etching approach, the present synthetic route employs a reduced
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Figure 2. Morphological and structural characterizations of LSS-Ti;C, T, MXene. The SEM images of a) MAX phase material and b) LSS treated sample.
c) The HRTEM image of the LSS-Ti;C, T, MXene sample before using dilute 2 M HCl washing and d) The HRTEM image of the LSS-Ti;C,T, MXene

sample after washing and purification with dilute acid.

quantity of salts, with the mixed salt proportion to MAX phase
equating to merely 60% — a stark contrast to the 500% salt propor-
tion necessitated by the traditional salt-shielding etching method-
ology. Notably, an insufficient salt concentration in the conven-
tional method can precipitate an incomplete reaction or etching
failure.'8] After the reaction, the product is stirred in hot water
(70 °C) to dissolve the remaining salt. The dissolved Li ions can
disperse throughout the molten salt hydrate and reach the sur-
face of the MXene during the process. After stirring, the mixture
is thoroughly washed with 2 M HCI to remove the residual Mg
metal, as reported in the previous study.[?!! The quantitative yield
of the MXene synthesis is ~42%.

To demonstrate the MXene supernatants as a colloid, we illu-
minated the MXene supernatants with a red laser (Figure Sla,
Supporting Information), highlighting its nano-colloidal proper-
ties through the Tyndall effect. Dynamic light scattering (DLS)
and zeta potential analyses were conducted to investigate the ad-
sorption properties of MXene. The MXene supernatant exhib-
ited a DLS peak at ~1.6 um, while the LSS-Ti,C,T, samples dis-
played negative zeta potentials of —11 mV. Both the DLS and
zeta potential results are consistent with previous findings and
literature.32] The etched MXene is collected and examined using
scanning electron microscopy (SEM). The surface of the original
MAX phase material is smooth with large lateral sizes (Figure 2a).
When the etching temperature is kept above the melting point of
the salt over an etching time of 12 h, a fracture appears on the
surface of MXene (Figure 2b). The energy-dispersive X-ray spec-
troscopy (EDXs) result of the LSS-treated MXene indicates that
only a small amount of Al is left in the MXene and it is terminated
by =0 and —CI after the washing and etching process (Figure
S2, Supporting Information). The oxygen is possibly attached to
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the surface of the MXene during the reaction and the washing
process (Equation 1).

Ti,AlC, + (y + 3) /2MgCl, + (2x + z) /2H,0

- Ti,C,(OH),(Cl),(O), + AICl; + Mg — basedbyproducts (1)

During the etching process, a redox reaction occurs where alu-
minum atoms lose electrons and transform into cations, and the
magnesium cations gain electrons and transit into the metal-
lic phase. High-resolution transmission electron microscopy
(HRTEM) analysis confirmed the crystallinity and stoichiome-
try of LSS-Ti;C,T, MXene. Figure 2c illustrates the presence of
Mg nanoparticles on the surface of MXene with a d-spacing of
0.320 nm (Figure S3, Supporting Information), consistent with
the lattice parameter of Mg in the tetragonal phase. Due to the
relatively small size of Mg nanoparticles, with an average diame-
ter of 2.4 nm, the Mg nanoparticles can be easily removed by di-
lute acid. It is important to note that the metal nanoparticles pro-
duced using the previous etching approach typically have sizes
>100 nm and hazardous solvents such as ammonium persulfate
(APS) is applied to remove them.I”) Notably, the absence of APS
in the LSS method, which is a strong oxidizing agent typically
employed to remove metal particles, not only prevents the further
oxidation of surface functional groups to TiO,, but also avoids the
safety concerns associated with handling such a potent oxidizing
solution.'®! Thus, the easy removal of metal nanoparticles with-
out using dangerous solvents or chemicals can give rise to high
biocompatibility of our LSS-treated MXene, making it an ideal
candidate in the biomedical sector.[*] After the acid treatment,
no Mg nanoparticles can be observed on the surface of MXene
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Figure 3. a) X-ray photoelectron spectroscopy (XPS) survey and b) high-resolution deconvoluted spectrum of Ti;C, T, on Cl 2p. c) The Raman spectra
of the MXene and its MAX precursor. d) XRD patterns of pristine Ti;AlC, and Ti;AlC, treated with LiCl/MgCl,-6H,0O and MgCl,-6H,0O, respectively.

