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Sulphur-decorated TizC, MXene structures as
high-capacity electrode for Zn-ion batteries:
a DFT study
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MXene-based structures have gained tremendous attention in energy storage applications, especially in
ion batteries due to their promising electrical conductivity and high energy storage properties. Herein, we
studied sulphur-decorated TizC, MXene structures for Zn-ion batteries with augmented storage capacity
(462.5 mAh g™). Moreover, we systematically investigated the adsorption energy, structural stability, electronic
band structure, open-circuit voltage and diffusion barrier of the sulphur-decorated TizC, MXene using first-
principles calculations. Our findings reveal that the studied MXene structures retain metallic characteristics
with high open-circuit voltage (1.13 V) and charge transfer of 1.30 |g|. Hence, the designed sulphur-modified
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1 Introduction

As global energy demand increases, there is a pressing need
for more sustainable and environmentally friendly energy
storage solutions. Currently, lithium-ion batteries (LIBs) domi-
nate the commercial battery market due to their high energy
densities and extended cycle life." Market projection indicates
a significant expansion from $30 billion to $100 billion by
2025.> However, despite their advantages, LIBs face notable
challenges such as diminishing lithium metal resources, high
production costs, capacity degradation due to corrosion and
dendrite formation, and safety concerns associated with flam-
mable organic electrolytes and overcharging incidents.”™
Beyond these concerns, the rapid expansion of markets for
electronic devices, electric vehicles, and renewable energy
storage systems demands batteries with higher energy den-
sities, longer life spans, quicker charging times, and lower
costs. Consequently, there is a growing imperative to explore
alternative battery technologies.

Several potential replacements for lithium, including
sodium, potassium, magnesium, calcium, aluminium, and
zinc, have been identified.? Among these, zinc-ion batteries
(Z1Bs) have emerged as promising contenders due to their non
toxicity and lower production costs facilitated by abundant
zinc resources, making them viable replacements for tra-
ditional lithium-ion batteries.>® Additionally, ZIBs utilize safer
and less complex electrolytes, offering advantages over LIBs in
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TizC, MXene structures could be considered as promising cathode materials in Zn-ion batteries.

terms of electrolyte composition.> ZIBs have relatively low
redox potential (approximately —0.76 V against SHE) compared
to other metal anodes used in aqueous solutions.””® Moreover,
their capability to undergo a two-electron transfer mechanism
during charging/discharging contributes to their high energy
density. Also, ZIBs possess longer service lives, improved
environmental sustainability, and enhanced stability in
aqueous electrolytes.>” Yet, the advancement of ZIBs remains
in the early stages due to challenges such as the formation of
dendrites during charging and discharging, the absence of
appropriate cathode materials for zinc, and unwanted reac-
tions between zinc and the electrolyte.'*"*

There is a critical need for novel cathode materials in ZIBs
that offer stable structures and high ion-diffusion rates.
Developing cathodes with layered structures could significantly
enhance zinc-ion migration and increase surface activity, ulti-
mately improving battery performance.”> This focus on
alternative battery technologies underscores a shift towards
more sustainable and efficient energy storage solutions to
meet the future demands of technology and renewable energy.
The majority of reported cathode materials for ZIBs include
Prussian blue analogues,’ manganese oxides,"*'* compounds
based on vanadium,'*"” and conductive polymers.'®'® While
manganese oxide-based cathodes have potential zinc storage
capability, the majority of these compounds have poor
capacity, which leads to low energy density.”® Furthermore,
manganese-based materials will disintegrate during the
electrochemical reaction process, resulting in low cycling stabi-
lity and impeding further growth.*® The poor specific capaci-
tance of Prussian blue counterparts prevents them from being
developed further, despite their potential for high voltage and
high energy density applications.*

This journal is © The Royal Society of Chemistry 2025
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Significantly, vanadium-based electrode materials have a
large theoretical capacity, a variety of crystal shapes, and mul-
tiple valence states. They may also facilitate multi-electron
transfer and facilitate the rapid intercalation and deintercala-
tion of Zn** ions. V,0s;, a typical example of a layered
vanadium-based cathode, features a high theoretical capacity
of 589 mAh g~'. However, the capacity of vanadium oxides to
store divalent zinc-ions in the specified vanadium oxide cath-
odes is significantly restricted by their intrinsic electro-
chemical constraints. These include the dissolution of
vanadium in acidic or neutral electrolytes, resulting in the
degradation of electrode structure, contamination of electro-
lytes, and corrosion of the zinc anode.”**® To tackle these
issues, researchers are looking into using other 2D materials
as cathodes for zinc-ion batteries.>**’

