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Room-temperature sodium-—sulfur (Na-S) batteries have attracted significant attention for large-scale
energy storage due to their high energy density, environmental compatibility, and cost-effectiveness.
Nevertheless, their practical application is severely hindered by the shuttle effect resulting from the
dissolution of sodium polysulfides into electrolyte solvents and the intrinsically poor conductivity of
sulfur cathodes. In this work, we systematically investigate, by first-principles density functional theory
calculations, the effectiveness of doping sulfur (S) and co-doping nitrogen (N) and sulfur (S) atoms on
Ti,CO, MXene as anchoring materials for sodium polysulfides (Na,S,). Our results indicate that both
doping and co-doping significantly enhance the adsorption strength of Na,S, clusters on Ti,CO,
surfaces compared to pristine MXene, with the NS co-doped Ti,CO, exhibiting the strongest adsorption
ability, especially for high-order polysulfides (Na,Se, NasSg). We identify distinct adsorption mechanisms
based on Bader charge analysis and projected density of states calculations, revealing substantial charge
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significantly enhances electronic conductivity. Our findings offer theoretical insights into the beneficial

DOI: 10.1035/d5ra05003k role of heteroatom doping in MXenes and highlight NS co-doped Ti»CO, as a promising candidate for
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1. Introduction

Since the commercialization of lithium-ion (Li-ion) batteries by
Sony Corporation about three decades ago," these rechargeable
batteries have become indispensable for portable electronic
devices and electric vehicles due to their superior energy
density, lightweight construction, and long cycle life. However,
limited lithium reserves and approaching the theoretical
threshold of energy density for Li-ion batteries have sparked
extensive efforts to explore alternative battery technologies
beyond lithium.>*® Among promising candidates,
temperature sodium-sulfur (Na-S) batteries have gained
considerable attention as potential replacements for Li-ion
batteries, offering high theoretical energy density (up to
1274 W h kg™ ),%” economical price and natural abundance of
sodium compared to lithium, multi-electron transfer capability
during charge-discharge processes due to sulfur redox chem-
istry, and lower toxicity.”® Therefore, Na-S batteries possess
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mitigating polysulfide shuttle effects in next-generation Na—S batteries.

significant advantages of cost-effectiveness, environmental
friendliness, and excellent electrochemical performance,
making them highly attractive for next-generation energy
storage applications. Despite these promising features, several
critical challenges currently hinder the practical implementa-
tion of Na-S batteries. The primary obstacle is the notorious
shuttle effect, arising from the dissolution of intermediate
sodium polysulfides (Na,S,, Na,Se, Na,Sg) into common elec-
trolyte solvents during cycling.'*** These dissolved polysulfides
migrate between the cathode and anode, causing severe self-
discharge and rapid capacity fading, thus drastically reducing
battery performance and lifespan. Additionally, the inherently
low electronic conductivity of sulfur cathodes significantly
limits the electrochemical kinetics of these batteries.”™* To
counteract these problems, employing sulfur-host anchoring
materials capable of strongly immobilizing sodium polysulfides
and providing more charge transfer for higher electronic
conductivity has emerged as a prominent strategy for
enhancing battery performance.**”

