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Enhanced pseudocapacitive energy storage and
thermal stability of Sn?* ion-intercalated
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Electrochemical energy-storage (EES) devices are a major part of energy-storage systems for industrial and
domestic applications. Herein, a two-dimensional (2D) transition metal carbide MXene, namely Mo,TiC,,
was intercalated with Sn ions to study the structural, morphological, optical, and electrochemical
energy-storage effects. The Sn?*-intercalated modified layered structure, prepared via a facile liquid-
phase pre-intercalated cetyltrimethylammonium bromide (CTAB) method, showed a higher surface area
of 30 m? g%, low band gap of 1.3 eV, and large interlayer spacing of 1.47 nm, as compared to the
pristine Mo,TiC,. The Sn@Mo,TiC, electrode showed a high specific capacitance of 670 F gfi,
representing a large diffusion control value compared to pure Mo,TiC, (212 F g% at a scan rate of 2 mV

Received 3rd September 2022 1 L . . . )
Accepted 24th October 2022 s~ ". The modified electrode also presented long-term cyclic performance, high-capacity retention and
coulombic efficiency measured over 10 000 cycles. The Sn@Mo,TiC, electrode showed much improved

DOI-10.1039/d2ra05552) electrocatalytic efficiency, which may open up ways to employ double-transition 2D MXenes in energy-
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Introduction

The rising demands for energy across the globe, and the
reducing resources of fossil fuels and their harmful impact on
the environment have urged engineers, scientists, and
researchers to investigate new renewable sources of energy
generation. Solar and wind power systems are two major
sources of renewable energy, which are efficient, clean, and
environmentally friendly with great potential to fulfill future
energy requirements. A key hurdle in their way, however, is
how to manufacture some efficient energy-storage devices at
the domestic as well as an industrial level.* For this purpose,
lithium-ion batteries are playing a key role at a commercial
scale, but like fossil fuels, the sources of lithium metal are
limited, and they also suffer from low energy density and high
cost.>® So, keeping in mind the present energy usage
scenario, scientists are engaged in pushing the research in
two major directions: to improve the already built energy-
storage systems and develop new efficient high energy-
density systems.’

Physics Characterization and Simulations Lab (PCSL), Department of Physics, School
of Natural Sciences (SNS), National University of Sciences and Technology (NUST),
Islamabad 44000, Pakistan. E-mail: syedrizwan@sns.nust.edu.pk; syedrizwanh83@
gmail.com

T Electronic supplementary information (ESI) available: Some important formulas
for calculation of the electrochemical parameters are provided in the
supplementary information. See DOI: https://doi.org/10.1039/d2ra05552j

© 2022 The Author(s). Published by the Royal Society of Chemistry

Electrochemical energy-storage (EES) devices are attracting
the attention of researchers due to their high energy-storage
capacity, cyclic stability, and fast kinetics, which have made it
possible to use these systems in all kinds of electronic gadgets,
hybrid electric vehicles, and grid-storage applications.>** Two-
dimensional (2D) materials are the most suitable candidates
for EES devices due to their improved physical and chemical
properties. A wide range of 2D materials has been reported,
including graphene, metal dichalcogenides, oxides, sulfides,
and nitrides."**®

One of the most recent advancements in the field of 2D
materials is related to transition metal carbides or nitrides, also
known as MXenes, which were reported for the first time in
2011." These MXenes are directly synthesized from the MAX
phase by the selective etching of the A atomic layer in HF
etching solution for the optimum time, wherein the general
formula describes the composition of MAX, which is written as
M,,.1AX,, where M is an early transition metal, A belongs to
group IIIA or IVA elements, and X is a carbon or nitrogen
element, and n = 1, 2, or 3.>° The exfoliated MXenes have the
general formula M,.; X, Ty, where T, defines the surface
terminations (OH, F, and O) associated with MXenes and x
denotes the number of termination groups. MXenes have lot of
applications in the field of energy storage,**° biosensing,***"
electromagnetic interference shielding,*»** water purification,**
ion sieving,” and anti-bacterial activities.***” MXenes show
pseudocapacitive behavior when wused in supercapacitor
applications.
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In the presence of termination groups (F and OH) on the
surface of MXenes, their surface behaves as a negatively charged
MXene.*® Therefore, due to the negatively charged surface of
MXenes, some metal cations are easily intercalated between the
MXene layers due to electrostatic interactions.*® This pillared
process helps to rectify the restacking issue among the MXene
layers, which restricts the cyclic stability of MXenes. Pillared
intercalated clays (PILCs) are the most common and important
examples of the pillaring effects in nanostructures due to their
applications in separation and catalysis.’>*" PILCs show a large
interlayer space due to the stable pillaring effect among the
layers of clays.*