MXenes, a class of novel 2D materials consisting of tran-
sition metal nitrides and carbides have been extensively
researched and acknowledged for energy storage.’®® They
exhibit superior electrical conductivity, thermodynamic stabi-
lity, tunable surface features and layered structures. They have
emerged as promising materials for zinc-ion batteries due to
their multifunctional roles as coating layers, structural
reinforcements, and active electrode components. As a protec-
tive coating, MXenes help stabilize electrodes by suppressing
dendrite growth and mitigating side reactions, thereby enhan-
cing battery lifespan.”* " When employed as reinforcement
materials, they improve mechanical durability and facilitate
efficient ion transport, contributing to better electrochemical
performance. MXenes, known for their excellent electrical con-
ductivity and rich surface functional groups, have been
employed to enhance the performance of these cathode
materials. These diverse functionalities position MXenes as
key candidates for advancing zinc-ion battery technology,
necessitating further exploration for their practical
deployment.?®3?

Liu et al. synthesized a V,0s/MXene heterostructure as a
cathode material for ZIBs to overcome the vanadium dis-
solution problem. In addition, density functional theory (DFT)
was used to validate the adsorption, ion diffusion performance
and electron interaction of the V,0s5/MXene heterostructure.
The reported storage capacity and diffusion barrier of the
V,0s/MXene heterostructure was 243.6 mAh g* and 0.3 eV,
respectively.>® In another study, Yang et al> developed a
Mn*"-doped MoS,/Ti;C, heterostructure to improve the con-
ductivity and electrochemical energy storage performance of
the cathode for ZIBs. The reported capacity for the studied
heterostructure was 191.7 mAh g™' at 0.1 Ag™'. Additionally,
with faster Zn**-ion diffusion, improved conductivity and
lower activation energy were also observed.

Qi et al.** developed a flexible cathode for ZIBs by using
carbon cloth as a substrate in MnO, followed by coating of
Ti;C,T, using electrodeposition. By repeating the process,
different samples of CC@MnO,@Ti;C,T, MXene composites
were developed. The studied composite demonstrated a
storage capacity of 517 mAh g™' at 0.1 Ag~'. The Ti;C,T,
MXene was responsible for the improved electron and ion
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transfer, and the MXene layer also contributed additional Zn**
storage sites, enhancing the overall capacity of the electrode.
Liu and colleagues®® introduced a (NagssMn,0,-1.5H,0)/
MXene hybrid consisting of pre-inserted Na' ions for high-per-
formance zinc-ion batteries. The pre-intercalation of Na' in
(Nay.55sMn,0,4-1.5H,0) nanosheets enhanced structural stabi-
lity and the presence of MXene facilitated fast electron trans-
fer. The reported MXene hybrid cathode exhibited a high rate
capacity of 180 mAh g™* at 10 C and demonstrated prolonged
cycling stability, lasting over 2500 cycles at 5 C. Feng et al.*”
developed the VS,/MXene cathode to improve the performance
of ZIBs. The combination of the large layer spacing and hydro-
phobic characteristics of VS,, along with the high electrical
conductivity of Ti;C,T, MXene, enhanced ionic transfer and
diffusion kinetics, leading to superior electrochemical per-
formance. The VS,/MXene cathodes exhibited a high capacity
of 213.4 mAh g™" at 0.2 Ag™".

Despite recent advancements in ZIBs through the develop-
ment of novel cathode materials, such as vanadium-based
compounds, MXene heterostructures and advanced electrolyte
engineering, several challenges remain, including limited
storage capacity, sluggish ion diffusion, and low charge trans-
fer capabilities. To fully unlock the potential of ZIBs, there is a
pressing need to design and develop next-generation cathode
materials that not only enhance key performance metrics like
energy density and cycle life, but also improve overall electro-
chemical performance.

