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1. Introduction

Hydrogen production from splitting water and elec-
trochemical storage (ECs) energies are the bench-
mark way of energy conversion and clean energy
storage [1,2]. Although the availability of different
technologies mainly depends on the use of active
material [3]. This material accelerates the electro-
chemical reactions with its superior reaction kinet-
ics, smooth charge transfer mechanism, robust
structures, and available surface areas [4]. The
adjustable surface functionalities and robust chem-
ical, electrical, and physical properties of MXene-
based materials make them natural choices for
active materials [5]. MXenes are the layered struc-
ture of stacked 2D sheets, such as Ti;C,T,, where
T, are generally fluorine, oxygen, and hydroxyl sur-
face termination groups shown in Figure 1 [6]. This
helps to build tunable properties with a hydrophilic
surface in MXene material with metallic properties
[7], whereas chemically functionalized graphene
shows the electrical conductivity degradation. Both
the materials’ Van der Waals interaction intercon-
nect the adjacent layers [8]. Most of the synthesis
methods use fluoride-based materials [9-11]. This
results in absolutely no control over the positions of
the terminals across the 2D sheets [12]. They can be
randomly distributed with (I) the transitional metal
ions or will stack with (II) the X atoms or with a
combination of (I) and (II) together [13].

The thermodynamical calculations and Bader
charge analysis clearly indicate the preference of
oxygen functional groups as it requires two elec-
trons, which can easily stabilize the two intercon-
nected layers with interstitial bonding [14]. This
property makes the MXene material metastable at
room temperature [15]. At a higher temperature,
MXene transformed into a more stable oxide com-
pound from the carbide or nitride stage [16].
Hence, the surface oxidation of MXene results in its
poor performance as an active material [17]. This

“Surface Termination Group of MXene”

NANOCOMPOSITES . 129

phenomenon is nearly unavoidable in most of the
general approaches such as calcination [18], reflux-
ing [19], and solvothermal or hydrothermal synthe-
sis [20]. This ultimately affects the fabrication of the
MXene-based 2D materials as active materials for
the ECs [21].

This work presents an efficient way to reduce the
oxygen functional group for better electrochemical
behavior [22]. We proposed that the effect of the
oxygen functional group can be reduced in two
ways: either by replacing it as much as possible with
the other two functional groups [23], i.e. hydroxyl
and fluorine group, or with the use of a very thin
physical barrier that shields the effect of oxygen dif-
fusion [24].

The use of hydrofluoric acid during synthesis
inevitably introduces more -F functional groups in
MXene structure [25] while the use of LiOH at
ambient conditions increases the -OH surface
groups in the interlayers [26]. Wen et al. repre-
sented 192 F/g of capacitance when the heteroatom
nitrogen is introduced between the interlayers with
the use of ammonia [27]. Zhu et al. used the carbon
nanoplating technique with good material compati-
bility [28], stability [29], and conductivity of the
MXene-based materials [30].

Inspired by this work, we represent a compara-
tive study between HF-treated MXene, alkaline
MZXene treated with LiOH, heteroatom-implanted
MZXene with ammonia, and carbon nanoplated
MXene by the carbonization of glucose. These four
nanohybrids are fabricated to demonstrate their
applications for energy storage and conversion
applications with superior stability [31].

2. Synthesis
2.1. MXene

To prepare the layered Mxene sheets, 2g of MAX
phase powder (99.1%, Nanochemazone) was

(* TRANSITION METAL

(t’ (X}
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Figure 1. Schematic showing the surface termination groups of MXene.
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dissolved in 100mL HF (40% conc.) and consist-
ently heated at a temperature 35°C for 72h to get
rid of aluminium layers [32]. This acid was then
neutralized until the pH value reached 4.1 with
water and ethanol wash, and then vacuum desic-
cated at 60°C. Finally, the black powder obtained
was named as MXn [33].