Luo et al. prepared hybrid electrodes by using Ti;C, MXenes
for high-performance lithium-ion capacitors and a sodium
metal anode, whereby they obtained better results compared to
pure Ti;C, MXene.”*** Maughan et al. also synthesized the
silica-pillared Mo,TiC, MXene, which shows better perfor-
mance for Li- and Na-ion batteries, and also synthesized in situ
pillared MXene for zinc-ion hybrid capacitor applications.>**>¢

Inspired by the above-mentioned idea, we prepared the Sn-
intercalated nanostructure (Sn@Mo,TiC,) with improved elec-
tronic conductivity, large surface area, and good ion-diffusion
properties. The CTAB surfactant was used for pre-intercalation
because Mo,TiC, does not form a homogeneous solution in
deionized water due to its high surface resistance, while the pre-
intercalated long-tailed CTA" cation provides an easy way to
intercalate Sn** among the layers of Mo,TiC, MXenes and in the
presence of surfactant, and the absorbed Sn** spread uniformly
among the layers of Mo,TiC, nanocomplex, whereas without
the surfactant it was difficult to intercalate Sn*" on MXene
nanosheets.”” The Sn*'-intercalated Mo,TiC, offers more
surface area due to the large interlayer space that helps to store
a larger number of charges among the 2D gallery heights of the
MXenes. Meanwhile, in the presence of Sn>**-intercalated
Mo,TiC, hybrid (Sn@Mo,TiC,), the surface and layered
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structure of the MXene became more conductive. Another
important advantage of Sn>" pillaring among the layers of
MXenes was the volume expansion, which further enhances the
electrochemical stability by rectifying the restacking issue
among the sheets and provides more active sites for the storage
of charges even at high scan rates.>® The prepared electrode for
supercapacitor applications has a high cyclic stability and
specific capacitance value as compared to pure Mo, TiC, MXene.

Experimentation

The whole process used for the synthesis of the Sn@Mo,TiC,
nanostructure was like that reported by Luo et al.>*** with some
modifications, as described in Fig. 1.

Synthesis of Mo,TiC, MXene

MAX phase Mo,TiAlC, (200 mesh) powder was purchased from
Yiyi Technology (Jilin Province Yiyi Technology Co., Ltd, Jilin,
China) and directly used for the synthesis of Mo,TiC, MXene
through a conventional method. For this purpose, 1 g of MAX
powder was added into 10 ml 50% concentrated solution of
hydrofluoric acid (HF) and the mixture was continuously stirred
in a Teflon beaker at 250 rpm for 72 h at 55 °C. The Mo,TiC,
obtained through this process was centrifuged and washed with
deionized water several times at 3500 rpm until the pH reached
6, and finally, the powder was collected by vacuum filtration and
dried under vacuum at 60 °C for 24 h.

Synthesis of the Sn@Mo,TiC, hybrid

For the preparation of the Sn@Mo,TiC, nanostructure, 200 mg
Mo, TiC, was stirred in 40 ml CTAB (0.150 wt%) solution for 24 h
at room temperature. Then SnCl,-2H,0 (Sinopharm Chemical
Reagent Co. Ltd.) was added (13.536 mg) to prepare 1.5 mM
solution and again stirred for 12 h under the same conditions.

Pre-intercalation ‘in

@CTAB W

CTAB@Mo,TiC,

Selective etching of
aluminum layers

Intercalation
@Sn+2

Final Product

Sn*?

Sn@Mo,TiC,

Fig. 1 Schematic diagram for the synthesis of the Sn@Mo,TiC, nanohybrid.
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Finally, the product collected was rinsed with water and dried
under a vacuum at 60 °C for another 24 h.

