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ABSTRACT

MXenes are a novel family of two-dimensional (2D) materials that are fast gaining popularity due to their
versatile characteristics. The surfaces of these materials are often functionalized by negatively charged
terminal groups, such as =0, OH, and F during their synthesis, and it has been hypothesized that regu-
lating the surface terminators enables to control the material characteristics. However, there is still a
large gap between computational and experimental investigations regarding comprehending the surface
functional groups. Surfaces with mixed terminations are consistently synthesized in experiments,
although pure terminated surfaces are predicted by computational research. Here we summarized the
nature of chemical bonding in transition metal carbide materials (MXenes) by 'H and '°F nuclear mag-
netic resonance (NMR), Raman, X-ray absorption near edge structure (XANES), extended X-ray absorption
fine structure (EXAFS), ultraviolet photoelectron spectroscopy (UPS), X-ray photoelectron spectroscopy
(XPS)/scanning transmission electron microscopy (STEM), and thermogravimetric analysis-mass spec-
trometry (TGA-MS) characterizations. Previous literature reveals that =0, —-OH, -F, and -Cl are typical
MXene surface terminators. However, recent comparative investigations on the valence band intensity
distribution in MXenes reveal that the —OH cannot be considered an intrinsic termination species in
MXenes. The surface terminals (=0, -OH, -F, and -Cl) of several MXenes, particularly V,CT, and
TisC,T,, will be identified and quantified here. We have also discussed different etching approaches for
the synthesis of MXene, the dependence of MXene conductivity on MXene terminating groups, and the
emission of various gaseous products that evolved during its chemical transformations. This paper pro-
vides significance, especially in the field of energy conversion and storage materials, where the interca-
lation process is crucial.
© 2022 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. All rights reserved.

1. Introduction

The preparation technique and reagent employed for initial
MAX phase etching have a large impact on the surface termination

MXenes are two-dimensional (2D) transition metal carbides
and nitrides [1-3] that have gleaned attention as electrode materi-
als in lithium-ion batteries (LIBs) [4-6], Li-S batteries [7,8],
sodium-ion batteries (SIBs) [9,10], catalysts [11,12], supercapaci-
tors [13-15], etc. MXenes are synthesized by etching out the ele-
ment ‘A’ from the MAX phase. M. X, Ty is the generic formula
for the MXene family, where M stands for transition metals such
as Ti, V, Nb, Mo, Cr, Zr, Mn, Tc, Sc, and so on, X stands for C and/
or N, and T, stands for terminal surface groups such as -F, =0,
and/or -OH. For example, an aqueous etching of the Al from the
MAX phase (TizAlC;) does not leave bare Ti layers and produces
functional groups (T,), resulting in Ti3CyT.
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of MXene flakes. Generally, HCI/LiF or HF etching permits a change
in the relative amounts of -OH, =0, and -F-terminated groups on
the MXene surface [16-18]. In several studies, first-principles sim-
ulations have revealed a predilection about the termination of bare
MXene surface. Many investigations have found that terminating a
bare MXene surface is preferable. MXenes have high negative for-
mation energy at surface termination, showing a strong link
between the surface terminating groups and the M atoms
[19,20]. Pang et al. [21] recently discovered a novel technique for
the synthesis of -Cl, -Br, and -I-terminated MXene by etching
the “A” layer with molten salt (ZnCl,). They also observed that
MXene can be further terminated with -S, -Te, and —-NH by addi-
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tional chemical modification [22,23]. Terminations also have an
impact on energy storage properties. On the atomic scale, first-
principles simulations were performed to explore the processes
and predict the energy storage characteristics of MXenes. In Li-
ion batteries, the theoretical capacities of Ti3Cy, Ti3C20;, TisCoF,,
and Ti;Co(OH), were 320, 268, 130, and 76 mAh g~ !, respectively
[3,24,25]. Recently, Li et al. [26] synthesized —-Cl-terminated TisC,
MXene using a molten salt synthesis technique, which delivers a
Li* storage specific capacity of 205mAh g~' with high charge-dis-
charge rate. Li et al. [27] used Lewis acidic-melt etching technique
to synthesize TisC,Tx MXenes with -Cl, -Br, -1, —CIBr, -ClI, -Brl, and
—CIBrlI halogen terminating species. The synthesized halogenated
MXene (Ti3C,(OF) were used in zinc-ion battery cathode material.
The discharge capacity of unitary-halogen-terminated TizC,l, and
Ti3CyBry is around 1.1 and 1.6 V, with specific capacities of 135
and 97.6 mAh g1, respectively. The dual discharge capacity of
multi-halogen-terminated Ti3C,(CIBrlI) and TizC,(Brl) have specific
capacities of 107.4 and 117.2 mAh g !, respectively. In contrast,
without a platform, TisC>(OF) and TisC,Cl, have specific capacities
of 51.75 and 46.5 mAh g~ !, respectively. MXene etched with mol-
ten salt (MS-Ti3C,T,) lacks —~OH termination. Li et al. [26] stated
that MXenes synthesized by the molten salt synthesis have an
enhanced Li* storage capacity of 205 mAh g~' with a high
charge-discharge capacity and rate performance for electrochemi-
cal energy storage applications. Xie et al. [3] presented DFT
calculations showing reduced adsorption energy of Li ion on
MXenes terminated with the dominant =0 terminator compared
to the surface -OH-terminated MXene materials, resulting in
greater interaction between Li and =0 and enhanced Li storage
capacity. As a consequence, Ti3C,Ty MXene with a high proportion
of the =0 terminator is expected to the capacity increase for
lithium storage. The volumetric capacitance of oxygen concentra-
tion and the lack of ~OH terminating groups of MS-TizC,T, films
has also been demonstrated to be improved by surface modifica-
tion [28,29]. As Ti-F bonds became unstable in the basic solution,
it was discovered that the alkalinizing process caused —F terminat-
ing groups to be preferentially replaced by readily removable -OH
[3,30]. Liu et al. [31] fabricated surface-modified TisC,Ty films
through alkalization (ak-Ti3C;Ty). The annealing treatment boost
the crystalline order of TisC,T, samples, remove surface groups
and enhance exposed redox-active sites [32]. Recently, it has been
pointed out that the properties of MXenes are primarily controlled
by its surface terminators [33-36], and it is necessary to assume
average site occupancy of functional groups, such as by analyzing
the paired distribution function [37], or simply by using a type of
complete termination assumed in density functional theory (DFT)
calculations [2,3,5,25].

The DFT analysis also indicated that surface terminal groups
have a substantial effect on the electron band occupancy [38]
and work function [39] of MXenes, which has to be validated by
experiments. According to previous DFT research, terminating Tis-
C,T, and TisCNT, with -OH, -F, and/or =0 considerably changes
the electronic states around EF [2,24,40-42]. The DFT predicts a
local maximum in the density of state (DOS) at EF for non-
terminated Ti3C,T, and TisCNT,, however, the DOS(EF) is drasti-
cally lowered when the surface is completely functionalized. As a
result, by lowering the carrier concentration, surface functionaliza-
tion may change the electrical resistance. DFT analysis also sug-
gested that the performance of MXenes in LIBs [3,25], SIBs
[43,44], catalysts [45,46], supercapacitors [47,48], and the elec-
tronic characteristics are strongly reliant on surface functionaliza-
tion, implying that surface terminating group preference and study
are critical. DFT calculations by Khazaei et al. [39] demonstrate
that -OH-terminated MXenes achieve ultralow work function
regardless of the kind of M element. Li et al. [49] also suggest that
the S-doped mesoporous structure provides a large active surface
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area and quick electron transfer for the Faradaic process involving
surface or near-surface redox reactions. In addition, it was
observed that the increase or decrease in the working functions
of MXenes upon -F or =0 functionalization depends on the type
of M element. As a result, a greater understanding of the surface
functionalization of these fascinating materials will assist in the
development of new applications.