2.2. Alkaline Mxene

To prepare alkaline Mxene, according to the
molecular weight of LiOH, 4.196g of it was dis-
solved in 100 mL of deionized water until a clear
solution was achieved [34]. Added 4g of Mxene
powder to it and stored for 24h at room tempera-
ture. Later, a water wash and an ethanol wash were
performed until the pH value reached 9.3 and
allowed to dry. Later, it was vacuum desiccated at
60°C, and finally, the powder was designated as
Alk-MXn [35].

2.3. Mxene@C

To prepare carbon-infused Mxene nanosheets, 0.4 g
of Mxene was taken in 100 mL DDI water and kept
for ultrasonication for about 1h [36]. In another
beaker, 4 g of dextrose (anhydrous) was dissolved in
50mL DDI water and ultrasonicated for 60 min.
Both solutions were transferred to the Teflon liner
and kept in a furnace under 160°C for 24 h. Later,
it was subjected to a water and ethanol wash.
Finally, the material was vacuum desiccated at 60°C
and named MXn@C [37].

2.4. Mxene@N

To prepare nitrogen-infused Mxene nanosheets,
0.4g of Mxene was dissolved in 150 mL ammonia
and ultrasonicated for 1h [38]. Then, it was kept in
the furnace at 200°C for 8h. Later, it was given a
water and ethanol wash. Finally, the material was
vacuum  desiccated at 60°C and named
MXn@N ([39].

3. Sample characterization

Bruker D2 phaser X-ray diffractometer with Cu K
radiation as a source (= 0.1542 nm) and high-reso-
lution Lynxeye detector were used to analyse the
X-ray diffraction data of the samples. Diffraction pat-
terns of the samples were catalogued in the 20 range
of (5° < 20 <80°) with a step scan range of 0.02" s7!
at room temperature. FTIR (PerkinElmer system
2000) was used to perform a spectroscopic investiga-
tion to analyse surface functional groups in the
wavelength range of 500-4000cm™'. A programmed

LCR-bridge (Hioki HM8118) was used to estimate
the dielectric measurement to explore the impedance
characteristics over the frequency range of 20Hz to
200KHz. Electrochemical studies were performed
using a Biologic Potentiostat-Galvanostat instru-
ment. Cyclic voltammetry studies were done using a
25mlL glass cell with LiOH aqueous solution as an
electrolyte, a Pt rod as a counter electrode, and a
saturated calomel electrode (SCE) used as a reference
electrode. Stainless steel mesh, due to its characteris-
tic of high potential towards O, evolution, was used
as a current collector. The electrode was prepared by
coating stainless steel mesh with a slurry of active
material (80%), acetylene black (10%), polytetra-
fluoroethylene (PTFE) binder (10%), and finally a
few drops of solvent (N-methyl-2-pyrrolidone). The
fabricated electrode was studied, and parameters
were recorded. Equation of states calculation was
carried out using the software Burai.

4, Results and discussion

4.1. Morphological-dependent performance of
different MXenes

4.1.1. Mono-M MXenes

Ti,CTy, a member of 2D materials, is the mono M-
MXene produced by etching, the MAX phase
Ti, AIC. The aluminium stacks are taken out of the
MAX phase by etching them with HF. Ti,CT, forms
the subsequent lamellar sheets with a surface deco-
rated with functional groups like ~-OH, -F, and -O.
The functional groups make the MXene hydrophilic
and dispersive, whereas density functional theory
(DFT) reveals the carbon vacancies are Ti,CT, more
flexible and conductive. The thermal stability of the
material was found to be optimum in a vacuum or
inert gas atmosphere only.