In the present study, we employed first-principles calcu-
lations to investigate the potential of sulphur-decorated mono-
layer Ti;C, (m Ti3C,-S,) and sulphur-decorated bilayer Ti;C,
(b TizC,-S,) MXenes as electrode materials for ZIBs. We system-
atically evaluated their feasibility as cathode materials by ana-
lysing adsorption energy, structural stability through ab initio
molecular dynamics simulations (AIMD), electronic band
structure, projected density of states (PDOS), Bader charge ana-
lysis, open circuit voltage (OCV), storage capacity, and
diffusion barriers. The electronic band structure and PDOS
analyses revealed that both m Ti;C,-S, and b Ti;C,-S, MXenes
maintain their metallic characteristics after Zn-ion adsorption
and intercalation, respectively. We identified the optimal
adsorption sites (top sites) for Zn ions and calculated the
corresponding adsorption energies. This is the first report on
sulphur-functionalized Ti;C, MXene structures (monolayer
and bilayer) as cathode materials for ZIBs.

2 Computational details

All the first-principles calculations were performed using the
density functional theory (DFT)-based materials modeling
tool, atomistic tool kit (ATK). The atomic structure of the unit
cell of TizC,-S, MXenes was initially optimized using the DFT
module in the ATK. Generalized gradient approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) functional was
applied to describe the exchange-correlation effects.*®?”
Additionally, the Grimme DFT-D3 method was utilized to accu-

Nanoscale, 2025, 17, 7898-7907 | 7899


https://doi.org/10.1039/d4nr05204h

Published on 20 2 2025. Downloaded on 2025-07-19 3:18:59.

Paper

rately account for van der Waals interactions and interatomic
forces.® A density mesh cut-off of 2000 eV with 4 x 4 x 1
Brillouin-zone sampling points and a temperature of 500 K
was used for all the computations. A 3 x 3 x 1 supercell of m
Ti5;C,-S, and b Ti;C,-S, was constructed and optimized using
the ATK. The optimized structure of the m Ti;C,-S, MXene and
the b TizC,-S, MXene is depicted in Fig. 1 and 2, respectively.
The limited-memory Broyden-Fletcher-Goldfarb-Shanno
(LBFGS) optimizer method was employed for geometry optim-
ization. All the atoms were fully relaxed until the forces on
each atom was less than 0.05 eV A™'. A vacuum distance of
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Fig. 1 Side view of (a) the optimised structure of the m TizC,-S, MXene
before Zn-ion adsorption and (b) the optimised structure of the m
TizC,-S, MXene after Zn-ion adsorption (A, B and C correspond to the
top adsorption sites for Zn ions).
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Fig. 2 Side view of (a) the optimized structure of the b TizC,-S, MXene
before Zn-ion intercalation and (b) the optimized structure of the b
TizC,-S, MXene after Zn-ion intercalation.
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30 A and an interlayer distance of 9.5 A were used between
Ti;C,-S, layers to minimize interactions between the neigh-
bouring atoms. The ion migration and diffusion barriers of Zn
ions within TizC,-S, were investigated using the climbing
image nudged elastic band (CI-NEB) method.?® The electronic
band structures and PDOS of m Ti;C,-S, and b TizC,-S,
MXenes, before and after Zn-ion adsorption and intercalation,
respectively, were calculated using DFT computations. Band
structure calculations were conducted using a 7 x 7 X 1 k-point
grid, with a density mesh cut-off of 2000 eV at a temperature of
500 K. The meta-GGA exchange—-correlation method, including
spin polarization and self-consistent computations, was used
to calculate the electronic band structure accurately.

3 Results and discussion
3.1 Structural and adsorption characteristics

A unit cell of Ti;C, MXene was designed and optimized using
the ATK, where the structure consists of alternating layers of
titanium (Ti) and carbon (C) atoms. To enhance the surface
chemistry, sulphur (S) atoms were introduced on the surface of
the Ti;C, MXene, resulting in the formation of Ti;C,-S,. We
selected sulphur (S) for MXene decoration because of its
ability to form strong and stable bonds with surface titanium
atoms in TizC,. This bond stability enhances the structural
integrity of the material and strengthens interactions with Zn
ions during electrochemical processes. Sulphur’s higher reac-
tivity, attributed to its atomic number (16) and tendency to
complete its octet, makes it particularly suitable for improving
the surface chemistry of MXenes. These properties collectively
contribute to better electrochemical performance, making
sulphur an optimal choice for modifying MXenes for Zn-ion
battery applications.*°