(Figure 2d), as also confirmed with a distinct selected area elec-
tron diffraction (SAED) pattern (Figure S4, Supporting Informa-
tion). The center-to-center d-spacing of 0.307 nm calculated from
the TEM image corresponds to a lattice parameter of the material
and matches well with the literature./?]

2.2. Mechanism Investigation of the LSS Method

To investigate the influence of LiCl on LSS etching, the mate-
rial at different stages of etching was analyzed structurally, mor-
phologically, and spectroscopically. The water molecules present
in MgCl,-6H, O serve as a source of oxygen and facilitate the re-
duction of aluminum and the formation of aluminum chloride
(AIClL;). Simultaneously, magnesium is formed through the re-
duction of MgCl,.

LiClI can enhance the reaction by providing additional cations
(Li*) and acts as a reduction agent (Cl~) source. These cations un-
dergo ion exchange with MgCl,-6H,0O and Al, potentially lower-
ing the activation energy of the reaction and thus reducing the re-
quired reaction temperature. The elimination of use of LiCl in the
etching process resulted in obvious variations in the morphology
of the material, as shown in the SEM image (Figure S5, Support-
ing Information). A rough surface of the MAX phase material can
be observed, indicating that the etching might only occur on the
surface of the MAX material as the etching is incomplete,[**] and
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very few delamination are obtained. Besides, there is no notable
improvement in the etching process even when the etching tem-
perature is raised to 350 °C, which implies that 150 °C should be
the optimal etching temperature. Further temperature increase
shows no improvement on the etching efficiency and the use of
LiCl during the etching reaction is crucial.

To investigate the surface chemistry of the synthesized MX-
enes, X-ray Photoelectron Spectroscopy (XPS) analyses are per-
formed (Figure 3a,b). The XPS peaks at 197.9 and 199.5 eV in
the XPS spectrum, attributed to the CI 2p region, indicates the
presence of chlorine as a functional group on the Ti;C,T, MXene
surface. This suggests the potential for various chlorine termina-
tions, such as —Cl or —Cl,, which may coexist with other func-
tional groups like =O or —OH. Notably, unlike the sharp peaks
observed in MXene, the MAX phase shows no signal in the Cl 2p
region, indicating that chlorine atoms are attached to the surface
of MXene during the synthesis process.

The XPS spectrum of Ti;AlC, reveals three prominent peaks
in the C 1s region at 281.1, 284.7, and 286.2 eV, indicative of var-
ious carbon species within the material (Figure S6a, Supporting
Information). The peak at 281.1 eV is attributed to carbon atoms
in a metallic or carbide-like environment, reflecting strong M—C
bonds that contribute to the structural stability of the MAX phase.
The peak at 284.7 eV corresponds to carbon in a covalent bond-
ing state, characteristic of the stable carbon framework within
Ti;AlC,. The peak at 286.2 eV likely indicates the presence of
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oxidized carbon species, suggesting slightly oxidation of the MAX
phase material. In contrast, the XPS curves of MXene in C 1s re-
gion reveals three significant peaks at 283.8, 285.0, and 288.0 eV,
which correspond to distinct functional groups on its surface.
The peak at 283.8 eV indicates the presence of sp? hybridized
carbon, suggesting graphitic or aromatic structures that enhance
electronic properties. The peak at 285.0 eV reflects C—C and C—H
bonds, pointing to alkyl groups and the primary carbon back-
bone, which is consistent with the literature values of %284.6 eV
for C=C/C—C bonds.[**] The peak at 288.0 eV is associated with
carbonyl and hydroxyl groups, indicating oxidized functionalities
that enhance hydrophilicity and provide reactive sites for further
modifications, corresponding to the —COOR groups (~288.7 eV)
described in previous studies.*]