Material characterization

To study the structural properties of the nanohybrid, an X-ray
diffractometry system (XRD, Bruker, D8 Advance) with a mono-
chromatic Cu-Ko source and wavelength of 1.54 A was used. The
thermal stability of the nanohybrid was determined by ther-
mogravimetric analysis (TGA, SDT650) and an ultraviolet-
visible (UV-vis, Lambda 365 PerkinElmer) absorption test was
performed to estimate the band gap of the nanostructure. To
study the surface area and average pore volume of the hybrid
material, gas adsorption-desorption analysis based on the
Brunauer-Emmett-Teller (BET, Quantachrome NovaWin)
method was performed. The morphological properties of the
materials were analyzed by scanning electron microscopy (SEM;
Hitachi s-4800 FEG), while energy dispersive X-ray spectroscopy
(EDX) was used to measure the elemental composition of the
material. Fourier transform infrared (FTIR, Bruker Alpha)
spectrometry was used to study the chemical structure of the
samples. Raman spectrometry (Thermo Renishaw, He-Ne laser,
A =532 nm) was employed to study the chemical bond structure
of the nanohybrid.

Electrochemical measurements

Electrochemical measurements were determined by using
a potentiostat electrochemical workstation (Gamry 1010B) three-
electrode system, in the presence of 1 M KOH electrolyte solution.
The counter and reference electrodes consisted of platinum wire
and Ag/AgCl, respectively. The working electrode was prepared by
the following steps. To study the electrochemical properties of
our hybrid electrode, we used Ni foam as a current collector. For
that purpose, we made a slurry of Sn@Mo,TiC, nanohybrid by
using 75% active material, 15% carbon black, 10% poly-
vinylidene fluoride (PVDF), and N-methylpyrrolidone (NMP) used
as a solvent. The as-prepared slurry was coated on the Ni foam of
a1lcm X 1 cm current collector, which was prewashed sequen-
tially with hydrochloric acid, ethanol, and deionized water by
using a sonicator. Finally, the Ni foam electrode was dried in
a vacuum oven overnight and pressed under 5 Mpa pressure for
10 s. Cyclic voltammetry (CV) tests were performed at different
scan rates to study the electrochemical behaviors of the samples
and the gravimetric capacitance. The long-term cyclic perfor-
mances of the electrodes were studied by galvanostatic charge—
discharge (GCD) tests at a current density of 10 A g~ * for 10 000
cycles. To study the charge-transfer resistance and diffusion
coefficient of the samples, electrochemical impedance spectros-
copy (EIS) measurements were performed in the frequency range
of 20 kHz to 10 mHz at open circuit voltage (OCV), with a sinu-
soidal signal of 10 mV.

Results and discussion

The X-ray diffraction (XRD) patterns of the MAX phase, MXene,
and Sn-intercalated MXene are presented in Fig. 2a. The results

© 2022 The Author(s). Published by the Royal Society of Chemistry
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obtained from the XRD data were in good agreement with the
earlier reports, which evidenced the successful synthesis of
Mo,TiC, MXene from the Mo,TiAlC, MAX phase.*®*® The peak
values of the planes (002), (004), and (006) in Mo,TiC, were
shifted toward lower diffraction angles of 6.8°, 13.6°, and 18.9°
compared to the parent MAX phase (9.4°, 19°, and 28.6°), which
signified an increase in the c¢-lattice parameter (c-LP) due to the
surface functional groups and adsorption of water molecules
between the Mo,TiC, layers.*®®

The main peak of the 002 plane was further shifted to a lower
angle from 6.8° to 6.0° in the case of Mo,TiC, MXene to
Sn@Mo,TiC,, which presented that Sn®>" intercalation
enhanced the ¢-LP from 25.8 to 29.3 A and d-spacing from
1.29 nm to 1.47 nm. The increase in the ¢-LP and d value of the
002 plane for Sn@Mo,TiC, confirmed the successful Sn**
intercalation among the layers of Mo,TiC, MXene nanosheets.
The value of the peak intensity was also observed to decrease for
the (002) plane in the case of the Sn@Mo,TiC, hybrid compared
to pure Mo,TiC, and the 006 peaks also vanished, which also
suggested the amorphous nanocomplex formed on Mo,TiC,.
The interaction between Mo,TiC, was further confirmed from
the peak split in the FTIR spectra of pure Mo,TiC, and
Sn@Mo,TiC,, as shown in Fig. 4a.