TisC, Ty, MXene is a mono M-MXene produced
by etching the Ti3AIC, MAX phase. The aluminium
layer is etched from MAX powder by treating it
with HF or LiF4+HCIL Various characterization
reveals the marked difference between bulk Ti;AIC,
and Ti;C,T, nanosheets. Scanning electron micros-
copy shows that the Ti;AIC, are bulk and densely
layered materials, while the obtained Ti;C,T, are
accordion-like regular 2D sheets. XRD data shows
the elimination of the Al layer as the peak at 39°
disappears in MXene. Even the peak at 9.7° gets
shifted to lower values, indicating spacing between
the layers. Atomic force and transmission electron
microscopy show very thin, flexible, and transparent
nanosheets produced. Fabricated Ti3C,T, was
treated at medium temperature to get annealed
MXene. The loss of T, hanging on the surface was
caused by this thermal decrease. Annealed Ti;C,T,,
when combined with epoxy, showed better



characteristics at a loading of 15wt% for electro-
chemical properties.

In the MXene family, another mono M-MXene is
niobium carbide (Nb,CT,). As reported, Nb,CT,
niobium carbide, when compared to Ti,CT,, is
quite thinner because of increased inter-layer spac-
ing and surface-enriched functional groups. The
space between layers increases as two Nb layers get
twisted over the carbon layer, but the bond angle
and bond length are identical to Ti,CT,. Nb,CT,
niobium carbide MXene is synthesized by eliminat-
ing the aluminium from Nb,AIC. Studied by a
group of researchers, variation of etching time, and
chemical exfoliation varies the stacking order of the
MXene layers, causing delamination of a few layers
at 72h. Revealed by scanning electron microscopy,
the bulk phase of Nb,AIC changes to lamellar sheets
after etching with HF, verifying the removal of the
aluminium layer. XRD data showed the extent of Al
layer removal in different etching time conditions.
Likewise, TEM, Raman, HRTEM, and TGA analysis
verified the preparation of the niobium carbide. The
EMI absorbing capacity of chemically exfoliated
lamellar Nb,CT, niobium carbide was investigated
when it was combined with paraffin wax nanocom-
posite. Nb,CT, niobium carbide (M2X) exhibits
fewer atomic layers as compared to M3X and M4X,
as a result of which it shows high gravimetric cap-
acitance. It also is magnetic and superconductive in
nature.

4.1.2. Double-X MXene

TisCNTy is a type of MXene with two X in the ser-
ies, i.e. carbon and nitrogen forming double-X
MZXene. Ti;CNT, was synthesized by etching
TisAICN powders with HF to get rid of the Al layer
from the composite. When washed with deionized
water and the collected sample was sonicated under
an argon atmosphere, the final products obtained
were dark green in colour. While 2D materials are
well-known EMI shielding materials, double X-
Mxene composites are investigated to check their
EM wave-absorbing capacity. It was reported that
when Ni@C microcubes were incorporated with 2D
Ti;CNT, MXene, a layered porous composite was
obtained. Various characterizations revealed the
composite to be highly magnetic, electrically con-
ductive, and properly stacked with numerous porous
interfaces. Thus, EMI shielding measurements
showed an efficiency of 66.7 dB for 60 mm thickness.
The EMI absorbing mechanism includes electronic
transport on the surface, followed by dipolar polar-
ization accompanied by magnetic coupling and then
repeated internal reflections within lamellar porous
layers. Ti;CNT,/Ni@C showed good joule energy

NANOCOMPOSITES . 131

conversion, making the MXene a good candidate for
EM wave shieling and energy conversion.

4.1.3. Double-M MXenes

Molybdenum-based MXene, like 2D Mo, TiC,T,, is
double-M MXene and belongs to the MXene family
with two transition metals. In this type of double-M
carbides, the Mo atoms form the outermost layer,
which encapsulates Ti layers. These Mo-based two-
metal MXenes are prepared using ternary and qua-
ternary carbide powders like Mo, TiC, Ty, Mo,Ga,C,
and Mo, Ti,AlC; as starting materials. These MAX
phase powders are etched using HF, because of
which the metallic bond between the transition met-
als and aluminium breaks, and aluminium gets
removed. After proper washing, the final material is
obtained. Various characterization like XRD, SEM,
and Raman show the proper formations of the
desired material. As reported, the Mo, TiC,T, shows
a conductivity of nearly 120 S/cm. From the plot of
temperature versus conductivity, it was found that
the orderly stacked, Mo,TiC,T, exhibits metallic
behaviour. Mo-based MXenes are reported to be
thermally stable, highly conductive, and have a large
thermoelectric power factor. Showing the efficiency
of good EMI shielding and electrochemical proper-
ties of Mxene composite. Hence, overall, the high
capacitance behaviour of MXene is mostly influ-
enced by the M element, flake size, surface chemis-
try, surface groups, etc.