A 3 x 3 x 1 supercell of a sulphur-decorated monolayer
Ti;C,, named m TizC,-S,, was created, along with a bilayer
structure, named b Ti;C,-S,. The final optimized structures are
shown in Fig. 1 and 2, respectively. To check the structural
stability of the considered MXene structures, we have com-
puted the formation energy and performed the energy analysis
using AIMD. To better understand which site is most stable for
Zn-ion adsorption/intercalation, the adsorption energies of Zn
ions have been calculated for different positions on both the
m TizC,-S, and b TizC,-S, MXene structures. This compu-
tational analysis helps identify where Zn ions are most likely
to bind securely. A negative adsorption energy indicates that
the intercalation process is stable and will occur spon-
taneously. The adsorption energy (E,q) of Zn ions on the sur-
faces of m Ti;C,-S, and b Ti;C,-S, MXene structures is charac-
terized as follows:

Ead = Etot - Ehost - EZn (1)

where, E., represents the total energy of the considered host
structure after adsorption/intercalation, FEh.s denotes the
energy of the considered Ti;C,-S, MXene and Ez, represents
the energy of intercalated Zn ions.

This journal is © The Royal Society of Chemistry 2025
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It is observed that the structural stability of m Ti;C,-S, and
b Ti;C,-S, MXenes intercalated with Zn ions remained pre-
served, with no evidence of cluster formation observed during
the structure optimization process (see Fig. 1 and 2). In the
present study, Zn ions are intercalated at three distinct posi-
tions (top sites) on the Ti;C,-S, structure: adjacent to the outer
titanium atoms, at the sites occupied by carbon atoms and
near the inner titanium atoms (represented by A, B and C in
Fig. 1). The hollow and bridge sites are unfavourable for
Zn-ion intercalation, as indicated by their positive adsorption
energies (+2.17 eV for the bridge site and +1.57 eV for the
hollow site). The adsorption energies of Zn ions are calculated
to be —0.754 eV at site A, —0.617 eV at site B, and —0.541 eV at
site C. These values indicate that site A, located on the top of
the outer titanium atoms, is the most stable adsorption site
for Zn ions, suggesting a stronger and more favourable inter-
action at site A compared to site B and site C. This finding
underscores the significance of the outer titanium positions in
facilitating stable Zn-ion adsorption on the m Tiz;C,-S, MXene
and Zn-ion intercalation on the b Ti;C,-S, MXene. We incre-
mentally increased the number of intercalated Zn ions on the
Ti;C,-S, structure, calculating the adsorption energy for each
addition up to a total of 12 ions on m Ti;C,-S, and 25 ions
on b Ti;C,-S,. After intercalating the first 15 Zn ions, we
proceeded to intercalate the 16™ to 20™ Zn ions on the left
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m Ti;C,-S, and b Ti;C,-S, MXenes. These calculated adsorp-
tion energies are detailed in Table 1.

Similarly, for the m Ti;C,-S, MXene, we incrementally
adsorbed Zn ions, calculating the adsorption energies for each
addition, up to a total of 12 Zn ions. Notably, upon the adsorp-
tion of the 12™ Zn ion, we observed a significant decrease in
the OCV. This observation led us to halt further adsorption at
this point. Consequently, a total of 10 Zn ions were success-
fully adsorbed into the m Ti;C,-S, MXene structure. The
average adsorption energy recorded after the adsorption of the
10" Zn ion was found to be —1.3509 eV. A negative adsorption
energy indicates that the adsorption process is exothermic and
energetically favourable, suggesting proper adsorption. Fig. 3
shows the relationship between Zn-ion concentration and
adsorption energies. It is evident from Fig. 3 that as the
number of adsorbed ions increases, the adsorption energy
becomes more negative, indicating a more favourable adsorp-
tion process. This trend signifies that the interactions between
the Zn ions and the considered MXene structures are becom-

Table 1 Adsorption energies and OCV with respect to Zn-ion adsorp-
tion on m TizC,-S;, and b TizC,-S, MXene structures