Recently, two-dimensional (2D) MXenes have been identified
as excellent candidates for anchoring materials in Na-S
batteries due to their large surface area, excellent electronic
conductivity, abundant active sites, and tunable surface
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chemistry, as demonstrated through extensive theoretical and
experimental investigations.®" To further enhance the poly-
sulfide anchoring capabilities of MXenes and address the
shuttle effect more effectively, surface modification via doping
with heteroatoms has garnered considerable interest.'®*>*
Such doping strategies have already been successfully imple-
mented in other 2D materials, such as graphene and carbon
nanotubes, by introducing heteroatoms (N, O, S, B), resulting in
significantly strengthened interactions with lithium poly-
sulfides in Li-S batteries.>**® Recent theoretical studies on
MXenes have emphasized the role of surface doping with
heteroatoms such as metals,* nitrogen (N),>”*® and sulfur (S),*
in tailoring electronic properties and enhancing polysulfide
anchoring for Li- and Na-based batteries. For instance, N-doped
porous Ti;C, MXene has been synthesized and shown to
improve electrocatalytic activity in Li-S batteries.*® Density
functional theory calculations indicate that nitrogen doping
increases electron density at the surface, thereby enhancing Li
atom adsorption and strengthening interfacial interactions
with Li,S clusters.** Further experimental investigations
demonstrate that N-doped Ti;C, MXene also exhibits excellent
cycling stability, with a reversible capacity of 647 mAh g~ after
650 cycles at 4 C and high sulfur loadings (3 and 6 mg cm ™ ?),
confirming its suitability as a sulfur host material.** Theoretical
predictions also suggest that N-doped Ti,CO, MXene trans-
forms into a metallic state, offering a reduced diffusion barrier
for Liions and thereby enhancing ion transport.”® In addition to
nitrogen, sulfur has been explored as a dopant to improve
MXene performance in both Na-S and Li-S batteries**** as well
as in Na/Li-ion battery electrodes.**** Similar to nitrogen, sulfur
doping enhances the electronic conductivity of pristine MXenes
by increasing the density of states near the Fermi level.** For Na/
Li-ion batteries, S-doped Ti;C,0, exhibits an enlarged interlayer
spacing, increased surface area, and improved electrical
conductivity, all of which contribute to faster ion transport,
higher rate capability, and enhanced cycling performance.***®
For Na-S batteries, both theoretical and experimental results
confirm the superior electrochemical performance of S-doped
MXenes, with a reversible capacity of 577 mAh g™ " at 2 C sus-
tained over 500 cycles.*> More recently, co-doping with both
nitrogen and sulfur has emerged as a strategy to combine the
benefits of each dopant, producing MXenes with superior
performance as sulfur hosts for Li-S and Na-S batteries.*® These
co-doped structures have been synthesized through annealing
and solvothermal treatments, enabling their application in
high-performance inkjet-printed micro-supercapacitors and
nitrogen reduction electrocatalysis.***” Co-doped NS-MXenes
exhibit significantly improved gravimetric capacitance (495 F
g ' at1A g "), excellent rate capability (180 Fg ' at 10 Ag™ 1),
and excellent cycle stability (98% retention over 6000 cycles) for
Li-ion battery applications.*® Mechanically, N-doping contrib-
utes to expanded interlayer spacing and elevated Ti valence
states, while S-doping reduces ion diffusion barriers, collec-
tively enhancing rate performance in these advanced MXene
systems.*® However, for Li-S and Na-S batteries, co-doping
MXene surfaces with multiple heteroatoms to increase the
number of active sites and further strengthen polysulfide

© 2025 The Author(s). Published by the Royal Society of Chemistry
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adsorption remains largely unexplored, particularly regarding
the combined effects of nitrogen and sulfur doping. Given the
individual potential of N and S atoms to enhance electronic
properties and their strong interactions with sodium poly-
sulfides, a systematic theoretical investigation of NS co-doped
MXene could provide new insights into their adsorption
mechanisms and significantly advance the development of Na-
S battery cathodes.

In this study, we conduct a first-principles analysis of S-
doped and NS co-doped Ti,CO, Mxene to examine their modi-
fied structural and electronic properties and then explore their
adsorption abilities with Na-polysulfides for applications in
sodium-sulfur batteries. In Section 2, we describe our compu-
tational methods, which include density functional theory
calculations, structural optimizations, and analyses of adsorp-
tion energies. In Section 3, we first examine the optimized
geometric structures and electronic properties of S-doped and
NS co-doped Ti,CO, MXene. We then systematically analyze the
adsorption mechanisms of sodium polysulfide (Na,S,) clusters
on these doped surfaces, identifying distinct binding behaviors
through Bader charge transfer and electronic structure anal-
yses. We then summarize our findings and highlight the
enhanced potential of NS co-doped Ti,CO, MXene as an effi-
cient anchoring material for practical applications in Na-S
batteries.