Thermogravimetric (TGA) analysis was performed to inves-
tigate the thermal properties of the materials to estimate the
thermal conductivity, thermal stability, and thermal expansion.
TGA measurements for Mo, TiAlC,, Mo,TiC,, and Sn@Mo,TiC,
were carried out in the range from room temperature (RT) to
800 °C in the presence of N, gas, as shown in Fig. 2b. The MAX
phase was thermally stable throughout the temperature range,
except for a little weight gain in the range of 600 °C to 800 °C,
which may have been due to the selective oxidation of Al while
heating in N, in the presence of a minor oxygen content.®* The
Mo,TiC, MXene was also found to be thermally stable
throughout the temperature range (RT to 800 °C), except for
a slight gradual decrease in weight of up to 1%, which was due
to the unstable surface functional groups, like -F, -O, and -OH.
Sn@Mo,TiC, was also heated in an N, environment in the same
temperature range and an initial weight loss of about 2% was
observed between 200 °C to 500 °C, which may have been due to
the removal of the CTAB surfactant. A further rapid weight loss
of up to 5% was also observed between the temperature range of
500 °C to 590 °C, after which it remained stable.

This was the temperature range where the intercalated
MXene showed the worst resistance to thermal degradation.
However, most reported MXene nanostructures are stable only
up to 350 °C and so our material is thermally more stable.®>%
The results of the TGA were strongly consistent with the XRD
data, which confirmed the successful intercalation of the
amorphous nanocomplex on Mo,TiC, MXene.

The differential scanning calorimetry (DSC) curves for Mo,-
TiAlC,, Mo,TiC,, and Sn@Mo,TiC, are also shown in Fig. 2c. It
was observed that all the samples showed their initial peak
around 110 °C, which suggests that the change in mass rate
happened in all the samples at that point due to the loss of the
minor moisture content among the layered structures and
a relative endothermic heat flow reaction occurred. A similar
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Fig. 2

(a) XRD plots for Mo, TiAIC,, Mo, TiC,, and the Sn@Mo,TiC, nanohybrid, (b) TGA plots for Mo, TiAIC,, Mo, TiC,, and Sn@Mo,TiC,, (c) DSC

curves for Mo,TIAIC,, Mo,TiC,, and Sn@Mo,TiC,, (d) UV-visible absorption spectra and inset Tauc plots for both Mo, TiC, and Sn@Mo,TiC,, (e)
N, adsorption—desorption plots at 77 k for Mo, TiC, and the Sn@Mo,TiC, nanohybrid, (f) pore-size distribution, (inset cumulative pore volume
graph past) vs. the pore width calculated through the NL DFT method for both the samples Mo, TiC, and Sn@Mo,TiC,.

kind of large peak was observed in the DSC data around 500 °C
in all the samples, but it was more prominent in the case of
Mo,TiC, and Sn@Mo,TiC, because the rate of mass loss was
more significant in the Mo,TiC, and Sn@Mo,TiC, structures as
compared to the very small mass gain rate in Mo,TiAlC,, which
further indicated that a large endothermic heat flow occurred
among the material structures due to the change in the mass
loss rate. As we already discussed in the TGA results, the mass
loss was due to the unstable surface termination groups and low

31926 | RSC Adv, 2022, 12, 31923-31934

thermal degradation resistance, respectively, at high
temperature.*

UV-vis spectroscopic analysis was performed to study the
optical properties of our structures. The results are shown in
Fig. 2d, which exhibit that the peak values for the absorption of
Mo,TiC, and Sn@Mo,TiC, were obtained at 194 and 207 nm,
respectively. The shift in peak positions identified that the band
gap was reduced after adding Sn*" in MXene, which might be
due to some new states’ formation between the valence and

conduction bands. The inset Tauc plot curve was also plotted to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Scanning electron microscopy (SEM) images of both the samples (a) Mo, TiC, MXene image taken at 1 pm, (b) Sn@Mo,TiC; hybrid image

taken at 2 pm.

calculate the value of the band gaps of Mo,TiC, and Sn@Mo,-
TiC,, which varied from 1.6 eV (for pristine MXene) to 1.3 eV (for
Sn-intercalated MXene). This result is an indication of the
successful intercalation of Sn>*.%