Furthermore, the XPS analysis of Ti;C,T,, MXene in O 1s re-
gion reveals peaks at 531.3 eV and 531.6 eV, indicating specific
functional groups on the surface (Figure S6b, Supporting In-
formation). The peak at 531.3 eV is primarily attributed to hy-
droxyl groups (—OH) and possibly oxide species (Ti-O), which
enhance the hydrophilicity and reactivity of the MXene. The
peak at 531.6 eV likely corresponds to surface O terminations
(~531.8 eV) as reported in previous studies,*! and may also
suggest the presence of other oxygen-containing groups. The
analysis also shows two distinct O 1s peaks at 529.7 eV and
531.4 eV, providing insights into the MAX phase surface chem-
istry. The peak at 529.7 eV is attributed to oxygen in a stable
environment, likely indicating Ti-O bonds characteristic of ti-
tanium oxides, suggesting strong interactions within the MAX
phase. In contrast, the peak at 531.4 eV corresponds to less
stable oxygen species, such as hydroxyl groups (—OH) or ad-
sorbed water, reflecting moisture exposure of the MAX phase.
The XPS results are consistent with the EDX and Raman spec-
troscopy findings, which reveal that surface functional groups
are attached to the MXene after etching. It is suggested that =0,
—OH, and —Cl functional groups are present on the surface of the
MXene.[¢]

The X-ray diffraction (XRD) patterns and Raman spectra of
both the as-synthesized MXene and its precursor were measured
(Figure 3c,d) as a comparison for the reaction kinetics and mech-
anism investigation. The Ti;AlC, sample holds the character-
istic Raman peaks at 125, 204, 277, and 661 cm™!, while the
LSS-treated MXene demonstrates the featured peaks at 130, 199,
267, 398, and 573 cm™!. The characteristic wavenumber asso-
ciated with the vibrational modes of Ti,C,T, MXene materials
can be divided into three distinct regions corresponding to the
flake, surface functional groups, and carbon domains.[?8] Spe-
cific wavenumbers at 130 and 199 cm™ are attributed to tita-
nium based species. Wavenumbers at 267 and 398 cm™! cor-
respond to in-plane hydroxyl terminations within the flake re-
gion, while the 573 cm™' wavenumber is associated with =0 ter-
minations on the carbon domains. XRD pattern indicates that
the MXene is successfully etched from the MAX phase mate-
rial. With the assistance of LiCl, the etching process was com-
pleted when the reaction temperature was maintained at 150 °C
for 12 h. Moreover, the SEM structural characterizations clearly
reveal a layered structure of the MXene. This result demonstrates
that the LSS method not only can achieve selective etching of
the MAX phase but also avoids the use of hazardous chemicals
such as n-butyllithium[*”] required in typical MXene intercalation
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and expansion processes, which is consistent with the previous
report.[21]