2. Computational details

To study the adsorption of Na,S, clusters (x = 1,2,4,6,8) on our
doped 2D layer Ti,CO,, we performed calculations based on
density functional theory (DFT) via the Quantum Espresso
package.* Our calculations employed PAW pseudopotentials*
based on exchange-correlation functionals from Perdew-Burke-
Ernzerhof** from the PS library.** The recently developed van
der Waals interactions (vdW-DF3)*** are also included. This
functional of vdW-DF3 is selected due to its improved non-local
correlation functional that can accurately describe dispersion
interactions of physisorption of Na-S clusters with the 2D
MXene surface. For Brillouin zone sampling, our Monkhorst-
Pack k-grids** are 4 x 4 x 1 and 8 x 8 x 1 in structural opti-
mization and electronic structure calculations, respectively. The
energy cutoff is set at 60 Ry, while the convergence threshold in
self-consistent field calculations is 10™% eV, and the optimal
force conditions are 10~ eV A™". Our study also performed
additional calculations of DFT + U***® for the electronic band
structures and density of states. Our calculated electronic
structure considered the Hubbard U correction for 3d shells of
the titanium atoms, and the U value is selected at 3 eV based on
ref. 49 and 50.

First, the two-dimensional pristine Ti,CO, configuration is
optimized with a supercell of 3 x 3 x 1, and a vacuum space of
20 A is used for 2D modeling to eliminate the effect of periodic
images. Our optimized structure of pristine 2D MXene Ti,CO,
has the lattice constant at 2.979 A, Ti-C bonding length at 2.163
A, and Ti-O bonding length at 1.956 A, in agreement with data
from previous theoretical and experimental reports.”* > A
model of doping S and co-doping N and S atoms is created by
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replacing one or two O atoms on the surface with the doped
atoms in several sites. Then, we optimized the model to find the
most favorable energetic configuration. Several doped sites are
examined for the doping atom to determine the most energet-
ically favored site for doped atoms (Fig. S1 and Table S1). We
found that the optimized models where the doped S or N atom
replaces the O atom possess the lowest energy, in agreement
with previous DFT calculations for S-doped and codoped NS on
MXene.***3*¢3” The co-doping N and S atoms are positioned
close to each other to explore co-doping synergistic effects
between the two heteroatoms, which can enhance charge
redistribution and adsorption behavior for Na-S clusters. The
particle position of all these optimized configurations is pre-
sented in the SI. After obtaining the doped models, we examine
the possible adsorption sites of the 2D structures and different
rotations of Na,S, clusters on the surface of the doped MXene.
The initial height of the Na,S, clusters on the top layer is set at
2.5 A, and various adsorption sites are investigated to determine
the lowest energy configuration. The adsorption energy (Eaqs) of
each cluster on 2D structures is calculated as:

Eads = Ecluster—MXene — Locluster — EMXene (1)

where Ecjyster-mxene ad Eyxene denote the total energies of the
anchoring 2D materials with and without Na,S, clusters,
respectively, and E.juseer iS the energy of the optimized Na,S,
clusters. Only the best configuration corresponding to the
lowest calculated energy for each absorbed Na,S, is reported
and further analyzed. For analysis, the calculation of the Bader
charge based on Henkelman's algorithm®* via Critic2 (ref. 55) is

Fig. 1
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performed to explicitly quantify the charge transfer between the
adsorbed sodium polysulfide and the doped MXenes. In addi-
tion, the charge density difference (CDD) is calculated as
follows:

CDD = Pcluster-MXene — Pcluster — PMXene

where Pcluster—MXenes Pclusters and Pmxene TEPresent the calculated
charge densities in Na,S, adsorbed MXenes, isolated Na,Sy
clusters, and doped MXenes.