Therefore, it is crucial to accurately characterize the surface ter-
minators of MXenes due to their critical roles in their properties.
The chemical characteristics of surface terminators in MXenes
have been studied using a variety of methods, including UPS/XPS,
XPS/STEM, XANES, EXAFS, 'H, and '°F NMR spectra. However,
XPS remains the most frequently utilized of all technologies. Using
XPS to analyze MXenes has numerous advantages, including the
fact that it is sensitive to all elements except H and He [50]. It
can be used to examine elemental composition (including termina-
tion) and constituent elements bonding environments and can
detect tiny quantities of elements, particularly on the surface
[50-53]. The importance and proper understanding of the bonding
conditions of MXene surfaces has been demonstrated by many the-
oretical and experimental studies.

In this review, we studied the termination groups of various
MXenes investigated so far. 'H and 'F NMR, XANES, EXAFS,
Raman, XPS fitting models and TGA were used to examine the
coordination of the adsorbed surface terminating groups, i.e.,
(Tx species). We argue that terminating =0 and -F has more fit-
ting ambiguity than terminating -OH and -F in high-resolution
spectra. There is much evidence in the previous literature about
-OH terminating groups on MXene surface, however, there is
ambiguity about the -OH terminating group in the recently pub-
lished literature, therefore, it is critical to investigate the pres-
ence of —~OH, =0, or both of the groups, as well as -F on the
MXene surface as a terminating group. Different approaches
towards the synthesis of MXenes, the influence of MXene con-
ductivity on MXene termination groups, and gases synthesized
during its chemical transformations have also been explored
here.

2. Different approaches towards the synthesis of MXenes

Clean and green chemistry synthesis should be considered
while synthesizing MXene from the MAX phase. The comparative
studies of fluoride etching, electrochemical etching, water-free
etching, and alkali treatment that have all been used to synthesize
MXenes are listed below.

2.1. Fluoride etching

Fluoride etching can be accomplished in two commonly-used
methods. One method is to use concentrated HF to etch directly
on MXene surface. MXenes with multilayer architectures are exfo-
liated by sonicating in isopropyl alcohol and methanol after the
MAX phase has been etched at room temperature. The other one
is in-situ [54] synthesis of HF from HCI and fluorides, including
CsF [55], FeFs3 [56], NaF [57], CaF [55], LiF [55], KF [56], and tetra-
n-butyl ammonium [55]. The synthesis of MXenes has been
reported by Naguib et al. [2] described the chemical interaction
between the MAX phase and the fluorine-based aqueous solution
in which MXenes are synthesized. The MXenes were terminated
with —-F and -OH after the removal of Al atoms, however, the oxy-
gen termination was also observed. Ti-O, Ti-OH, and Ti-F were used
to replace the Ti-Al position. Various MXenes such as TisCNTy [58],
TiNbCTy [ 18], Nb,CTy [59], Mo,TinC5Ty [60], TiCoTx [7], TisCoTx [61],
(Nb0_82r0.2)4C3TX [62], (Nbo.gTi0.2)4C3Tx [62], and ngCsz [63] were
effectively synthesized using this approach. Fluorine-based solu-
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tions or direct HF etching has been effectively used in the synthesis
of MXenes and has since become a common preparation proce-
dure. However, this approach has some drawbacks, including the
fact that Al atoms in MAX phase precursors have a strong reactivity
with F and fluoride-based aqueous solutions are only effective for
Al-containing MAX-phase precursors, which limits the synthesis
of MXene from non-Al MAX phase precursors. When the HF is
used, it causes environmental and safety issues. The F-terminal
groups also limit material performance, preventing MXenes from
being used in new applications. To summarize, developing novel
HF-free etching methods is critical.

2.2. Electrochemical etching

The reactivity differential between the M-Al and MM-C bonds
is the basis for chemical etching. Electrochemical etching, on the
other hand, is the process of transferring a charge. Sun et al. [64]
showed that electrochemical extraction of Al on porous Ti,AIC
electrodes in diluted HCl solution was effective. Ti,AlC can be used
to synthesize a layer Ti,CTyx MXenes. Unlike chemical etching with
LiF/HClI or HF, electrochemical etching did not use any F ions, yield-
ing MXenes with just —Cl, =0, and —OH groups. The over-etching of
the MAX phase into carbines-derived carbon (CDC) might be due to
the problem of electrochemical etching. The electrochemical etch-
ing of TiAlC to CDC and Ti,CTx was explained using a core-shell
model. It proposed that to make MXenes without overloading,
etching conditions should be properly controlled. Electrochemical
etching has broadened the MXene composition prospects and
scope of etching methods. Yang et al. [65] showed that electro-
chemical corrosion may be used to synthesize TisC,Tx MXenes. Al
atoms can be precisely replaced with —OH groups by changing
the electrolyte composition. As a result, double-layer or single-
layer TizC,Tyx nanosheets with a large size yield of more than 90%
may be synthesized. Thermochemical etching with heat assistance
has been described [21]. Ti,CTy, VoCTy, and Cr,CT, are three
MXenes samples synthesized without the use of HF. Gentle heating
accelerates the etching process of the MAX phase in the presence of
diluted HCI as an etchant, hence considerably increasing the etch-
ing efficacy of MXenes. Thermal-assisted electrochemical etching
not only presented a universal technique for MXene synthesis,
but it has also synthesized MXenes that were previously difficult
to synthesize. It opens up a new window for the synthesis of
MXenes in a safe, rapid, and facile way.

2.3. Water-free etching

Molten salt etching (Lewis’s acid etching) and iodine aided
etching are the two most used non-aqueous etching procedures.
In molten salt (Lewis acid), MAX phase reactions were compara-
ble to those in the HF, such as TisAlC, in molten ZnCl, [22]. By
increasing the ratio of MAX: ZnCl,, the Ti3ZnC, MAX phase was
attained, which was subsequently converted into TiszC,Cl,
MXenes. Following the optimization of the procedure, Mp.+1Z,X;,
phases were produced by substitution, yielding consistent
MXenes (Mp.+1X,Cly) with a Cl group on the surface. Li et al.
[26] synthesized of MXenes using molten Lewis acid in 2019 con-
ducted an in-depth and systematic investigation and presented
the technique of preparing MXenes using universal molten salt.
Lewis’s acid cations had such a high redox potential that they
can easily oxidize the A atoms in the MAX phase. A variety of
molten salts (NiCl,, AgCl,, CuCl,, CoCly, FeCly, CdCly) were used
to etch distinct MAX phases (TizAICN, TiAlC, Nb,AIC, TizAlC,, Ta,-
AlC, Ti»ZnC, Ti3ZnC;) to produce the matching MXenes under the
direction of this redox potential-based rule. These findings
showed that the late transition metal halide may be used to
replace A atoms in the typical MAX phase. It has substantially
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extended the range of MAX phases that may be used as MXene
precursors. Lewis acid etching is a practical and green approach
for producing MXenes since it does not need the use of HF. Shi
et al. [66] recently stated non-aqueous iodine (I,) assisted etching
technique for 2D MXene with rich oxygen terminating groups.
The TizC,lx was synthesized by I, etching in anhydrous acetoni-
trile at 100 °C, then stratified in HCl solution to further change
TizC,ly into TizC,Ty films of moderate size.