To delve deeper into the fundamental mechanism of the etch-
ing process, in-situ Raman spectroscopy and XRD analysis were
conducted (Figure S7, Supporting Information) and show the ini-
tial etching stage of the reaction. The sample is gradually heated
in-situ at a rate of 10 °C per minute, and the XRD patterns are
recorded in Figure S7a (Supporting Information). When the sam-
ple is heated to 50 °C, several XRD peaks are observed that
are attributed to the LiCl/MgCl,-6H,O mixture, as compared to
the simulated XRD pattern in Figure S8 (Supporting Informa-
tion) and literature.[?) Upon heating to 110 °C, the 32° XRD
peak vanishes while the characteristic peaks at 14.9°, 20.4°, 21.7°,
and 30.5° — indexed to (110), (020), (111), and (201) planes of
MgCl,-6H,O (PDF#25-0515)*8] — are analyzed to investigate the
reaction between MAX phase and LiCl/MgCl,-6H, O (Figure S8c,
Supporting Information). In the meantime, the interlayer spac-
ing of the MAX is increased, and the peak corresponding to the
(002) plane shifted from 9.60° to 9.48°. This change in structure
suggests that lithium has been incorporated into the MAX struc-
ture, leading to a small shift in the (002) plane, indicating an en-
larged interlayer spacing due to the selective removal of the Al
component from the MAX phase precursor.[?!] The ex-situ XRD
show similar trend that the (002) plane is gradually shifted to a
lower angle when the temperature increased from 70 to 150 °C
(Figure S9, Supporting Information). It is worth noting that there
is no observable change in the in-situ XRD patterns when the an-
nealing temperature exceeds 150 °C. These results support the
etching of MAX phase material initializing at 110 °C, which is to
the melting temperature of MgCl,-6H,O (T,, = 117 °C), and the
further decomposition of the MgCl,-6H, O is unfavorable to etch-
ing. The findings are consistent with the SEM results presented
in Figure S5 (Supporting Information).

To investigate the rapid changes in the phase of the sample
over the temperature range from 90-150 °C, ex-situ Raman spec-
troscopy measurements were conducted on various samples. The
Raman spectra suggest significant changes in the surface func-
tional groups occurred between 90 and 110 °C, with the forma-
tion of additional peaks corresponding to =0 functional groups
in the T, and C regions, accompanied by an increased TiO,
signal. This TiO, likely originates from oxidation of the MAX
phase material and is eliminated after washing with 2 M HCI, as
shown in Figures 3c; S6 (Supporting Information). As the tem-
perature further increased from 110 to 150 °C, the signals at-
tributed to =0 functional groups and TiO, vanishes, and that of
the —OH functional groups become predominant. The differen-
tial scanning calorimetry (DSC) pattern and thermal gravity anal-
ysis (TGA) in Figure S10 (Supporting Information) indicates that
the MgCl,-6H, O begins to lose its structural water at 118 °C, as
described in Equations (2 and 3):

MgCl, - 6H,0 = MgCl, - 4H,0 + 2H,0 (96 — 117 °C) 2)
MgCl, - 4H,0 — MgCl, - 2H,0 + 2H,0 (135 — 180 °C) (3)

It is noted that pure anhydrous MgCl, and LiCl have
high melting points of 714 and 605 °C, respectively, and

their eutectic mixture (1:1 ratio) exhibits a significantly lower
melting temperature of ~440 °C. This reduction in melting
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Figure 4. SEM images of a) Cr,CT,, b) Ti,NT,, and c) Nb,CT, after the LSS reaction and delamination process. d) The XRD curves of the various samples

before and after the reaction.

temperature demonstrates the effective formation of a eutectic
system.*] On the other hand, the LiCl-MgCl,-H,0 system ex-
hibits intriguing physicochemical properties as a molten salt hy-
drate. In this system, Li* ions demonstrate unique characteris-
tics that its strong hydration effects influencing both the first
and second coordination shell water molecules.[**! To investigate
the heating behavior of the MgCl,-6H,O/LiCl mixture salt, we
conducted TG-DSC measurements on both MgCl,-6H,O alone
and the MgCl,-6H,O/LiCl mixture. Notably, MgCl,-6H,O alone
showed significant weight loss, indicating rapid dehydration,
while the MgCl,-6H,0/LiCl mixture exhibited a slower rate of
weight loss. This suggests that the presence of LiCl helps retain
the hydrated state of MgCl,-6H,0, and form a protective layer
on the top of the mixture. That unique environment provides a
suitable condition for etching. Experimental observations sup-
port this mechanism, demonstrated by the solidified salt layer
and dark residues at the bottom of the annealed product. These
findings indicate a non-traditional molten behavior wherein the
reaction proceeds in a semi-molten state significantly below the
melting point of the anhydrous salt. (Figure S10, Supporting In-
formation). Combined analyses of SEM, Raman spectroscopy,
DSC, and XRD indicate that the shielded salt melts at approx-
imately 118 °C, near the melting point of MgCl,-6H,0 (T, =
117 °C). Below this temperature, the material is etched without
the protective cover of the salt. Beneficially, the low-temperature
reaction conditions prevent the material from undergoing seri-
ous oxidation but instead increase the O, functionalization on
the surface at temperatures lower than the melting point of the
salt (90-110 °C). After the melting point of the salt is reached,
the shielded salt protects the MAX phase material and reduces
the introduction of oxygen during the etching process, resulting
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in only hydroxyl groups being attached to the material surface.
These results also suggest that our LSS method is distinct from
the conventional MS? approach, which can effectively prevent
over-oxidation due to the insufficient shielding and incomplete
pressing of the material appeared in the MS? method.