To study the effect of Sn>" on the surface area of the MXene,
BET analysis was performed in the presence of N, isotherm at
77 K. Fig. 2e shows the results of the adsorption-desorption
data for both the samples Mo,TiC, and Sn@Mo,TiC,. Fig. 2e
shows that the surface area for the nanohybrid (Sn@Mo,TiC,)
increased up to 30 m”> g~ * compared to 12 m* g~ for pure
Mo, TiC, MXene, which indicated that the hybrid material had
a more porous nature compared to pure MXene. Fig. 2f shows
the pore-width distribution, which was calculated through the
non-local density functional theory (NL DFT) method and inset
plot of the cumulative pore volume vs. pore width.* The results
of the inset plot of Fig. 2f show that the pore volume increased
from 0.015 to 0.042 cm® g™, which was again consistent with
the BET results (whereby the surface area increased from 12 to
30 m” g "). Hence the increase in porosity of the Sn@MOo,TiC,
was increased due to the interaction of Sn*>* with the Mo,TiC,

nanosheets. These results were also consistent with the XRD
data of Mo,TiC, and Sn@Mo,TiC,, where a shift in diffraction
angle toward the lower side was observed in the main peak of
the 002 plane for both the samples, and as a result the ¢-LP
values were increased from 2.58 to 2.93 nm, respectively
(Mo,TiC, to Sn@Mo,TiC,). So, the increase in ¢-LP also became
the cause of the increase in d value from 1.29 to 1.47 nm for
Mo,TiC, to Sn@Mo,TiC,. Finally, we can say that the increase
in the surface area of our hybrid material was basically due to
the interaction of Mo,TiC, with Sn>*.

The surface morphology of the Mo,TiC, MXene and
Sn@Mo,TiC, was studied by scanning electron microscopy
(SEM), as shown in Fig. 3 a and b. Both the SEM micrographs of
MXene and the hybrid material Sn@Mo,TiC, (1 and 2 pm)
showed a layered nature, respectively. Fig. 3b shows presence of
Sn** in the prepared sample. In addition, Sn>* was noted in the
spectra, confirming its presence in the hybrid (ESI Fig. S27).

Moreover, the SEM image for the hybrid material showed
that the Sn”" intercalation did not destroy the layered structure
of MXene in Sn@Mo,TiC,, which was also confirmed by the

(@) ()
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hn
g 3
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2 &
3 f)
< =
5 615| 2
@ D
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Fig. 4
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(a) FTIR spectra of Mo, TiC, and the Sn@Mo,TiC, nanohybrid, (b) Raman spectra of Mo, TiC, and the Sn@Mo,TiC, nanohybrid.
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XRD data (Fig. 2a). SEM energy dispersive X-ray spectroscopy
(EDX) was also performed to confirm the Sn>" content in the
Sn@Mo,TiC, hybrid in (wt%) percentage along with the EDX
spectra. The EDX spectra and elemental composition of both
the samples along with their SEM images are displayed in
Fig. S1 and S2 in the (ESI) data, where the small peaks corre-
sponding to aluminum showed the presence of a small fraction
of the unreacted MAX phase in the MXene sample. The unfitted
peak to the left of the Mo peak is a continuum (background).
The EDX results also confirmed the presence of F and O surface
termination groups.

FTIR spectroscopy was used to confirm the successful Sn*'-
exchange absorption phenomenon on the Mo,TiC, MXene.
Fig. 4a shows the FTIR spectra of Mo,TiC, before and after
treating it with SnCl,-2H,0O solutions. The peaks observed at
2318, 2100, and 1996 cm ™" belonged to the stretching vibration
of the bonds C=0, C=C, and C=C, respectively, as shown in
Fig. 4a.°° The main two peaks at 615 and 560 cm ™' were due to
the deformation molecular vibrations of Ti-O and Mo-O in the
case of the Mo,TiC, sample. However, a new peak appeared at
750 cm ! in the case of Sn@Mo,TiC,, which was due to Sn-O
bond vibrations.*” Basically, the split in the peak around 750
was due to the successful intercalation of the amorphous
nanocomplex among the layers of MXene.