2.4. Alkali etching

Alkali is perfect for etching MAX phase TizAlC, due to its high
reactivity with Al. The challenge in producing MXenes by alkali
etching lies in reaction kinetics since certain oxides/hydroxides
will develop on the surface of TisAIC, [67-69]. KOH was success-
fully used as an etching agent for the synthesis of MXenes by Li
et al. [68], and a single-layer Ti;C,(OH), were successfully etched.
However, alkali exposure can lead to the production of Al oxide/hy-
droxide layers such AIO(OH) and Al(OH)s, which can obstruct the
desired Al removal. Only the Al atoms from the outer surface of
MAX phase TisAIC, were removed in Xie’s work [67]. Furthermore,
while the alkali treatment eliminated some of the Al, Zou et al. [70]
found that certain Na/K-Ti-O compounds were formed instead of
MXene. As a result, these oxidation layers must be eliminated.
The preparation of TisC,Tx (T = OH and/or O) was reported using
NaOH-assisted hydrothermal etching of TizAlC, [69]. To prevent
the material from oxidizing, this hydrothermal treatment was per-
formed in an argon environment. By selectively removing Al from
TizAlC, using NaOH solution at 270 °C, the multilayer Ti3;C,Tx was
synthesized. Without visible F terminal groups, the purity of the
material containing =0 and -OH terminal groups were 92 wt¥%.
The acidic or amphoteric atoms of the MAX phase were success-
fully removed using the alkali etching approach. It offers an HF-
free approach to fabricate novel MXenes.

3. The ambiguity of surface terminating group (O or -OH?)

Based on the above discussion, it is critical to gain deep insight
into MXene surface terminal groups. It is possible to change the
properties of MXenes by changing the surface group. However,
the study of =0 and -OH surface terminating groups is limited;
therefore, it is critical to study the preferences and environment
of MXene surface functional groups.

3.1. NMR study

NMR is a powerful technique for examining fluorine and
hydrogen-containing materials because of the great sensitivity of
—-OH, =0, 'H, and '°F nuclei [71]. Hope et al. [35] studied MXene
functional groups using NMR and observed corresponding '3C
NMR data (Fig. 1a), which shows that Ti3zAlC, to TizC,T, has been
converted. V,AIC and V,CTy have chemical shifts of 208 and
265 ppm, respectively, compared to TizC;Ty (382 ppm). The origi-
nal 'H NMR experiment revealed that only H,O caused significant
resonance at 6.9 ppm; however, after drying at 200 °C in a vacuum
oven overnight, distinct proton environments could be differenti-
ated (Fig. 1b). HF-synthesized MXene has a broad signal
(18.6 ppm), which is comparable to that of LiF-HCl-synthesized
MXene (12.5 ppm). The terminations with various degrees of
hydrogen bonding are assigned to -OH. The two 'H spectra also
have a 6.5 ppm characteristic, which is attributed to H,O, since
its intensity is sensitive to the degree of drying, suggesting that
vacuum drying at 200 °C cannot entirely remove the water trapped
between the layers of MXene. 2D "H-'3C heteronuclear correlation
(HETCOR) spectra of HF synthetic samples were collected to vali-
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date the connection of the -OH group to the Ti3C,Ty sheet (Fig. 1c).
These tests indicate that an angstrom correlation exists only
between species that are very close in proximity [72]. Although
the spectrum is broad, the ~OH terminations at 6 'H ~20 ppm
are associated with the TisC,T, carbon environment at § '*-
C ~380 ppm, confirming the connectivity. There are no further
H signals in this spectrum, suggesting that the environment is
far away from the carbon layer and/or highly mobile, i.e., inter-
calants, as opposed to surface terminating species. The significant
'H chemical shift outside the typical 'H chemical shift range in
these systems might be due to one of three main reasons: trans-
mitted hyperfine (or Fermi contact) displacement because of the
Ti layer unpaired spin density transformation; Knight shift owing
to metal behavior; and/or strong H-bonding. Previous NMR inves-
tigations of V,CT, discovered that the —-OH termination exhibited
higher 'H chemical shifts (85 ppm), which were attributable to
the knight shift generated by metal V,CT, with a short band gap
[73].

The T1 relaxation constant of the -OH signal is ~3 s, and the
hyperfine interaction should produce rapid T1 relaxation, accord-
ing to the 'H saturation recovery experiment on Ti5C,Ty; by com-
parison, the T1 relaxation constant of the -OH termination in
V,CT, is ~1 ms. In addition, Hope et al. [35] conducted a variable
temperature 'H NMR experiment. There was no substantial differ-
ence in the chemical shift or hyperfine shift between —8 and 62 °C.
Therefore, the substantial chemical shift of the -OH terminations
in Ti3C,Ty is due to a strong hydrogen bond rather than a hyperfine
shift. In the two different samples, two different hydrogen bond
configurations were observed. However, the small contribution of
the knight shift cannot be excluded, especially because the
observed chemical shift is near the maximum 'H shift observed
in strong hydrogen bonding systems, and the '*C NMR spectrum
shows a large shift that could be due to the Knight shift in Ti;C,T,.
Wide signals were observed for the '°F spectra (Fig. 1d), which
were characterized as —F termination, at —227 ppm in HF synthetic
samples and —255 ppm in LiF-HCI synthetic samples. There is res-
onance at 8 ppm in the LiF-HCl manufactured samples, which is
most likely due to TiF; synthesized under more severe etching con-
ditions, and a broad signal at —100 ppm, which might be attributa-
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ble to metal oxyfluoride pollution or fluorinated hydrocarbons.
TH-19F HETCOR spectra were also recorded to investigate the spa-
tial organization of various functional groups, as shown in Fig. 1
(e and f). The correlation between -F and —-OH terminations in both
samples showed that there were mixed terminations in the layer
rather than regions terminated by a single functional group, thus
confirming the spectral distribution. The presence of structural
H,0 molecules between MXene nanosheets is indicated by the
substantial connection between H,0 and -F termination; the low
mobility of H,O molecules may suggest a strong correlation, but
this needs to be validated by additional experiments at varied con-
tact periods.