2.3. Approach Extended to Other MXenes and Demonstration of
MXene for Energy Applications

To examine the universality and generality of the low-
temperature etching method, MAX phase materials theoretically
predicted to be hard to exfoliate were investigated.['>?2] Theo-
retically, the synthesis of Cr-based carbides is more challenging
compared to Ti-, Nb-, or V-based carbides. This is due to the
stronger M—A bonding (as indicated by higher Bader charges
on the M atoms), higher formation energy, and challenges
associated with HF etching. When subjected to HF etching,
these MAX phases either resist selective Al removal or undergo
complete structural dissolution within hours.[*!l Here, Cr,CT,,
Nb,CT, and Ti,NT, were etched from Cr,AlC, Nb,AIC, and
T12A1N MAX phase materials, respectively. Identlcal etching
condition for the Ti,AlC, was adopted on these MAX phase ma-
terials. The SEM images and XRD patterns of Figure 4 indicate
the selective etching of the Al layer from the various MAX phase
materials.[242-44]

After the LSS reaction, new peaks are formed at 7.55° and 7.31°
for Ti,NT, and ND,CT,, respectively, due to the intercalation in
the washing process (Figure S11, Supporting Information). This
observation implies the exfoliation of these hard-to-exfoliate MX-
enes. It is worth noting that no additional intercalator is used in

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. a) The kinetics analysis of Ti;C,T,, Ti,NT,, Nb,CT, and Cr,CT, samples. b) EIS of the various catalysts. c) The LSV for the LSS-etched sample

in an acidic solution and d) the corresponding Tafel plot.

the sonication exfoliation process. The shifted (002) planes in the
XRD indicate the d-spacing of 1.17 and 1.21 for the LSS-treated
Ti,NT, and Nb,CT,, respectively, with a van der Waals (vdW)
gap of 0.270 nm. The MAX residue remained before the purifica-
tion process of MXene. The material is subsequently treated by
sonication, centrifugation, and filtration to separate MXene from
the unetched MAX phase material. The different bonding ener-
gies among the samples result in distinct (002) peak broadening
and shifting patterns for Ti,NT,, Nb,CT,, and Cr,CT,. Ti,NT,
exhibits characteristic peak broadening at 7.55°, while Nb,CT,
shows a notable peak shift from the original (002) peak at 11.8°
to new positions at 7.13° and 11.5° — behavior typically observed
in hard-to-exfoliate MXenes.!*! For Cr,CT,, XRD analysis reveals
a significant peak shift from 13.8° to 12.7°, which correlates with
its distinctive accordion-like morphology in SEM image. Support-
ing these XRD findings, EDX analysis (Figure S12, Supporting
Information) confirms the selective etching of Al from all MAX
phase materials, with Cr,CT, samples showing particularly low
Al signals, validating the successful synthesis process.