4.2. X-Ray diffraction

Figure 2 depicts the XRD pattern for the MAX
phase and all MXene samples. The selective etching
of the Al layers from the MAX phase powder with
HF treatment leads to the absence of (104) alumi-
num peak at the 20 value of 38.9° [40]. However,
the presence of other characteristic peaks at 7.76°,
16.96°, 26.14°, 32.98°, 35.54°, 37.48°, 40.48°, 59.40°,
and 65.48°, with their miller indices of (002), (004),
(006), (100), (102), (103), (105), (9110), and (1011)
respectively clearly indicate retainment of its hex-
agonal phase with P63/m group of symmetry [41].
In general, the complete termination of the -F
group in Mxene samples leads to no obvious change
in the interlayer spacing. However, the presence of
the —F surface group in HF-treated Mxene shifts the
characteristic (002) peak from 9.5° to 7.76° for it;
this indicates a d-spacing of 11.40A for the HF-
treated Mxene phase [42]. The nanoplating with car-
bon, —~OH implantation, and N heteroatom presence
enhance the d-spacing further to 11.84 A, 12.48 A,
and 12.5A, respectively, the characteristic peak of
(002) plane of amorphous carbon obtained for
MXn@C sample at the 20 value of 20° as well. The
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Figure 4. Free energy vs volume graph for MXene.

absence of a TiO, (101) peak in all the samples
clearly indicates the disappearance of the effect of
the oxidation in Mxene and any harmful carbon-
aceous material during the hydrothermal synthe-
sis [43].

4.3. Fourier-transform infrared spectroscopy

The presence of surface functional groups has been
verified with the FTIR spectroscopy shown in Figure
3. Interestingly, peaks corresponding to -F and ~-OH

appear prominently in the

functional groups
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Figure 5. Electrochemical performance of MXn, Alk-MXn, MXn@C, and MXn@N electrodes.

spectrum. C-F stretching vibrations are observed at
1310cm™" for all the Mxene samples. The band at
1420 cm™" and 3370 cm™" is identified as ~OH func-
tional groups. These peak intensities were reduced for
the MXn@N sample [44]. This may be due to the
amalgamation of nitrogen at the Mxene matrices by
reducing the surface functional groups of ~-OH. The
hidden band of the -NH group for MXn@N was de-
convoluted using derivative spectroscopy shown in
the inset of Figure 3. The presence of five hydroxyl
groups in dextrose may be responsible for higher
intensities of the ~-OH band for the MXn@C sample.

The double-bonded carbon (C=C) band at
1576 cm™" is the most intense for MXn@C sample
because of the carbon nanoplating within the 2D
layers. The absence of C=0 and Ti-O stretching
vibrations from the FTIR spectra indicates suppres-
sion of -O functional groups in the 2D materials [45].

4.4. Simulated equations of state calculation

Structural optimization calculation was performed
using DFT simulation techniques to understand the
structural and atomic spacing behavior of Mxene. We
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Table 1. Comparison table of electrochemical performances
of MXene at 2mV/s scan rates.

SI No Electrolyte Specific capacitance (F/g) Reference

1 MgSO, 97 [55]

2 K;S0,4 81 [55]

3 Mg(NOs), 77 [55]

4 KOH 72 [55]

5 LiOH 110 Present work

Table 2. Specific capacitance of the material at different
scan rates.