3.2. Raman study

Raman spectroscopy is a powerful technique used to study-
two-dimensional materials. Despite the fact that MXenes is a vast
2D transition metal nitrides and carbides family, there has been
very little Raman research on it. Partial phonon density of states,
phonon dispersion, Raman, and infrared active vibration have all
been predicted for the Ti3C,T, monolayer lattice [74]. According
to Hu et al. [75], the surface group Ty has been affected by lattice
vibration. Furthermore, experiments were carried out utilizing
these estimates for peak distribution and analyzing data during
field electrochemical measurements. They demonstrated how
the peaks corresponding to the -O(OH), -(OH), and =0 groups
altered throughout the electrochemical cycle. The experimental
results indicate that the mixed terminations (=0 and -OH)
should be incorporated in the MXene structure calculation model.
The Raman spectra of Ti3C,Ty are also known to be influenced by
plasmonic characteristics. The TisC,T, resonance peak arises at
120 cm™! when the laser wavelength is resonantly associated
with the plasmon resonance. The Raman spectrum of Ti3C,Ty film
may be affected by the preparation process, as stated by Lioi et al.
[76], indicating that the Raman spectrum may be utilized to mon-
itor the quality change of MXene as a function of synthesis
parameters. Finally, Raman spectra from 6 nm thick MXene films
were obtained, but no single-layer MXene spectra were found. As
shown in Fig. 2(a), the MXene Raman spectra may be separated
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Fig. 1. (a) >*C NMR (11.7 T) spectra of TisC,T and TisAIC, synthesized by two different methods, recorded at 50 kHz MAS using a carr-purcell-meiboom-gill (CPMG) method,
with the echo sum to obtain the conventional line shape. (b) "H NMR (11.7 T) spectra of Ti3C,Tx MXene synthesized in LiF + HCl and HF, measured at 60 kHz MAS. (c) '"H-13C
HETCOR NMR (7.05 T) spectrum of HF-synthesized TisC,T, MXene measured at 40 kHz MAS. (d) '°F NMR (11.7 T) spectra of HF- and LiF-HCl-synthesized TisC, MXene
measured at 60 kHz MAS. 'H-'°F HETCOR NMR (11.7 T) spectra of (e) HF and (f) TisC,T, MXene synthesized by LiF + HCl recorded at 20 kHz MAS were compared with adjacent
D 'H spectra. Reproduced with permission from ref. [35]. Copyright 2016. Communication (RSC) publishing group.
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into several regions. When a 785 nm laser is utilized, the
resonant peak is seen to be associated with the plasmonic peak
[75]. The flakes region consists of Alg (Ti, C, O) and Eg (Ti, C,
0) modes, which are the out-of-plane and in-plane vibrations of
titanium and carbon atoms as well as surface terminators in the
outer layer, which shows that group vibration of Ti and C atoms
as well as surface terminator groups cause flakes vibration. This
vibration is the most difficult since it includes the most atoms
from MXene. Furthermore, the ranges 230-470 cm™! indicate
in-plane (Eg) vibrations of surface terminators of Ti atoms
because only surface atoms affect this region therefore could be
utilized to identify changes in MXenes surface chemistry caused
by electrochemical or chemical reactions. Carbon vibration is
mostly responsible for the area between 580 and 730 cm™!
(Alg and Eg). Various in-situ electrochemical experiments have
employed the latter region for surface group fingerprinting [77].
Shortly surface groups can be monitored using Raman spec-
troscopy. The influence of the composition of the etching solution,
specifically the HF concentration, on the Raman spectrum of the
MXene flakes was extensively examined because the surface
chemistry is dependent on the etching procedure, as shown in
Fig. 2(a). All of the Ti3C,Ty tested had a resonant excitation wave-
length of 785 nm. The spectra of multilayer repackaged films
were acquired by mapping a patch of 10 pm x 10 pm with an
average total of 100 spectra to avoid the influence of roughness.
Fig. 2(b-e) depicts the key features of the spectra. The multilayer
samples synthesized by etching processes are compared in Fig. 2
(b). It is worth noting that the multilayer sample was created by
drying the clay material in the in-situ HF process. Ti3C,Ty has
intercalated Li-ions but did not delaminate in this case. The mul-
tilayer powder and intercalated “clay” synthesized using the HF-
HCl technique have comparable spectra. However, both spectra
show an increase in the OH component of the surface terminator
and the positions of the A1g(C) peaks are similar. The O compo-
nent of the HF-etched multilayer material, on the other hand,
takes precedence, and the Alg(C) peak shifts to 711 cm~'. When
HCI is added, the pH rises, resulting in protonated surfaces. The
Alg (C) peak position of the multilayer sheets was moved to
730 cm™! by the introduction of TMAOH intermediate after HF
etching. The increase in interlayer space induced by intercalant
molecules might explain this dramatic shift. As demonstrated in
Fig. 2(c), the peak value of Alg (C) downshifts as the HF concen-
tration rises. As the concentration of HF increases, the ratio of Alg
(Ti, C, Tx)/A1g(C) decreases. A stronger and sharper peak ofAlg
(Ti, C, T,) suggests a lower sheets rotation relative to each other
as well as lower the defect concentration. The multilayer repack-
aging films produced by etching in LIF/HCI, HF/HCI, and HF were
compared to compare different etching procedures (Fig. 2d). Sur-
prisingly, only HF-HCI etching causes the resonance peak to shift.
The resonant Raman peak is linked to material vibronic proper-
ties, and the electronic properties of MXene may influence its res-
onant spectrum. The observed peak displacement can be
explained in this way. Varied Ti3C,T, synthesis processes affect
the surface chemical characteristics and defect concentration,
leading to different electronic properties, as is well known
[24,79]. The peak shifts of A1g(C) and Alg (Ti, C, O) in LiF/HCI
and HF/HCI etching are similar. The significant difference in the
Raman spectra of these films, aside from the resonant peak shift,
is the shift of the A1g(C) peak. In reality, the contrast between
LiF/HCI etched delaminated and “clay” MXene is remarkably com-
parable, as shown in Fig. 2(e). This suggests that the samples syn-
thesized by the HF/HCI technique and the LiF/HCl approach differ
significantly. There is no difference between the flakes of both
samples (delaminated and “clay” MXenes) because both samples
have a higher intensity of Alg (Ti, C, O). This can be explained by
the fact that the flakes in both samples have no registry [78].
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3.3. XANES study

Previously, the Ti 1s EXAFS and XANES spectra of TizAlC, and
Ti3C,T, were published [80-82]. Magnuson et al. [36] carried out
K-edge XANES research and found that MXene had -F and =0 ter-
minators. As shown in Fig. 3(a), the Ti 1s XANES absorption spectra
of Ti metal, TiC, TizAlC,, and Ti3C,T, have two regions: pre-edge
and main edge. Coordination, symmetry, and bond angle are all
important factors for the pre-edge features [83]. The weakly inter-
acting Al layer is replaced with the highly interacting termination
species Ty, where =0 and -F atoms draw charges from Ti, resulting
in a 1.4 eV shift of the C peak between the TisAIC, and TizC,T, spec-
tra [36]. It is also observed that TisAlC, and TizC, T, EXAFS structure
factor oscillations and compared them to Ti metal benchmarks. The
Ti—Ti distances of TisC,Tx (3.016 and 3.072 A) are somewhat differ-
ent from the Ti—Ti atomic distances in TisAIC, (3.029 and 3.032 A)
shown in Fig. 1(b). The in-plane Ti-Ti distance of TisC,Ty is 3.016 A,
which is somewhat less than the estimated in-plane Ti-Ti atomic
distance determined from the X-ray diffraction (XRD) lattice
parameter (a = 3.075 A) [36]. The overlaying scattering of Ti—O,
Ti—F, and Ti—C in the first coordination shell of Ti;C,T, causes peak
characteristics between 0 and 2 A in the first coordination shell,
where the Ti—C interaction has two different contributions: Ti-I
is used for the internal Ti atom bond only to C, and the contribution
of the second Ti-II is used for the external Ti atom bond to C and
terminating species. The outer Ti atom Ti—C bond length is
0.056 A longer than the inner Ti atoms. Furthermore, due to the
overlaying scattering of Ti-Ti (such as Ti—C—O, Ti—Ti—C, Ti—C-F,
and Ti—F-Ti—F), the three peaks in the higher coordination shell
between 3 and 6 A also contribute significantly to the long inclined
single Ti—F and Ti—O scattering paths from all surface Ti atoms to
the terminating species Ty [36]. In summary, there is no evidence of
—-OH terminators in MXene nanosheets based on XANES and EXAFS
spectra.