3. Results and discussion

3.1. Modified structure of S doping and co-doped S and N
atoms on the surface of Ti,CO, MXene

Optimized structures of two doped schemes of S-doping and
N-S co-doping on the surface of 2D MXene Ti,CO, are illus-
trated in Fig. 1. For S-doping, an S atom substitutes one O atom,
and for co-doping, N and S atoms are substituted. The opti-
mized energy configurations indicate that doped S and N atoms
are located at the same sites as O atoms, but with different
elevated heights on the termination O-plane. A similar result of
the elevated height of S-doping compared to the unchanged
height of substituted N-doping with an O atom on the surface is
found in ref. 36. The doped S atom is located at a considerably
higher height, at 0.66 A, than the O-layer, while the doped N
atom stays almost the same height as the O atom on the surface,
with a difference of 0.02 A. The Ti-S bond is elongated at 2.385 A
compared to the Ti-O bond at 1.956 A, while the Ti-N bond is
shortened at 1.908 A.
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(a) Top- and side-view of the optimized geometrical structures of doped S atom on the surface of 2D Ti,CO, (b) top- and side-view of the

optimized geometrical structures of co-doped N and S on the surface of 2D Ti,CO,. The light blue, red, brown, yellow, and purple spheres

illustrate Ti, O, C, S, and N atoms, respectively.
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The defect energy® is calculated via the difference in
formation energy E' of the doped S and co-doped N and S atoms
on 2D Ti,CO, using eqn (2):

E' = Ey[doped Ti,CO,] — Ei([Ti»CO,]
+ Nilko — Nildoped atom (2)

where E[Doped Ti,CO,] and E,[Ti,CO,] are the total energies
of the doped Ti,CO,(S) or Ti,CO,(NS) and pristine supercell
Ti,CO,, respectively. uo and tdopea atom (Us O un) are basic
elemental chemical potentials of O, S, and N atoms. These
chemical potentials can be calculated as total energies per atom
using DFT calculations. For details, the total energies per atom
for uo, 1s, and uy are obtained via DFT calculation of O, and N,
molecules, as well as Sg rings, isolated in a cubic cell.

The defect formation energy value is estimated at 2.49 eV for
the doped S atom and at 3.43 eV for the N-doped scheme, while
a higher defect formation energy for the co-doped scheme is
found at 4.60 eV. The defect energy of co-doping S and N atoms
is 4.60 eV, which is lower than the sum of defect energy at
5.92 eV for sole doping of S and N atoms (2.49 eV and 3.43 eV,
respectively). This suggests that the S and N doping will attract
each other on the surface of the MXene. This result for S-doping
is in good agreement with the defect formation energy esti-
mated at 2.31-2.47 eV of doping a S atom on a similar 2D MXene
Ti;C,0,.%

3.2. Adsorption of Na,S, clusters on Ti,CO,(S) and
Ti,CO,(NS) MXenes

First, incorporating an S atom on the surface as active adsorp-
tion sites in Ti,CO, MXene results in optimized adsorption
sites, as shown in Fig. 2. The adsorption of Na,S, clusters with x
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=1, 2, 4, 6, and 8 was focused since they are intermediates
formed during the stepwise conversion of sulfur to Na,S (e.g.,
Na,Sg — Na,S¢ — Na,S, — Na,S, — Na,S) during the
discharge/charge process in sodium-sulfur (Na-S) batteries.***
All Na,S, clusters adsorbed on our MXenes retain their shapes
relatively. Calculation of the change of total energy is performed
to quantify the deformation of the cluster once anchored on our
doped and co-doped MXenes in Table S2 in the SI. The differ-
ence in clusters' energy is from 0.009 to 0.126 eV per atom,
indicating that the energy deformations are low. Therefore, the
cluster's structural integrity will be preserved upon adsorption
on our MXene. We found that the alignment of Na,S, clusters
upon adsorption on the surface of Ti,CO,(S) is similar to the
adsorption of Ti,CO, MXene and other 2D materials,***” but
expresses a strong attraction to the active site of the doped
atom. While low-S content Na,S, clusters (x = 1,2,4) have both
Na atoms bound toward or attracted closely to the doped atom,
only one Na atom in high-S content clusters (Na,S¢ and Na,Sg) is
bound to the doping atom. For the co-doped N and S model
Ti,CO,(NS) in Fig. 3, the alignment of high-content Na,S¢ and
Na,Sg clusters is different than the adsorption scheme of
Ti,CO,(S), Ti,CO,, and other MXenes.**” Due to the presence of
a second active site from the doped N atom, both Na atoms in
Na,Se and Na,Sg are bound to the surface, similar to the low-
content clusters. We also found that the doped N atom only
attracts the Na atom, while the doped S expresses affinity to
both Na and S atoms in the sodium polysulfide clusters.