Fig. 4b shows the Raman spectra of Mo,TiC, and the
Sn@Mo,TiC, MXene nanohybrid. The peaks that appeared at
168, 270, 405, 596, and 824 cm ' closely matched with the
previously published data and no significant difference
appeared in the peak positions observed after interaction with
Sn**.% The peak that appeared around 168 cm™ " was due to the
E, mode of vibrations of both Mo and Ti atoms in the presence
of the -O terminated Mo,TiC, MXene. The peak at around
270 cm™ ! appeared due to the E, vibration due to oxygen. The
other three peaks at 405, 596, and 824 cm™ ' suggested the
vibrations of carbon atoms present in the MXene structure. In
literature, Kim et al. assigned the peak that appears at 405 cm ™"
to -O vibrations, but Chen et al. assigned it to -C vibrations.*”**
Fig. 4a also shows that no new peak appeared after the inter-
calation of Sn**, which is again evidence that the amorphous
nanocomplex formed on Mo,TiC, due to interaction with Sn>*,
so the results of the Raman spectra were also consistent with
the XRD results.

Cyclic voltammetry

The electrochemical performance was studied by cyclic vol-
tammetry. Fig. 5a and b show the CV plots for Mo,TiC, MXene
and Sn@Mo,TiC, at different scan rates of 2, 5, 10, 20, 50, 100,
150, and 200 mV s~ under a specific potential window. Two
peaks were observed at all scan rates, namely due to the elec-
trochemical insertion of K' ions (cathodic peak) and the
extraction of K' ions called the anodic peak, indicating the
successful electrochemical process. The oxidation and reduc-
tion reactions showed some specific values of voltages for all the
scan rates. The average oxidation and reduction potential for
Mo,TiC, and Sn@Mo,TiC, were 0.41, 0.42 V and 0.30, 0.25 V,
respectively, suggesting the presence of a strong faradaic
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phenomenon in both electrodes.®® These CV curves indicated
that by increasing the scan rate, the value of the current
increased, according to the relation in the ESI (SI11), but the
value of the electrochemical capacitance decreased due to the
lesser interaction of the electrolyte with the electrode at high
scan rates. Moreover, the value of gravimetric capacitance was
observed to be higher in Sn@Mo,TiC, because Sn*" interaction
with MXene provided sufficiently high electroactive sites for
easy electrolyte transportation and enhanced the effective
surface area for better electrochemical kinetics at all the scan
rates compared to the pristine MXene. Hence, the highest value
of gravimetric capacitance was observed for both samples at
a scan rate of 2 mV s~ !, which was 212 F g~ ' for Mo,TiC, and
670 F g~ for Sn@MOo,TiC,. These results show that the value of
specific capacitance increased for the Sn-intercalated electrode,
which may be due to its large charge-storage ability owing to the
pillaring effect. The formula used to measure the values of
specific capacitance is given in the ESI(SI27).7%7*

Fig. 5¢ shows the plot between log I, and log v to measure the
b values for Mo,TiC, and Sn@Mo,TiC,, where I, represents the
peak current, and v is used for the scan rate (SI31). Generally,
the value of b = 1 or 0.5 (where b = 1 represents the capacitive
process and b = 0.5 indicates the diffusion control dominated
process), but most of the time, the value of the b parameter lies
between 1 and 0.5, which is evident of a combined charge-
storage mechanism.

Here we measured the value of b for both the samples
Mo,TiC, and Sn@Mo,TiC, (b = 0.727 and b = 0.691), respec-
tively, as shown in Fig. 5c, where the slightly low b value of our
as-synthesized hybrid electrode indicated that it was a more
diffusion control process as compared to Mo,TiC,, which
indicated that there were some more active sites available for
charge storage in the hybrid material due to its porous nature.
Meanwhile, the value of b (0.69) ranged between 1 and 0.5 for
the hybrid electrode Sn@Mo,TiC,, revealing that the electro-
chemical reaction kinetics were associated with both charge-
storage mechanisms for the diffusion control process and
capacitive-like effects as well. Fig. 5d shows the plot between the
specific capacity (F g~ ') and scan rate (mV s ') for Mo,TiC, and
Sn@Mo,TiC,. The values of the hybrid electrode were found to
be higher at all the scan rates in comparison to Mo, TiC, MXene.
Here we see that the specific capacities of both electrodes
decreased at high scan rates, which was due to the limitations of
the reaction kinetics.