3.4. XPS study

XPS remains the most extensively utilized technology to char-
acterize surface terminal groups due to its numerous benefits
regarding analyzing MXenes since it is sensitive to all elements
except H and He [50]. It may be used to examine constituent ele-
ment bonding environments, measure element composition (in-
cluding termination), and identify minuscule quantities of
elements, especially when the elements are on the surface [50].
As an etchant, molten ZnCl, as a high Lewis acid, may easily
exchange the -F-terminated group of MXene with -Cl-terminated
MXene. Li et al. [22] successfully synthesized chlorine-
terminated Ti,CCl, and Ti3C,Cl, MXenes by selectively etching Ti,-
ZnC and Ti3Zn,C, with molten ZnCl, as the etchant and observed
that Cl may be used as a new surface group of MXenes, as shown
in Fig. 4(a and b). Qin et al. [84] observed that the mechanical
strength of —Cl-terminated MXenes is often lower than that of sim-
ilar -F-terminated MXenes. The elasticity constant of -Cl-
terminated MXenes is often lower than -OH, =0 and -F-
terminated MXenes, [85] which may be explained by the longer
M-CI bond compared to the M-F and M-0 bonds shown in Fig. 4
(c). MXene etched with molten salt lacks both -OH and =O-
terminating groups, resulting in limited mechanical stability and
conductivity [22,85].

Previous experimental studies using XPS revealed the presence
of -OH, =0, and -F terminations [2,4,7], and their proportions
were measured using energy-dispersive X-ray spectroscopy (EDS)
[2,37,55]. EDS, on the other hand, cannot differentiate between
=0 and -OH; thus, it is presumed that all =0 exists as —~OH. Pers-
son et al. [87] concluded that =0 and -F occupy the fcc position, —F
has priority, and =0 can be shifted from the alternative to the fcc
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etching). Reproduced with permission from ref. [78]. Copy right from 2020 American Chemical Society.

position following -F desorption. The site redistribution or desorp-
tion of —F (Fig. 4d) or =0 (Fig. 4e) in C 1s XPS show no change,
resulting that the C atom was not directly involved in terminating
species bonding. As a result, the persistent C 1s orbital rules out the
bridge sites or hexagonal close-packed (HCP) sites between Ti and
C atoms, i.e., the hollow sites of three Ti atoms above C atoms, as an
alternative =0 sites (Fig. 4f and g). Furthermore, Persson et al. [52]
found no evidence that —-OH was a terminating species. For MXenes
terminated by =O, its vacancy lacks electrons, while the MXene
terminated by -F has one extra electron vacancy than =O-
terminated MXene; therefore, the orbit can be filled, and the struc-
ture stabilizes [87].

Li et al. [26] observed that molten salt etched MXene lacks —-OH
termination and MS-TisC,T, sample has =O-terminated surface
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functional groups, as shown by the fitting of the Ti 2p (Fig. 5a), O
1s (Fig. 5b), and C 1s (Fig. 5c) spectra. The existence of Ti-Cl bonds
is confirmed by the XPS signal of the ClI 2p energy level (Fig. 5d).
Elemental analysis found that the MS-Ti3C,T, MXene has an O-
termination- specie content of about 12 wt% and a Cl
termination-specie content of about 14 wt¥%, giving it a composi-
tion of Ti3C;.94Clg7701.71. Xie et al. [3] presented DFT calculations
showing reduced adsorption energy of Li onto =O-terminated
MXenes compared to —-OH-terminated MXene surfaces, resulting
in greater interaction between O and Li and enhanced Li capacity.
As a consequence, the high oxygen concentration and lack of OH
surface groups of the MS-TizC,T, MXene in comparison to the par-
ticular molten salt fabrication technique are thought to contribute
to the increased capacity. Peresson et al. [52] observed the effect of
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temperature on the surface terminating groups of Ti3C,T, MXene.
Temperature-programmed XPS revealed that the functional groups
were -F and =0 and occupied distinct sites on the Ti3C,T, surface.
The =0 functional coordinates to two sites, whereas the functional
-F coordinates to a single site. When the temperature rises over
550 °C, function -F progressively desorbs until it completely van-
ishes at 750 °C. The =0 surface atoms coordinated with the alter-
native location (likely bridge site) move to the preferred
coordination site vacated by -F desorption. Throughout the heating
process, the C 1s spectra remained steady, showing that no C loss
occurred. The F 1s peak intensity, on the other hand, decreases to
a very small fraction of its original intensity in the temperature
range of 550-750 °C. As a result, at high temperatures, F-
terminations desorb from Ti3C,Ty surfaces. In the O 1s spectrum,
the peak at 529.9 eV decreased dramatically, while the third peak
at 531.3 eV rose significantly after heat treatment at 750 °C; the
latter dominates in the O 1s spectrum. The intensity redistribution
was favorable to the formation of the Ti 2p;, peak at 455.1 eV and
the Ti 2pq, peak at 461.2 eV, as was parallel to the Ti 2p peak.
However, the Ti 2p3;; and O 1s peaks were 455.1 and 531.3 eV, sug-
gesting that the O-containing species can only be =0 or -OH at
750 °C, after most -F desorption. Furthermore, during heat treat-
ment, if both =0 and -OH exist as surface terminating groups,
one of them must be desorbed or changed to the other. However,
there is no decrease in the integral intensity of the O 1s XPS peak
indicates that —OH dissociation has not occurred because in this
case, the dissociation product H will react with the adjacent -OH
and synthesize H,0, which will be desorbed immediately at ele-
vated temperature (>500 °C), reducing the integral intensity of
the O 1s spectrum; therefore, a considerable transformation from
-OH to =0 may be excluded. Furthermore, the conversion from
=0 to -OH necessitates a substantial quantity of hydrogen supply
to the TizC,Ty surface, which may be neglected. As a consequence,
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only one prediction remains: oxygen-containing species intro-
duced during the etching process will persist during the heat treat-
ment up to 750 °C [88]. Furthermore, it is difficult to move -OH
terminating species at higher temperatures on the MXene surface;
therefore, it is expected that the O 1s integral intensity will
decrease and the O 1s signal should not show peak movement in
XPS. In summary, the results of the TP-XPS investigation reveal
that the =0 terminating species are the only oxygen-containing
terminating species that are mobile on the Ti3C,T, surface, occupy-
ing two adsorption sites on the Ti3C,Ty surface that are stable at
temperatures up to 750 °C.

3.5. TGA-MS study

Transition metal nitrides and carbides are thermally stable com-
pounds in the bulk state with melting points from 2000 to 3000 °C
[89]. It is critical to analyze decomposition properties and the ther-
mal stability of 2D MXenes and their surface terminating groups
[90,91]. The key to a variety of potential applications is regulating
physicochemical parameters through surface functional groups
modification [92-95]. Previous theoretical studies anticipated the
terminal induced behavior from metallic to semiconductorin Ti,CO,
[96] as well as surface chemistry-dependent conductive and mag-
netic properties [20]. MXenes’ thermal stability provides an upper
limit for fabrication without structural deterioration, which is criti-
cal for metal matrix composites and ceramic [97]. With in-situ EELS
and ex-situ thermogravimetric analysis using mass spectroscopy,
Hart et al. [98] detected surface de-functionalization (TGA-MS)
and de-intercalation. Vacuum annealing at higher temperatures
after de-intercalation resulted in better electronic conductivity sur-
face and de-functionalization. According to DFT calculations, the
first species to desorb should be —OH [19,99], however, TGA-MS
results showed loss of -OH at 375 °C for several samples as shown
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in Fig. 6(a). The release of de-protonated H,O, on the other hand,
entirely obscured the signal of -OH loss in the majority of TGA-MS
data. Similarly, it is difficult to detect de-functionalization of -OH
using in-situ EELS, possibly because the electron beam converts -
OH groups into a stable terminating group (=0) before EELS acqui-
sition [3]. On the other hand, the partially lost =0 and -F species
were easily identifiable. These species’ release shows the loss of less
stable -OH groups [19,40]. Ti3C,T, was annealed from 300 to 775 °C,
resulting in a considerable loss of -F termination species and
enhanced sample conductivity. After annealing at 500, 700, and
775 °C, in situ EELS measurements indicate a reduction in the F K-
edge intensity, indicating partial de-functionalization of the -F func-
tional group. Ex-situ TGA-MS data demonstrate the release of -F ter-
mination starting approximately 400 °C, which is consistent with
the EELS results (Fig. 6b). At 150 °C, the wide peak in the m/e = 19
ion channel strongly matches the H,O channel, which shows that
this peak is caused by a process similar to H,O de-intercalation, such
as protonated H,O release. Peak 1 in the O K-edge EELS spectra is
consistent with Persson et al. [52] observations as shown in Fig. 6
(c), suggesting that there is no indication for the loss of =0 terminat-
ing groups, although there was a considerable loss of -F. Persson
et al. [52] observe that in-situ annealing of TizC,T, using scanning
TEM (STEM) and XPS investigation, where they show loss of -F com-
mencing at 400 °C and preservation of =0 terminations. Sang et al.
[41], on the other hand, stated that electron irradiation and over
500 °C annealing, the huge voids that occurred on the removal of
=0 terminations which might be attributable to beam-induced
effects.