As a proof-of-concept experiment, the LSS-synthesized MX-
ene nanoflakes derived from the MAX phase precursor were fur-
ther prepared as electrodes by drop-casting MXenes on a glassy
carbon electrode without any additive. Figure S13a (Supporting
Information) shows the cyclic voltammetry profile of the LSS-
etched MXene electrodes in 0.5 M H,SO, solution recorded at
10 mVs~!. Figure 5a illustrates the capacitance of Ti,C,T,,
Ti,NT,, Nb,CT, and Cr,CT, are 4.04, 5.80, 5.31, and 5.86 mF,
respectively. The kinetics analysis (Figure S13b, Supporting In-
formation) indicates that at a scan rate of 10 mV s!, the sur-
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face capacitance of Cr,CT, is measured to be 2.46 mF, while
the diffusion-controlled capacitance is 3.40 mF. Furthermore, the
surface capacitance contributes to 42.0% of the total capacitance,
suggesting that Cr,CT, possesses the largest electrochemical ac-
tive surface area (ECSA) among the different MXenes studied.
The ECSA is closely related to surface-controlled capacitance and
the increase in ECSA plays a crucial role in enhancing the HER
activity. The observed enhancement in ECSA is due to the syn-
ergistic effect of the delaminated MXene, which results in the
generation of a greater number of catalytically active sites for effi-
cient hydrogen production. The specific capacitances responsible
for Cy¢ and C,, were estimated for the mechanism studies.

0.5
Ctotal = Al + AZV (4)
Ctotal = Ccap + Cdif (5)
where C,,, C,, and C,; are the total capacitance, capacitive ca-

pacitance (or ECSA), and diffusion-controlled capacitance of the
MZXene, respectively; A, and A, are constants while v is the scan
rate. The enhanced conductivity of the system was investigated
using electrochemical impedance spectroscopy (EIS), as depicted
in Figure 5b. The high-frequency tail with a steeper slope sug-
gests a reduced Warburg resistance at the solid/liquid interface.
The contact resistance of the electrode is reduced from 9 Ohms
of the glassy carbon electrode (Figure S14, Supporting Informa-
tion) to 5.15, 7.25, 5.36, and 7.21 Ohms for Ti,C,T,, Ti,NT,,
Nb,CT, and Cr,CT,, respectively. The substantial reduction in
contact resistance suggests that the MXene material exhibits high
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electrical conductivity. Ti,C,T,, Ti,NT,, and Nb,CT, exhibit over-
potentials of 234, 246, and 236 mV at the current density of
10 mA cm2, as shown in Figure 5c. Notably, the Cr,CT, MX-
ene demonstrated a remarkably low overpotential of 186 mV at
the current density of 10 mA cm™?, benefiting from its fast ki-
netics, low internal resistance, and enlarged ECSA. Furthermore,
the Cr,CT, theoretically possesses high catalytic properties.[*?]
We hypothesize that the unique surface terminations and the
optimized conductivity of our synthesized Cr,CT, MXenes syn-
ergistically enhance their HER performance. The spontaneous
delamination achieved without hazardous intercalants results in
MXenes with less oxidation and more =O functional groups.
This is particularly important for catalytic applications where ac-
tive site accessibility determines performance. It is noted that
Ti,NT, has a capacitance comparable to Cr,CT, and the sur-
face capacitance accounts for only 20.9% of the total capacitance,
leading to a mediocre HER activity. The functionalized Cr,CT,
ranks as a good catalyst compared to existing materials, such
as 1D Ti,C,T, nanowire,[*’ as summarized in Table S2 (Sup-
porting Information). The Tafel plot (Figure 5d) exhibits a con-
sistent agreement with the kinetic analysis as denoted by a de-
creased slope, which is indicative of fast kinetics. This reduced
slope can be attributed to the favorable morphology of the ma-
terial, which enables high ion accessibility, and the low contact
resistance between the electrode and the electrolyte. The kinetics
analysis, in conjunction with the Raman spectroscopy results, il-
lustrate that the functionalization of the MXene is beneficial for
HER performance. This proof-of-concept demonstration high-
lights the merits of the LSS-treated MXene which exhibit favor-
able surface kinetics and illustrate comparable electrocatalytic
performance to traditional MXene delaminated from common
intercalants.