To study the combined charge storage mechanism further
due to the capacitive process and diffusion control, we used
the relation (SI4) in the ESIT where the total peak current I, is
divided into k;v (capacitive process) and k,»*° (diffusion
control process), which represent the contribution of the
charge-storage mechanism in both ways. Furthermore, the
values of k; and k, could be determined by plotting a graph
between I, v~ *° and v**,”* as given in SI5 in the ESL The slope
represents the k; value and the point of the intercept defines
the value of k,. We measured all these values for both the
samples of Mo,TiC, MXene and Sn@Mo,TiC,. After calcu-
lating the percentage contributions of the diffusion and
capacitive process values for both Mo,TiC, and Shn@Mo,TiC,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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at all scan rates (2 to 200 mV s~ '), we plotted the results in
Fig. 5 e and f.

The percentage contributions of the diffusion and capaci-
tive process of Mo,TiC, MXene and Sn@Mo,TiC, showed that
the value of diffusion control was high at low scan rates, which
was due to the maximum interaction of the electrolyte ions
with the electrodes as compared to at a high scan rate. By
comparing the results of the diffusion control and capacitive
process contributions for both the samples Mo,TiC, MXene
and Sn@Mo,TiC,, it could be concluded that the value for
diffusion control was improved in the case of the hybrid

© 2022 The Author(s). Published by the Royal Society of Chemistry

electrode Sn@Mo,TiC, from 82% to 88% and 32% to 43% at
scan rates of 2 to 200 mV s~ ' compared to Mo,TiC,. This
evidence indicates that the electrochemical reaction kinetics
dominated due to the diffusion control process in our as-
synthesized hybrid electrode. The increase in the diffusion
process contribution was also observed in the Sn*'-treated
Mo,TiC,, which was due to the larger surface area, large
spacing among the layers of MXene, and high electronic
conductivity of the hybrid electrode.

Fig. 6a shows the higher values of the anodic and cathodic
peak currents at all scan rates for the Sn@Mo,TiC, electrode as

RSC Adv, 2022, 12, 31923-31934 | 31929
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(a) Anodic and cathodic peak currents vs. the scan rates calculated for both Mo, TiC, and Sn@Mo,TiC; electrodes. (b) Comparison of our

hybrid Sn@Mo,TiC, electrode capacitance with the reported data in the literature. (c) Long-term cyclic performance of the Sn@Mo,TiC,

nanohybrid at current density of 10 A g%,

compared to Mo,TiC, MXene, which suggests that the charge-
storage ability or insertion and extraction of ions were higher
in the hybrid electrode due to its good electrochemical activity.
The uniform growth of Sn** on the surface of Mo,TiC, proved
helpful to produce more active sites and enhance the contact
area with the electrolyte solution to improve the electro-
chemical performance and kinetics of the redox reaction.
Fig. 6b presents a comparison of the already reported data with
our hybrid electrode, where the x-axis presents the values of
different electrolyte solutions used for the various electro-
chemical studies along with their molar concentrations and the
y-axis represents the specific capacitance in F g~ . So, our as-
synthesized hybrid electrode showed the best charge-storage
capacity of about 670 F g~ '.7%77® The further extended details
of the comparison data are listed in Table 1 in the ESIt which
includes the details of the materials and electrolytes used for
electrochemical testing along with their achieved specific
capacitance.

Table 1 "d” and “c” values calculated for the 002 plane

Sample Plane hkl Angle (26) d value (nm) ¢LP (A)
Mo, TiAlC, 002 9.4 0.94 18.8
Mo,TiC, 002 6.8 1.29 25.8
Sn@MOo,TiC, 002 6.0 1.47 29.3

31930 | RSC Adv, 2022, 12, 31923-31934

Fig. 6¢c shows the long-term cyclic performance of our
hybrid electrode Sn@Mo,TiC, for 10 000 cycles at a current
density of 10 A g~* (with a maximum capacitance of 184 F
g~ "). The value of capacity retention was observed to remain
stable at up to 99% throughout the 10 000 cycles. The inter-
calated hybrid electrode was observed to be stable electro-
chemically, which was due to the fast electrolyte transport
(through the excessive conductive channels produced due to
Sn intercalation) within the electrode, which enhanced its
overall capacity retention with no change in the coulombic
efficiency of 100%. The values of specific capacitance for our
hybrid electrode remained high at all scan rates compared to
pristine Mo,TiC, MXene, which demonstrated the enhanced
charge-storage capacity of our hybrid material as compared to
pure MXene.