~

Furthermore, using low-dose DD EELS [100] enables faster col-
lection times, lowering the risk of beam-induced sample deteriora-
tion even further (Fig. 6d-f) [98]. From a detailed analysis of in-situ
heating and biasing experiments, Hart et al. [98] identified changes
from semiconductor to metallic behavior in Mo,TiC,T, and Ti3CNT,
after the annealing-induced loss of intercalated species based on
extensive investigation of biasing experiments and in-situ heating.
These transitions illustrate that Mo,TiC,Ty and TizCNT, intra-flake
metallicity shows how intercalants in multi-layer MXenes can pro-
duce negative dR/dT. Second, the conductivity of all three MXenes
was enhanced by high-temperature annealing and the partial loss
of surface terminations (Fig. 6d-f, bottom insets). This observation
supports previous assumptions that non-terminated MXenes with
high  carrier concentrations show  metallic  behavior
[24,42,101,102]. As a function of annealing temperature, there is
a link between changes in TisC,T,—F concentration and RT resis-
tance. The loss of —~OH group is likely a substantial contributor to
the decrease in sample resistance during annealing phase at 500
°C. A minor contribution from the last steps of H,O deintercalation
may also be observed. Ex-situ TGA-MS (Fig. 6b) and in situ EELS
(Fig. 6¢) demonstrate no indication of additional H,O loss following
the 500 °C annealing stage.

Furthermore, XRD measurements have demonstrated that
annealing above 500 °C does not affect the TisC,Ty c-lattice spac-
ing [103]. The improvement in TisC;Ty conductivity during
annealing stages at 700 and 775 °C is solely related to the loss
of -F terminations since there is no change in inter-flake spac-
ing, no observation of a conducting secondary phase, and no
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indication of intercalation loss [104]. In situ annealing of TizCNT,
at 500 and 700 °C eliminate the -F species and enhanced con-
ductivity, similar to TisC,Tx [98]. A TisCNT, sample was mea-
sured using time-resolved in situ EELS in addition to the
TisCNT, sample reported before in the text and given in Fig. 6
(d-f). These results reveal that the loss of terminal species has
an impact on the electrical characteristics of MXene. Surface
de-functionalization for Mo,TiC,T, was observed at lower tem-
peratures than for TisCNT, or Ti3C,Ty, implying a comparatively
weaker interaction between Mo atoms and surface terminating
groups than Ti atoms [98]. In situ EELS reveals that annealing
Mo,TiC,T, at 700 and 775 °C results in a significant decrease
in the =0 concentration, whereas annealing at 500 °C results
in the total loss of —F. The resistivity of Mo,TiC,T, dropped by
32% as =0 terminations were largely removed from the surface.
These results suggest that the elimination of =0 terminating
group from Mo,TiC,0, enhances the intra-flake conductivity of
MXene [105,106].

4. Stability of MXene surface terminators on transition metal
(M)

It is difficult to precisely manage terminations or disclose their
influence due to the intricacy of terminations with different com-
positions and varied species. On the other hand, First-principles
computations provide a reliable way to immediately determine
the structural and performance implications of terminations. The
chemical and physical characteristics of MXenes, including optical
[107], magnetic [20], thermoelectric [108], electronic [109,110],
and mechanical [85] features, have been studied using first-
principles simulations. Prior to the modeling of MXene structures,
bonding characteristics between surface terminations and transi-
tion metals are identified. Mo,TiC,T, had a higher degree of surface
de-functionalization than Ti-based MXenes, and -F terminations
were less stable than oxygen terminations. These findings provide
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a way to boost MXene applications’ performance even further.
Mono-M M4X5T, and M3X,T, have metallic conductivity in general,
however some out-of-plane ordered double transition metal (DTM)
MXenes can be semi-metals or semiconductors [111,112]. Surface
de-functionalization for Mo,TiC,Ty happened at lower tempera-
tures than for TisCNTy or Ti3C,T,, implying a weaker interaction
between surface Mo atoms and termination species than for Ti
atoms. After annealing at 500 °C, in situ EELS revealed the total loss
of —F from Mo,TiC,Ty, and annealing at 700 and 775 °C resulted in a
significant decrease in the =0 concentration (Fig. 7a). The Mo,-
TiC,Ty resistance dropped by 32% when the =0 terminations were
largely removed from the surface (Fig. 7b). These results propose
that the release of =0 from Mo,TiC,0, improves the MXene
intra-flake conductivity [105,106].

It’s worth noticing that MXene conductivity varies depending
on the precursors and synthesis procedure. The electrical conduc-
tivity of Nb, V5, CT, and Ti,Nb,,CT, films diminishes with increasing
Nb concentration in the solid solution MXenes. This means that
MXenes’ electrical conductivity may be changed by changing their
chemical composition [113].

5. Relation between conductivity and terminating groups of
MXene

Surface terminations, which are added during MXene synthesis
[81], are thought to govern metal-to-insulator transitions
[106,111], as well as alter functional characteristics including Li-
ion capacity [24], band alignment [114], magnetism [115], super-
conductivity [116], and mechanical properties [96]. In situ anneal-
ing of Ti3CNT, at 500 and 700 °C reduced -F species and enhanced
electrical conductivity, similar to Ti3C,T,. The simultaneous release
of —F termination species and a rise in electronic conductivity are
seen in time-resolved studies of TizCNT, (Fig. 8a and b). This data
also shows that the loss of terminal species has an impact on the
electrical characteristics of MXene. To understand the as-
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Table 1 Summary of in situ heating and biasing results
MXene chemistry Termination Intercalation dR/dT Resistance ()
TiyC, T, (OH)0.4F9.4005 - F92005 H,0, Lit = Lit M=M 4110
TisCNT, (OH)osF05007 = Fo2007 H,0, Lit = Lit S-M 15927
Ti,CNT,(TBAY) (OH)g6F01052= Oy H,0, TBA* — none $=S 3330 =290
MO)TiCZT, (OH)O 5F0 010| 5= 003 Hzo, TBA* = none S-M 2500 - 387