Specific Capacitance (F/g)
Scan rate (mV/s) MXn Alk-MXn MXn@C MXn@N
2 40 42 110 42
5 39 34 97 32
10 35 30 88 27
20 31 26 59 22
50 24 19 38 15
100 17 14 29 1

formulated Mxene layers associated with their func-
tional groups with the presence of a vacuum within
the interlayers space along the Z-axis. The thermo-
dynamic property was calculated with a given volume
using F = Eppr + Fyjg. Here, F represents the
Helmholtz free energy, Fy;p is the vibrational free
energy, and Epgr is the DFT total energy [46]. We
determined the Helmholtz free energies of the Mxene
by the application of 25% deformation of their ori-
ginal volume. Finally, the equation of states was
obtained by fitting such fire different volumes under
biaxial deformation tensors, as shown in Figure 4.
The absence of minima in the free energy calculations
indicates towards non-equilibrium states [47]. Hence,
the presence of other functional groups makes the
Mzxene flexible, but the strength might be higher with
the -O functional group. The mechanical exfoliation
of the graphene sheet shows a linear graph because of
the presence of strong van der Waals interactions
between the 2D layers. Hence, the presence of the
other functional groups has a stronger effect on the
bond strength of the Mxene [48].

4.5. Electrochemical performances

Electrochemical analysis has been performed to
understand the effect of the surface functional group
on the super capacitive behavior of the Mxene. Open
circuit potential (OCP) has been taken as the starting
potential to avoid oxidation in LiOH electrolytes [49].
With a scan rate of 20 mV/s, the cyclic voltagrams of
Alk-MXn and MXn@N are displayed in Figure 5(a).
Both materials show almost similar and quasi-rect-
angular shapes [50]. This similar nature may be due to
the similar interlayer spacing between the materials as
obtained during XRD analysis. The electrochemical
performances of MXn and MXn@C enhance with the
higher integrated area than their counterparts at room
temperature shown in Figure 5(b). The more idealistic

rectangular shape was observed during the charge
cycle because of faster intercalation of the Li" cations.
This might be due to the enhanced conductivity with
the presence of -F and nanoplated carbon in MXn
and MXn@C, respectively. MXn@C samples were
found to have the highest specific capacitance, meas-
uring 110 F/g at a 2mV/s scan rate. The electrochem-
ical performance of the Mxene in comparison to the
LiOH as an electrolyte has been presented in Table 1.
The impedance behavior of the material presented
with the Nyquist plot is shown in Figure 5(c). It
depicts the information about the conductivity mech-
anism of the sample. Here, MXn and Alk-MXn show
two semicircles and a slope line, whereas MXn@C
exhibited a single semicircle with a slope, and
MXn@N showed only a slope line with no greater
semicircle. This clearly helps us understand the
charge transfer resistance of the samples [51]. The
MZXn material shows a low impedance value with low
charge transfer resistivity exhibiting higher conduct-
ivity with the presence of —F ions [52]. Similarly, Alk-
MXn and MXn@C also resemble the near similar
properties to MXn [53]. But MXn@N shows different
conductivity compared to all other samples. The
Nyquist plot’s shape gives information on the physical
processes taking place at conductive junctions [54].

5. Conclusions

In summary, we developed an efficient way to reduce
the oxygen functional groups in 2D MZXene.
Compared with the pristine MXene, the presence of
the ~-OH and -F surface terminal groups or the pres-
ence of a very thin layer of carbon or nitrogen atoms
show better electrochemical behavior in the 2D
material. The simulation studies represent that the
reduction of the oxygen functional groups leads
towards non-equilibrium free energies, which makes
the material more flexible. The XRD and FTIR ana-
lysis shows that the modification process of surface
terminals or the high-temperature nanoplating retains
the original accordion structure of the 2D material,
thereby facilitating electron transports by exposing
more than enough active surface areas for super cap-
acitor applications. A superior 110 F/g specific capaci-
tance can be achieved with MXn@C samples at
2mV/s scan rate shown in Table 2. This provides
much more insight into the high-performance super
capacitors with the design and modulations of the
surface terminals in MXene-based 2D materials.
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