; . . Structure + Zn Adsorption
surface and the 21° to 25™ Zn ions on the right surface of Material concentration energ;,) (V) ocv (V)
the b Ti;C,-S, MXene. Notably, we observed a significant - -

. . . . - -S, + —1. .
drop in the OCV after the intercalation of the 15™ Zn ion. m TiaCx5; ﬁ%‘*% 22 Hzég iigﬂ ggig
. . 32792 — 4. .
This abrupt change prompted us to cease further Zn-ion m Ti;C,-S, + 6Zn —1.2686 0.732
intercalation at this juncture. Subsequently, we concentrated m Ti;C,-S, + 8Zn —1.2868 0.671

. geth s . m TizC,-S, + 10Zn -1.3509 0.803
on dc?taQed‘ OCV.measurements post }5 ion .lintercalatlon m Ti,C,-S, + 127n 12154 0.376
to gain insights into the electrochemical stability and the
potential limits of the b Ti;C,-S, structure when utilized as b TizCs-S; b TizCy-8, + 5Zn —0.9882 0.421
an electrode material in a zinc-ion battery. It is clearl bTisCy-8, +10Zn ~1.2434 0-891
! battery. _ y b Ti;C,-S, + 15Zn ~1.3134 1.130
observed from Fig. 3 that the adsorption energy increases b Ti;C,-S, + 20Zn —1.4101 0.670
linearly with increasing Zn-ion concentration in both b TizCy-8, + 25Zn -1.6293 0.663
(2) i3 (b)
6 ——bTi,C,-S, ’ mTi,C,-S,
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Fig. 3 Representations of (a) the adsorption energy versus Zn-ion concentration curve, showing the variation in adsorption energy with Zn-ion
concentration for m TizC,-S, and b TizC,-S, MXene structures and (b) the voltage profile of m TizC5-S, and b TizC,-S, MXene structures with

respect to Zn-ion concentration.
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ing stronger, enhancing the material’s capability for efficient
ion storage.

3.2 Electronic characteristics

The electronic band structure and projected density of states
for the m Ti;C,-S, and b Ti;C,-S, MXene structures have also
been examined both before and after Zn-ion intercalation.
Fig. 4 represents the band structure and PDOS of the m Ti;C,-
S, MXene before and after adsorption, clearly illustrating a
zero bandgap in both states. Similarly, Fig. 5 represents the
bandgap and PDOS of the b Ti;C,-S, before and after intercala-
tion, further confirming the material’s metallic characteristics.
The results indicate that the bandgap is zero in both cases, sig-
nifying that the m Ti;C,-S, and b Ti;C,-S, MXene structures
exhibit metallic behaviour. The absence of a bandgap implies
that there are free electrons available for conduction, which is
a hallmark of a material’s metallic nature and is crucial for
high electrical conductivity. The intercalation process, which
involves inserting Zn ions between the layers of the MXene,
does not alter its metallic nature, further confirming the
robustness of its electronic properties. The PDOS analysis sup-
ports these findings, showing continuous electronic states at
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the Fermi level. These insights into the electronic structure of
m Ti;C,-S, and b Ti;C,-S, MXene structures are vital for their
potential use as cathode materials in zinc-ion batteries, where
high conductivity and efficient electron transport are essential
for optimal battery performance. The metallic nature of both
these MXenes ensures rapid electron transfer, contributing to
the overall efficiency and rate capability of the zinc-ion battery.

3.3 Open circuit voltage and theoretical capacity

Here, the open circuit voltage and storage capacity are deter-
mined to further assess the electrochemical performance of m
Ti;C,-S, and b Ti;C,-S, MXene structures for ZIBs. For a more
comprehensive understanding of a material’s functioning as
an electrode, the OCV stands out as an essential parameter for
determining whether the system serves as a cathode or anode
material. The OCV of an electrode depends on the change in
Gibbs free energy (AG) during the ion adsorption process,
expressed by the equation OCV = (—AG¢/2xe), where x denotes
the number of ions adsorbed/intercalated on the MXene and e
represents the value of the transferred charge. The factor “2”
represents the valency of Zn ions. The AG; value, defined as
AG; = AE; + PAV — TAS, includes changes in energy (AE;),
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Fig. 4 Representations of (a) the band structure of the m TizC,-S, MXene before Zn-ion adsorption; (b) PDOS of the m TizC,-S, MXene before Zn-
ion adsorption; (c) the band structure of the m TizC,-S, MXene after Zn-ion adsorption; and (d) PDOS of the m TizC,-S, MXene after Zn-ion

adsorption.
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Fig. 5 Representations of (a) the band structure of the b TizC,-S, MXene before Zn-ion intercalation; (b) PDOS of the b TizC,-S, MXene before Zn-
ion intercalation; (c) band structure of the b TizC,-S, MXene after Zn-ion intercalation; and (d) PDOS of the b Tiz;C,-S, MXene after Zn-ion

intercalation.