Fig. 8. The time-resolved resistance (a) and F K-edge intensity of Ti3CNT, during in situ annealing (b). Heating is represented by the solid (dashed) arrows. t = 0 s refers to the
start of annealing at RT on the time axis. The stars denote the highest temperature of the previous annealing, which was 500 °C. The EELS data is smoothed with a Gaussian
smooth in (b) (black circles). The estimated RT resistance in (b) is represented by the dark orange line, which was derived using the observed value of dR/dT during heating.
This calculation is only applicable up to 700 °C since dR/dT varies with annealing. Both calculated RT resistance and the -F concentration were adjusted by their initial values
to normalized it. Reproduce with permission from ref. [98] Copyright from Nature Communications 2019. (c) The electrical conductivity of different vacuum filtered MXene
films. Reproduce with permission from ref. [119]. Copyright 2020, American Chemical Society. (d) The resistivity of Ti3C,T, (black), Mo,TiC, Ty (blue), and Mo, TiC,T, (red) as a
function of temperature. Multilayered powders are represented by solid lines while delaminated films are represented by dashed lines. (e) Resistivity findings of TisC,T
(black, right-side y-axis) and Mo,TiC, Ty (left, red side y-axis). The dR/dT discrepancies are shown by the colored triangles (black and red) underneath each resistivity curve. (f)
Comparison of Mo, TiC,Ty (red, left side y-axis) and Ti3C,Ty (black, right-side y-axis) resistivity results. Reproduce with permission from ref. [106]. Copyright from RSC. (g) For
Ti3C,T,, TisCNT,, TisCNT, (TBA*), and Mo,TiC,T, represent changes induced during in-situ vacuum annealing up to 775, 750, 700, and 775 °C, respectively. S indicates
semiconductor-like conduction (negative dR/dT) and M shows metallic conduction (positive dR/dT) in the dR/dT column. In-situ EELS was used to determine the reduction in
=0 and -F terminating groups whereas ex-situ TGA-MS was used to detect —-OH terminations and the loss of intercalants. Reproduce with permission from ref. [98]. Copyright
from Nature communications 2019.

prepared sample characteristics, Hart et al. [98] investigated the to extrinsic (intercalation, inter-flake hopping) or intrinsic (M-
temperature-dependent resistance of samples that were originally X, Ty stoichiometry) effects [106]. The resistivity values of a multi-
evaluated in the ambient environment from room temperature layered Mo,TiC,T, (red, left-hand y-axis) and a multilayered
(RT) to 75 °C. Mo,TiC,T, and TisCNT, exhibited semiconductor- TisC, Ty (black, right-hand y-axis) are displayed in Fig. 8(e) to better
like (negative dR/dT) behavior whereas TizC,T, exhibited metallic highlight the difference between Mo,TiC,Ty and Ti3C,T, MXenes.
behavior, as found in earlier literature (Fig. 8g) [117,118]. To fur- Both samples indicate a shift in behavior towards 250 K, which is
ther understand the relationship between the electrical conductiv- likely due to ions and water present between the MXene layers.
ity of MXene films, the four-point probe method was used to In contrast to Mo,TiC,T,, which has a resistivity that rises with
measure the electrical conductivity of all vacuum-filtered MXene decreasing temperature (dp/dT< 0) from 10-250 K, Ti3C,Ty has a
films. Ti-based MXenes (Ti,CT,, TisCNTy, Ti; gNbg 4CTy, and TizC,Ty), metallic behavior from 130 to 250 K (dp/dT> 0). The resistivity of
as well as V,CT,, have electrical conductivities more than TisC,Ty rises with decreasing temperature at temperatures below

1000 S cm™!, but Nb-based MXenes have comparatively low elec- 130 K [106]. An Arrhenius model explaining basic semiconductor
trical conductivities, as illustrated in Fig. 8(c) [113]. It is worth not- behavior or any variable range hopping model cannot effectively
ing that MXene conductivity varies depending on the precursors suit the Mo,TiC,T, data given in Fig. 8(d). Alternatively, there

and synthesis procedure. The electrical conductivity of Nb,V,,CT, might be alternative reasons for the slight improvements in resis-
and TiyNb,,CT, flakes diminishes with increasing Nb concentration tivities with lowering temperatures seen in Fig. 8(d and e), such as

in the solid solution MXenes. interflake hopping mechanisms. A clear research direction is
This means that MXenes’ electrical conductivity can be adjusted required before comes to any conclusion. Regardless of this
by changing their chemical composition. Mo,TiC,Ty exhibits remark, it is obvious that when Mo layers sandwich their Ti atomic

semiconductor-like behavior, but it's unclear whether this is due layers (in Mo-based MXenes), resistance grows monotonically with
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decreasing temperature, but when Mo is absent, initially resistance
decreases with decreasing temperature, at least initially as given in
Fig. 8(e and f) [106].

6. Byproducts of oxidized MXene

2D material MXenes has a large family that is being studied
extensively for a wide variety of uses, is unstable in water, produc-
ing TiO, spontaneously. Based on solution pH measurements and
solid product characterization, many ideas have recently been
offered to explain MXene conversions in aqueous conditions.
MXene reactivity is obviously significant for storage, device manu-
facturing, synthesis, and various other applications. MXenes are
often stored, processed, and synthesized using water colloids,
which are also employed in various device assembling. As a result,
MXenes’ chemical interaction with water is crucial. It’s plausible to
assume that nitrogen and carbon will eventually convert into gas-
eous species, such as N, CO,, CH4 so on, as a consequence of these
transformations [120]. The reaction of group IV metal carbides
with water, which produces hydroxides and hydrocarbons, was
first described by Avgustinik et al. [121] a long time ago. According
to the previous literature, the carbide carbon stays in the form of
“carbon” after MXene decomposition [54,90,122,123]. Huang
et al. [124] stated that the transformations of metal carbonatite
and carbide structures in water convert into CH4. The evolved
gases of MXene were analyzed using a GC apparatus with a ther-
mal conductivity detector (Fig. 9a), which is not especially sensi-
tive to CO,. Fig. 9(b) shows the Raman spectra of gas-phase
bubbles evolved in sealed glass vials and collected. The symmetric
stretching mode of N, is represented by the peak at 2331 cm™},
which is likely due to the little quantity of air dissolved in DI water
[125], whereas the asymmetric and symmetric CH stretching
modes in methane are represented by the peaks at 3020 and
2918 cm™ !, respectively [126]. The rotating Raman spectrum of
CH,4 is represented by the surrounding sequence of regularly
spaced smaller peaks in the 2850-3200 cm™! region. As a result,
Raman spectroscopy supports GC data of CH4 synthesis during car-
bonitride and carbide MXene conversions in water. Despite the fact
that these gaseous products would be predicted in an oxidative
breakdown of MXenes, no traces of CO or CO, were detected in
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Raman or GC, contrary to previously reported hypotheses
[120,127].

In an aqueous environment, the transformation rates of MXenes
with common transition metals are dependent on monolayer
thickness and are lower for pure carbide MXenes than carbonitride
MXene. When the monolayer structure and thickness are the same,
but different transition metals (for example, Nb,CT, and Ti,CTy)
can have enormously different chemical reactivities, representing
that the chemical properties of MXene are also dependent on the
type of bonding within the monolayer and their chemical compo-
sition. The impacts of different MXene flake sizes are less substan-
tial in this context when compared to the effects of composition
and monolayer thickness [124].

7. Conclusions and future prospective

Despite the inspiring progress that has been made, there are
still a number of critical issues of MXenes that need to be resolved
before their practical applications. As a result of the exfoliation
process, MXenes’ surface properties are highly reliant on the differ-
ent kinds and concentrations of surface terminators. In addition,
new synthetic methods must be developed to ensure uniform sur-
face terminations and high quality bare MXenes in the preparation.
The regulation of MXenes has evolved into an active research area
as more and more methods for achieving MXenes have been dis-
covered. Based on current findings, we believe that the following
are important researches aspects for MXene terminations.