3. Conclusion

In conclusion, the proposed LSS etching method enables
safe, simple, and non-toxic MXene synthesis in ambient air
at remarkably low temperatures of 150 °C. The low reaction
temperature can be readily achieved with just a muffle furnace
or conventional hot plate. This approach inhibits the oxidation
of the MXene surface to TiO, by eliminating the use of oxidizing
washing agents and the utilization of high temperature. More
importantly, this method expands the producible range of LAMS-
etched MXenes, including Cr,CT,, Nb,CT, and Ti,NT, that
are typically difficult to etch. The fabrication of MXene through
sonication within dilute acid gets rid of using toxic or corrosive
agents. Comprehensive investigation reveals that LiCl serves
essential functions: enhancing diffusion rate and functioning as
an intercalant. In particular, LSS-treated Cr,CT, MXene exhibits
exceptional electrocatalytic performance with a low overpotential
of 186 mV at a current density of 10 mA cm™2, benefiting from
its fast kinetics, low internal resistance, and enlarged ECSA. The
proposed LSS method presents dominant advances in the field of
MXene synthesis and associated applications. Furthermore, the
fully toxic-free nature of the LSS fabrication routes enriches the
functionalities of MXenes as promising materials for widespread
applications, including electrochemical and biomedical
sectors.
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4. Experimental Section

Materials and Reagents: Titanium aluminum carbide, chromium alu-
minum carbide, titanium aluminum nitride, and niobium aluminum car-
bide (200 mesh, 99 percent purity) were acquired from Nanjing Mission
New Material Co., Ltd. Sigma supplied the hydrochloride acid, Magnesium
chloride hexahydrate, lithium chloride, and sulfuric acid. All materials were
utilized as received, with no further purification.

Synthesis of MXene: The synthesis is conducted in a muffle furnace
without the use of inert gas for protection. 1 g of MAX phase material is
mixed with 1g of magnesium chloride hexahydrate and 1 g of lithium chlo-
ride in a 10 mL aluminum oxide crucible. After several hours of etching,
the MXene is first washed with ethanol and deionized water (D.I. water),
and centrifuged at 2000 rpm for 5 min to remove the unreacted and insol-
uble magnesium chloride hexahydrate salt. The etched product is washed
with diluted HCl to remove the Mg and Al particles. 2 M of HCl is mixed
with ethanol and used to further remove the impurities. The final product
is washed with D.I. water.

Delamination and Collection of the MXene: The MXene is collected by
the method as reported in the literature.[*3] For the soft delamination pro-
cess and purification of the MXene, the solution was allowed to settle
undisturbed for 1 h to facilitate the precipitation of multilayer MXene par-
ticles. A 50 mL centrifuge tube was replenished with D.I. water, and the
MXene was redispersed by inverting and vertexing the vial several times.
This procedure was repeated for several cycles until the MXene sponta-
neously delaminated, resulting in a darkened solution. The darkened so-
lution is centrifuged for 5 min in 10 000 r.p.m. and collected for further
characterization.

DFT Calculation for Lattice Structure: The charge density and elec-
tronic properties of MXene were calculated using the CAmbridge Serial
Total Energy Package (CASTEP) simulation code.[*’] The Perdew-Burke-
Ernzerhof (PBE) generalized gradient approximation (GGA) was selected
for the exchange-correlation functional, and a set of norm-conserving
pseudopotentials was employed in the calculation The kinetic energy cut-
offfor the plane wave is 700 eV, and a vacuum layer of 15 A is utilized. Only
the x and y dimensions change for MXene cell optimization and relaxation
(i.e., 2D xy constraint). The dipole and vdW interactions were taken into
account. A 12 X 12 x 1 Monkhorst k-point grid was utilized for MXenes.
Vesta is used for visualizing the XRD pattern of the material.[0]
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