The electrochemical conductivity of both samples was
examined in 1 M KOH through EIS analysis, as shown in Fig. 7a.
The Nyquist plot EIS data were fitted with the Randle plus
Warburg series model, and the results in the high-frequency
range are also shown in Fig. 7a. Herein, the equivalent circuit,
shown in the inset of Fig. 7b, consisted of the charge-transfer
resistance R, solution resistance R;, Warburg impedance Z,
related to the diffusion of K' ions, and CPE (phase constant
element). Both the solution resistance R; and Warburg imped-
ance Z,, related to the electrolyte solution and diffusion of
electroactive ions, were the same for all the electrodes, but the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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charge-transfer resistance R.; and CPE were directly influenced
by the properties of the hybrid electrode, because they depen-
ded on the conductive properties of the as-prepared elec-
trodes.” The values of charge-transfer resistance R, measured
for Mo, TiC, and Sn@Mo,TiC, were 575 and 292 Q, respectively.
The large difference in the charge-transfer resistance (283 Q)
was basically evidence of the enhanced diffusion process and
fast reaction kinetics due to the high electronic conductivity of
our as-synthesized hybrid electrode Sn@Mo,TiC,. Similarly, the
value observed for CPE for both the samples Mo,TiC, and
Sn@Mo,TiC, also increased from 0.0168 to 0.0246 F,
respectively.

Fig. 7b shows the plot between the real impedance and
frequency w~*?, with the plot basically drawn to measure the
value of the diffusion coefficient. For that purpose, eqn (SI6) in
the ESIT shows the relationship between the real impedance
Zea1 and angular frequency (w) in the low-frequency regions.®*-*>
Here, o belongs to the Warburg factor, which could be calcu-
lated directly from the slope of Fig. 7b. The coefficient of
diffusion for K' ions was calculated through eqn (SI7) in the
ESItT which clarifies the diffusion coefficient is directly propor-
tional to R (gas constant) and T (absolute temperature) and
inversely proportional to the A (surface area), n (no. of elec-
trons), F (Faraday constant), C (solution concentration), and D
(diffusion coefficient). Here in eqn (SI7) in the ESIT all the
factors are constant except “c”, so the value of the diffusion
coefficient increases as the ¢ decreases, so the measured values
of ¢ for Mo,TiC, and Sn@Mo,TiC, were 44 and 29, respectively.
Because the value of ¢ for Sn@Mo,TiC, was low, the diffusion
value of Sn@Mo,TiC, was high compared to Mo,TiC,; hence
the results were also consistent with the EIS Nyquist spectra and
cyclic voltammetry data.

Conclusion

We successfully synthesized a Sn@Mo,TiC, hybrid via the facile
liquid-phase pre-intercalated cetyltrimethylammonium

bromide (CTAB) method for obtaining enhanced

© 2022 The Author(s). Published by the Royal Society of Chemistry

electrochemical properties compared to MXene. Our synthesis
method proved successful to enhance the gallery height of
Mo,TiC, by increasing the ¢-LP in the case of the hybrid (¢-LC
increased from 25.8 to 29.3 A) and no additional peak was
observed due to Sn*" intercalation, which confirmed the
amorphous nanocomplex structure. The TGA results confirmed
that our hybrid material was stable up to 500 °C and had
a reduced band gap, identifying the interaction between
Mo,TiC, and Sn*', which was studied through UV-vis spec-
troscopy. The effective surface area of our synthesized nano-
structure was also increased from 12 to 30 m”> g~ compared to
Mo,TiC, MXene. The EDX spectra confirmed the composition
of Sn** in Mo,TiC, and the FTIR spectra also confirmed the
presence of Sn** on Mo,TiC, due to the split in the peak at 750
em™'. The CV results exhibited the improved electrochemical
properties of our hybrid electrode, which was tested for super-
capacitor applications. The value of the specific capacitance
increased from 212 to 670 F g’1 in the case of Mo,TiC, to the
Sn@Mo,TiC, hybrid and the measured b value also showed the
diffusion control mechanism was dominant in the as-prepared
hybrid electrode. The cyclic performance of Sn@Mo,TiC, was
also measured at a current density of 10 A g~ ', which was also
observed to be stable at up to 99% throughout the 10 000 cycles.
The EIS data also showed the low charge-transfer resistance and
high diffusion coefficient of the prepared hybrid electrode. The
use of MXenes as highly porous and stable electrodes opens the
way to construct efficient electronic energy-storage devices.
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