volume (AV), and entropy (AS). By ignoring both volume and
entropy effects, the OCV simplifies to OCV = —(AE/2xe), as cal-
culated using the following equation:**

Vo E1i,c,-8,4mx — ETiycp-s,4mx + (M2 — 11)Ex )
x(ny —ny)e

where, Erj ¢ s,+n,x and Erj c,s,+n,x T€present the total energies
of the considered Tiz;C,-S, MXene structure with n, and n,
being the Zn-ion concentration, Ex is the total energy of the
corresponding Zn-ion concentration, and x denotes the
valence state of the fully ionized cation (for Zn, x = 2).

We explored the adsorption of Zn ions into the m Ti;C,-S,
and intercalation on the b Ti;C,-S, MXene structures, meticu-
lously recording the OCV after Zn-ion adsorption and interca-
lation on m Ti;C,-S, and b Ti;C,-S,, respectively. The OCV for
the b Ti3;C,-S, MXene was measured at several key points: after
the intercalation of 5 ions, the OCV was 0.43 V; after 10 ions, it
increased to 0.88 V; and after 15 ions, it reached 1.13 V. The
results depicted in Fig. 3(b), demonstrate a consistent increase
in OCV correlating with the rising concentration of interca-
lated Zn ions. This increase is primarily attributed to the

This journal is © The Royal Society of Chemistry 2025

enhanced electrochemical potential created by the accumu-
lation of positively charged ions within the b Ti;C,-S, MXene
structure, which elevates the energy state of the system. A sig-
nificant observation was made upon the intercalation of the
16" Zn ion, where there was an unexpected decrease in OCV
from 1.13 V to 0.6 V. The observed sudden drop in OCYV,
despite the continued favourable adsorption energy, can be
attributed to a combination of electronic, electrochemical,
and structural factors. Bader charge analysis reveals that
beyond the 15™ Zn-ion intercalation, charge transfer from
the Zn ion to the MXene surface decreases significantly,
reducing the effective potential difference and thereby lower-
ing the OCV. This indicates the saturation of active sites,
meaning the Zn ion is no longer interacting directly with
the MXene, leading to a drop in OCV despite the thermo-
dynamically favourable adsorption energy. However, we have
not observed any lattice distortions in the considered
MXene structures after optimization beyond the 15® Zn-ion
intercalation. Overall, these results demonstrate that OCV
behaviour in the b-MXene is not solely influenced by
adsorption energy, but is also determined by charge redistri-
bution and other electrochemical factors.

Nanoscale, 2025, 17, 7898-7907 | 7903
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Similarly, for the m Tiz;C,-S, MXene, the computed OCV
values are as follows: 0.55 V after the second Zn-ion adsorp-
tion, 0.61 V after the fourth, 0.73 V after the sixth, 0.67 V after
the eighth, 0.80 V after the 10™, and 0.37 V after the 12™ Zn-
ion adsorption. These findings indicate that the OCV increases
with the concentration of Zn ions up to the 10" adsorption.
However, after the 12™ Zn-ion adsorption, there is a sudden
drop in OCV from 0.80 V to 0.37 V, as shown in Fig. 3(b). This
significant decrease suggests that the adsorption process
should be halted after the 10™ Zn-ion adsorption to avoid
electrochemical instability, structural changes or side reactions
within the material. Furthermore, the relationship between the
OCYV and the adsorption energy curve provides deeper insights
(refer to Fig. 3(a) and (b)). Initially, the increase in OCV aligns
with increasing adsorption energies, indicating efficient ion
accommodation within m Tiz;C,-S, and b TizC,-S, MXene
layers. This detailed analysis of the OCV in relation to ion
adsorption concentration in MXene structures highlights the
delicate balance between ion capacity and electrochemical per-
formance. It underscores the importance of optimizing ion
adsorption processes to enhance the efficiency and stability of
MXene-based energy storage devices, particularly when operat-
ing near or at full ion capacity. Understanding these dynamics
is crucial for advancing the design and application of next-
generation energy storage materials.