1. UPS/XPS analyses reveal that in Ti3C,T,, —OH is not an essen-
tially produced terminating group, which is unexpected but
not inconsistent with prior studies [86]. The previous XPS study
only proposed that the broad characteristic peak at 531.8 eV in
the O 1s XPS spectrum included -OH species, [52] even though
it was not caused by the spectral shape. The joint temperature-
programmed XPS/STEM study shows that the wide characteris-
tic peak at 531.8 eV in the O 1s XPS spectrum originates from
the =0 terminating group at the fcc site [128]. In addition, Tis-
C,T, nanosheets are very prone to oxidize, and the oxidized sec-
tion is just a few Angstrém thick; therefore, -OH will remain
quite close to C. As a result, the use of —-OH as the intrinsic ter-
mination species in Ti3C,Ty is based only on assumption. The
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Fig. 9. (a) Gaseous products like H,, CO, CO,, and CH,4 evolved from Ti3C,Ty, Ti»CTy, Nb,CTy, and TisCNT, MXenes in water were analyzed using gas chromatography (GC). The
right-hand insets show a magnified region of the CH,4 peak formed by the CO, peak of reference CO, and Nb,CT, MXene degradation. (b) Raman spectra of gas bubbles in
sealed vials were examined and collected for Ti3C,Ty, Ti»CTy, Nb,CT,, and TisCNT, MXene conversions in water. Reproduced with permission from ref. [124]. Copyright ACS

nano 2020.
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results reveal that Ti 3p - F 2p hybridization dominates the
chemical connection between the Ti;C,T, surface and fcc site
-F. On the other hand, the chemical bond between the Ti3C,Ty
surface and fcc =0 is primarily controlled by Ti 3p

. =0 2p hybridization, with considerable contributions from the
Ti 3d and Ti 4p states. These findings are important for predict-
ing the intercalation process of future energy storage devices
because they provide critical information for understanding
the specific properties of MXenes.

. It is also observed that -OH and -F terminating groups, as well
as H,0, were still present in the 'H and '°F NMR spectra of Tis-
C,Ty MXene after vacuum drying at 200 °C. The connectedness
of the -OH and -F terminations was validated by two-
dimensional correlation studies, which demonstrated that they
both occurred in extremely close proximity between 2D metal
carbide layers. Quantitative NMR measurements demonstrate
that —~OH termination is substantially lower than -F and =0 ter-
mination, and surface termination is strongly dependent on the
synthesis method utilized; for example, the -F termination of
HF composites is nearly-four times that of LiF-HCl composites.
If the synthesized sample evaporated overnight drying at
60 °C, then there must be a very low peak for —-OH termination
in the NMR spectra and When the MAX phase is etched with
alkali, the -F termination vanishes completely, leaving just
the -OH and =0 terminators [35]. Etching in polar organic sol-
vents can be utilized to enhance the -F termination ratio while
decreasing the —-OH termination ratio [129]. Several efforts to
modify the MXene sheet surface terminating species after etch-
ing was also observed. These approaches, on the other hand,
rely on high-energy treatments (such as high-temperature
annealing), which leads to structural degradation of the MXene
[98].

. =0-terminated MXenes have a greater energy storage capacity
than -OH-terminated MXenes; therefore, it is critical to use
=0-terminated MXenes for energy storage. By using anhydrous
HCI and LiF solution, =O-terminated MXene can be synthesized.
. Many theoretical investigations have discovered that in the pro-
cess of tailoring attributes, substituting the inherently produced
termination species with alternative terminating species is not
a problem. However, there is no conclusive experimental evi-
dence that naturally occurring terminating species may be sub-
stituted (re-terminated) [87].

. The fitting of XPS for the characterization of TisC;Ty is a serious
issue that makes fitting more perplexing. Certain materials may
get energy during XPS analysis because the spectra tend to shift
toward higher BE values. The spectrum must be calibrated to
resolve this issue. The fact that this approach relies on carbon
impurities is one of its drawbacks. Several reports utilize any
figure between 284.5 and 285.0 eV, making it impossible to cal-
ibrate accurately. Because of the 0.5 eV discrepancy, proper cal-
ibration is not possible [130]. The second method is to use the
renowned BEs by adding noble metal powder (such as Au or
Ag) to the sample [131]. This approach is not addressed and
has never been utilized in the MXene literature.

. New synthetic strategies are widely preferred to control surface
termination of MXene. Advanced characterization technologies,
especially operando methods, are crucial. Surface terminations
can be used to tailor MXenes’ electrochemical performance.
Various calculated results shows that ion diffusion and adsorp-
tion processes are profoundly affected by surface terminators of
MXenes that interact with ions directly. Post-processing, such
as alkali treatment and annealing, influences the terminating
groups and required future attention. As an example, the -F
and -OH terminations of MXenes in ion batteries have been
shown to reduce their capacity [24]. The capacity of MXenes
can be significantly increased by optimizing the ratio of =0, -
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F and -OH terminations [25]. Theoretical capacities of TisCa,
Ti3C(OH),, TisC,F,, and TisC,0, MXenes are 320, 76, 130, and
268 mAh g™, respectively for Li-ion batteries [3,24,25]. The sur-
face terminations of MXenes can be effectively modified by het-
eroatom doping and heat treatment, resulting in significant
improvements in MXene performance in energy storage
devices. It is also observed that large atomic radius of non-
halogen elements was better for energy storage led researchers
to arrange different possible terminations on the surface of
MXenes, such as -S and N. Additionally, phonon frequency anal-
yses show that other terminations like -N and -S are also the-
oretically stable, this opens the door to further tinkering with
MXenes. =0-terminated MXenes have higher mechanical prop-
erties and smaller lattice parameters than -OH and -F termina-
tions. Interlayer spacing is also dependent on the atomic size of
surface terminating groups. MXenes are predicted to perform
better with =0, -S, and -N terminations than —-OH and -F.

8. In HER, there are several ways to improve the stability of the
MXene-based catalyst, including adding antioxidation agents
and carbon as well as the optimization of preparation condi-
tions. In spite of the fact that a few layers of MXenes have supe-
rior catalytic effects due to their larger surface area and, as a
result, better electronic conductivity, however, multilayer
MXenes have been shown to be more stable than those with
only a few layers. Consequently, it remains essential to optimize
the MXene layers and compositions to achieve a balance
between catalytic activity and stability. Therefore, for actual
operations, it is essential to investigate the long-term stability
of the catalysts. The HER activity of MXenes may be enhanced
by concurrently doping metal, etching two or more MAX, and
etching MAX simultaneously. In the future, new MXenes with
five or more transition metal atomic layers may have excellent
HER performance based on the newly discovered MXenes i.e.,
Mo4VC,4T, and Wi 33CTy, MosC4Ty, Mo4TiC4T, MXenes. MXenes
with some surface terminal groups (-Cl, -Br, -I, -S, -Te, -Po)
synthesized by molten salt (Lewis’ acid) etching may also give
significantly better HER activity than those with -F, =0, -OH
terminating groups, thus leading to the discovery of more
new surface terminations. Novel MXenes materials produced
from precursors other than the MAX phase may exhibit novel
HER properties. New MXene nanostructures can be produced
through minimizing the lateral size to the nanoscale, and the
addition of 3D open porous networks or other high-HER active
materials can further enhance the HER properties.

These insights open up new possibilities for MXene applications
like catalysis, optoelectronics, energy storage and conversions, and
electromagnetic interference shielding. Improved conductivity is
required in other applications, such as catalysis, energy storage
and, triboelectrics, where functionalized MXene surface chemistry
provides chemical advantages. As a result, more research is
required to learn how partial de-functionalization affects perfor-
mance in these domains.
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