Fig. 4 demonstrates the binding ability of doped Ti,CO,(S)
and co-doped Ti,CO,(NS) with Na,S, clusters via primarily
calculated adsorption energies. For pristine MXene Ti,CO,, all
clusters exhibit significantly greater adsorption energies than
the binding energy with common electrolyte solvents (1,3-
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Fig.2 Optimized configurations of Na,S, adsorbed on doped Ti,CO,(S) surface. The light blue, red, brown, yellow, and blue spheres illustrate Ti,

O, C, S, and Na atoms, respectively.
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Fig. 3 Optimized configurations of Na,S, adsorbed on co-doped Ti,CO,(NS) surface. The light blue, red, brown, yellow, purple, and blue

spheres illustrate Ti, O, C, S, N, and Na atoms, respectively.
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Fig. 4 Adsorption energies E,qs for Na,S, clusters on doped Ti,CO,(S)
and co-doped Ti,CO,(NS).

dioxolane (DOL) and 1,2-dimethoxyethane (DME)), reported to
be around —0.8 eV to —1.0 eV.*®**® These values are approxi-
mately within the range of —1.94 to —2.74 eV, indicating that 2D
Ti,CO, MXene is a potential anchoring material. Moreover, this
good binding ability could be enhanced by doping an S atom or
co-doping N and S atoms. Fig. 4 indicates that all adsorption
energies of Na,S, clusters on S-doped Ti,CO,(S) are enhanced,
ranging from 6.2% (Na,Sg) to 37.2% (Na,S). Meanwhile, all
adsorption energies of Na,S, clusters on co-doped Ti,CO,(NS)
are promoted, ranging from 18.0% (Na,Sg) to 59.0% (Na,S).
Therefore, the enhanced ability to capture sodium sulfide via
doped S and co-doped N and S is significantly practical for
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anchoring Na-S clusters. This result is consistent with other
experimental and theoretical works in Li-S and Li-ion batteries.
For example, S doping in mesoporous graphene microspheres
helps immobilize and prevent the dissolution of Li-poly-
sulfides.”® Other doping schemes, such as N, B, and metal-dope,
could be further developed as a clever strategy to enhance the
binding of Li-S molecules in anchoring materials.>**>%
According to the analysis of these works, doping with N, S, and
O atoms has a strong interfacial interaction with Li atoms. In
contrast, B and P atoms have a stronger adsorption ability
toward S atoms in the adsorption of Li-S clusters. Experimental
doping N to porous MXene Ti;C, has been proven to be an
effective Li-S initiate a multifunctional
electrocatalyst for the nucleation and decomposition of Li,S in
discharge and charge processes.* In this work, the calculation
of N-doped Ti;C, showed that the adsorption energy of the Li,S
cluster on the N-doped surface is higher than on the Ti;C,
surface by 0.05 eV. In our calculations for doping the S atom and
co-doping N-S, the adsorption energies are greatly enhanced for
Na,S and Na,S, clusters (from 0.50 eV to 1.39 eV), which is
beneficial for improving the electrochemical reaction rates on
the sulfur cathode. Notably, by introducing co-doped N and S,
we can significantly enhance the adsorption capacity of high-S

immobilizer and

content Na,Ss and Na,Sg clusters, which remains weak in the
pristine MXene.'»*"*” Hence, aside from applications in Li-ion
and Li-S batteries, S-doping and NS co-doping into MXene
could have great potential for Na-ion and Na-S batteries.