It is clearly observed from Fig. 3(a) and (b) that the OCV
follows the trend of adsorption energy. Specifically, the OCV
increases with increasing adsorption energy with respect to
ion intercalation. The adsorption energy becomes more nega-
tive with Zn-ion intercalation, indicating a stronger affinity of
the material for Zn ions. This stronger binding enhances the
stability of the intercalated ions and leads to an increase in
OCV. From eqn (2), it is evident that the OCV is directly related
to the change in energy. The change in energy resulting from
ion binding (i.e., adsorption energy) influences the total Gibbs
free energy of the system. As the adsorption energy becomes
more negative (indicating stronger binding of the Zn ions), the
Gibbs free energy decreases. This reduction in Gibbs free
energy contributes to an increase in OCV, with a more negative
adsorption energy leading to a more favourable energy state
and, consequently, a higher OCV. However, both the OCV and
adsorption energy start to decrease after the 15™ ion intercala-
tion in the b Ti;C,-S, MXene structure and after the 12 jon
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adsorption in the m Ti;C,-S, MXene structure. The OCV values
clearly suggest that both of these MXene structures are suitable
for use as cathode materials in ZIBs.

The following equation can be used to calculate the
maximum capacity:*

C g mad 3)
Mri,c,-s,
where, F is the Faraday constant (26 801 mAh mol™), z is the
valence number and x,, is the corresponding maximum Zn-
ion concentration. Mr; ¢, s, represents the relative molecular
mass of the Ti;C,-S, MXene.

The maximum theoretical capacity of Zn-intercalated m
Ti;C,-S, and b Ti;C,-S, MXene structures are 462.5 mAh g_1
and 346.93 mAh g™, respectively. Our findings reveal that the
Zn-ion storage capacities of TizC,-S, MXenes surpass those of
the other MXene-based structures documented in the litera-
ture (see Table 2).**"*® This suggests a superior performance of
TizC,-S, MXenes as electrode materials for Zn-based batteries.

Additionally, the Bader charge analysis revealed significant
charge transfer values of 0.45|g| for m Ti;C,-S, and 1.30 |gq| for
b Ti;C,-S,, which are higher than those in previously reported
studies.”®*® This indicates strong interactions between Zn ions
and the surface of these MXenes, further supporting their
enhanced storage capabilities and confirming their potential
as high-performance electrode materials in energy storage
applications.>*>!

3.4 Diffusion barrier

A promising electrode material should exhibit a low diffusion
barrier and high mobility, as these factors significantly influ-
ence the charge and discharge rate performance of a battery.
In the present study, we have investigated the diffusion barrier
for Zn ions on m TizC,-S, and b Ti;C,-S, MXene structures by
using the CI-NEB approach. We defined the initial and final
positions (see Fig. 6) of the Zn ions and generated a series of
intermediate images between these states. Each of these
images was optimized to find the diffusion barrier. In the
CI-NEB approach, the image with the highest energy (the tran-
sition state) is further optimized to ensure it accurately rep-
resents the saddle point, namely the highest energy point
along the minimum energy path as shown in Fig. 7. The

Table 2 Performance comparison of present work with previously reported electrode materials for Zn-ion batteries

Ref. Material structure Reported capacity (mAh g™") OoCV (V) Diffusion barrier (eV) Bader charge (|g])
52 V,CT, 508 0.1-1.85 — —

43 RGO@V,0; 254.9 ~1.5 — —

44 1T-M0S,/Ti;C, 284.3 — — —

45 VO,/MXene 445 ~1.6 — —

46 H,V,0¢/MXene 346 ~1.6 — —

47 3D porous carbon@VO, 388 ~1.6 — —

48 Porous carbons@MnFe,0, 168 — — —

Present work m Ti;C,-S, 462.5 0.8 0.057 0.45

Present work b TisCy-S, 346.93 1.13 0.41 1.30
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Final position