The bond length of doped S and co-doped N and S with Na
atom is illustrated in Fig. 5. For doped Ti,CO,(S), Na atom is
bound to both the doped S atom and one O in the surface. The
bonding of the O atom to Na is relatively intact upon the

301 (a) Doped Ti,CO,(S)
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24]
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(b) Co-doped Ti,CO,(NS)
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Fig.5
doped atoms S and N in co-doped Ti,CO,(NS).
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(a) The minimum bond length of the Na atom to the doped atom S in doped Ti,CO,(S), (b) the minimum bond length of the Na atom to the
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adsorption from low to high S-content clusters. However, the
increased bond length of Na in higher S-content clusters with
a doped S atom indicates that the doped S atom cannot anchor
the Na atom as efficiently as in low-S-content clusters. On the
other hand, in co-doped Ti,CO,(NS), the bonding of Na and the
doped N atom is very short and increases slightly upon the
adsorption of higher S-content clusters. Another difference is
that the bond length of Na with doped S is maintained in both
low and high-S-content clusters. This indicates the role of two
doped atoms in higher S-content clusters, meaning that the
bonding of the Na atom with the doping atoms of N and S is
strong enough to anchor the Na-S cluster. In addition, extended
distances of Na with O atom for adsorption of Na,Ses and Na,Sg
clusters with co-doped Ti,CO,(NS) suggest that the O atom in
the surface does not participate in the binding of high S-content
clusters. This point in our adsorption of Na-S clusters collides
with the previous discussion that doping with N or S atoms has
a strong interfacial interaction with Li atoms in Li-S clus-
ters.”>% It is also supported by the combined experimental and
theoretical study on N-doped MXene, which shows that the
doping atom, N, induces enhanced interfacial interaction with
the Li atom in Li-S clusters.*
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Fig. 6 Projected density of states (PDOS) of doped Ti,CO,(S) and co-
doped Ti,CO,(NS) calculated by DFT + U. The Fermi level s set to zero
and is indicated by the dashed lines.
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3.3. Electronic structure upon adsorption of Na,S, clusters
on undoped and doped MXenes

First, the effect of one doped S atom and co-doping S and N
atoms on the termination layer of Ti,CO, on the electronic
structure of Ti,CO, MXene is discussed in this section. We
present the partial density-of-state (PDOS) of Ti,CO, without
and with doping of doped Ti,CO,(S) and co-doped Ti,CO,(NS)
in Fig. 6. The PBE functional calculation for pristine Ti,CO,
yields a band gap of Eg,, = 0.25 eV, which is consistent with the
previous reported DFT values of 0.2-0.3 eV.***'"** When
applying the DFT + U correction, the band gap increases to Eg,p,
= 0.75 eV, in good agreement with the range of 0.67-1.32 eV
reported from DFT + U, GW, and HSE06 calculations.*>*® From
the PDOS, the valence states of Ti,CO, consist of C 2p, Ti 3d,
and O 2p orbitals. The hybridization of C 2p states plays the
most significant role in the bonding region at —2 eV. Mean-
while, the Ti 3d orbitals are the dominant contributor to con-
ducting states, and the valence peak is just below the Fermi
level. Doping S or co-doping N and S atoms to the termination
layer of Ti,CO, causes the presence of outermost p-states from
the doping element, which increases the PDOS of the VBM and
CBM. Thus, the doped and codoped MXene express narrower
band gaps, such as Eg,, = 0.31 €V for Ti,CO,(S) and Eg,, =
0.26 eV for co-doped Ti,CO,(NS). Moreover, the doped atom
provides a higher DOS to the valence region near the Fermi
level, and the Fermi level is shifted into the continuous density
of states of the valence band. Both these effects improve the
hole concentration, which elevates the electronic conductivity
of our MXene. It is due to the highly polarized electron-rich
doped atoms donating their electron to nearby Ti atoms,
increasing the DOS of Ti 3d at the Fermi level. The similar effect
of the doped N element is less than that of the doped S element
in the co-doped scheme. Therefore, doping or co-doping
heteroatoms on the surface of Ti,CO, could be beneficial for
electrochemical performance, as it would result in higher
carrier mobility and electronic conductivity. Such behavior is
consistent with other studies of S-doped Ti;C,0, MXene and
graphene-based nanosheets.”®** DOS analysis based on DFT
calculations of N,S-MXene?® also demonstrated that the N,S co-
doping could improve the electronic performance of MXene as
it possesses better electrical conductivity to facilitate electron
transfer. In the study of co-doped N and S on the surface of
Ti;C,T, MXene. Herein, doped N and S atoms lead to more
unfilled valencies for NS-MXene compared to undoped MXene.
This point theoretically suggests that more redox capacity and
larger capacitance could be achieved through N,S co-doping of
MXene.*”