Initial position

Fig. 6 Schematic representation of the top view of the energetically
optimized migration pathways of Zn ions on the m TizC,-S, MXene and
the b TizC,-S2 MXene.
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Fig. 7 Diffusion energy profiles for Zn ions in (a) the m TizC,-S, MXene
and (b) the b TizC,-S, MXene.

diffusion barrier values obtained are 0.057 eV for m Ti;C,-S,
and 0.41 eV for b Ti3C,-S, (see Fig. 7). The lower barrier for m
Ti;C,-S, indicates it is a more promising candidate for
efficient Zn-ion diffusion compared to b Ti;C,-S,. Additionally,
we observed multiple transition states between the initial and
final states in m Ti;C,-S,, suggesting the presence of multiple
energy barriers. Furthermore, the end-point energy for both
MXenes is not zero. For m Ti;C,-S,, the end-point energy is
approximately 0.057 eV, while for b TizC,-S, it is around 0.4
eV. This indicates that the system absorbs some energy from
its surroundings, which is reflected in these non-zero end-
point energies. The reported diffusion barrier value for m
Tiz;C,-S, is much lower than the values in previously reported
studies,’®>**3* highlighting its superior potential for Zn-ion
diffusion.

3.5 Ab initio molecular dynamics simulations

To evaluate the structural stability of the m Ti;C,-S, and b
Ti;C,-S, MXenes, ab initio molecular dynamics (AIMD) simu-
lations were conducted at 500 K for 20 picoseconds and 8000
picoseconds, respectively. The energy analysis from these
simulations is illustrated in Fig. 8, which shows the potential
energy and total energy of both the considered MXene struc-
tures. The results demonstrate that both the potential energy
and total energy for the m Ti;C,-S, and b TizC,-S, systems
remain negative and constant throughout the AIMD simu-
lations. This stability in energy levels indicates that the struc-
tures do not undergo any significant changes or degradation
under the simulated conditions. Specifically, the consistent

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Illustrations of the AIMD energy profiles for the m TisC,-S,
MXene and the b TizC,-S, MXene after simulations conducted for 20
picoseconds (a and b) and 8000 picoseconds (c) and (d) at 500 K.

behaviour of the potential energy and total energy suggests
that the atomic configurations of the considered MXene struc-
tures are preserved, affirming their structural stability.
Moreover, these findings align with the binding energy and
formation energy analyses conducted separately in this study.
The negative and stable energies observed throughout the
simulations further confirm that the considered MXene struc-
tures maintain their stability and do not experience destabili-
zation. These insights are crucial for understanding the resili-
ence of m Tiz;C,-S, and b Ti;C,-S, in practical applications,
where structural stability is a key factor in their performance
as electrode materials or in other energy storage devices.

4 Conclusions

In summary, this study explores the electronic and electro-
chemical energy storage properties of m Ti;C,-S, and b TizC,-
S, MXenes through first-principles calculations. Our findings
reveal that both m Ti;C,-S, and b Ti;C,-S, MXenes exhibit
robust dynamic stability. The electronic structure analysis,
including PDOS and band structure calculations, shows that
both the considered MXene structures possess strong metallic
character, contributing to their excellent conductivity.
The theoretical storage capacities are notable, reaching
462.5 mAh g~ for m Ti;C,-S, and 346.93 mAh g~* for b Ti;C,-S,.
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Additionally, the computed open circuit voltages and Bader
charges for m Ti;C,-S, and b Tiz;C,-S, are 1.13 V and 0.8 V,
0.45 |g| and 1.30 |g|, respectively. Low diffusion barrier values
of 0.057 eV and 0.41 eV for m Ti;C,-S, and b Ti;C,-S, MXene
structures, respectively, indicate rapid and efficient Zn-ion
transport. Their structural stability, confirmed through
ab initio molecular dynamics simulations, further supports
their potential for long-term use in practical applications.
Overall, these Ti;C,-S, MXenes, with their favourable OCVs,
high storage capacities, low diffusion barriers, high charge
transfer and robust stability, represent highly promising
cathode materials for zinc-ion batteries. This study not only
underscores their potential in high-performance energy
storage, but also lays the groundwork for future experimental
and theoretical investigations into 2D MXenes.
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