Upon adsorption of sodium polysulfides, we analyze the
electronic properties of doped Ti,CO,(S) and co-doped Ti,-
CO,(NS). The PDOS of these systems with Na,S, Na,S,;, and
Na,Sg clusters are presented in Fig. 7 and 8. The introduction of
Na and S states significantly enhances the DOS near the Fermi
level in both doped systems, thereby improving electronic
conductivity and supporting better electrochemical perfor-
mance. The pronounced peak of S p-states at the Fermi level
further contributes to enhanced conductivity. Notably, the co-
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Fig. 7 Projected density of states of doped Ti,CO,(S) upon adsorption of Na,S, Na,S4, and Na,Sg clusters calculated by DFT + U (left), and
enlarged PDOS of p-states of doped atom, Na s-state, and S s-state of Na,S, Na,S,4, and Na,Sg clusters (right). The Fermi level is set to zero and is

indicated by the dashed lines.

doped Ti,CO,(NS) exhibits a much higher total DOS compared
to the singly doped Ti,CO,(S), indicating superior electronic
conductivity for polysulfide adsorption. Upon adsorption of Na—-
S clusters, the presence of Na and S states provides boosted DOS
in the Fermi level in both doped Ti,CO,(S) and co-doped Ti,-
CO,(NS), which enhances conductivity for electrochemical
performance. The pronounced peak of p states of the S atom at
the Fermi level promotes the electronic conductivity of our
MXene. Therefore, we found that the co-doped Ti,CO,(NS)
offers better promotion of the electronic conductivity for our
adsorption schemes as the total DOS is much increased
compared to the doped Ti,CO,(S).

For Tiy,CO,(S) in Fig. 7, the strongest adsorption of Na,S
observed in Fig. 4 can be attributed to strong hybridization
between the p-states of the doped S atom and the orbitals of
Na and S in the polysulfide cluster at the Fermi level and
around —1.2 eV. However, for Na,S, and Na,Sg clusters, the
binding between the doped S atom and Na is weakened as

35592 | RSC Adv, 2025, 15, 35586-35597

the Na s-orbitals shift toward lower energies. In contrast, for
Ti,CO,(NS) (Fig. 8), N,S co-doping facilitates stronger interac-
tions between the p-states of both dopant atoms and the Na s-
states, particularly for high sulfur-content clusters such as
Na,Ss.

A more detailed analysis of charge transfer of Na-S clusters
and doped atoms is shown in Table 1. Compared to pristine
MXene, the doped atom participates in a remarkable charge
transfer, thereby increasing the charge migration between the
MXene's surface and sodium polysulfide clusters. While S-
doping is particularly effective for charge migration in low-S
content clusters, such as Na,S, this doping is less effective for
higher S-content clusters, like Na,Sg. By co-doping N atoms
together with S atoms, the charge migration from higher S-
content clusters, such as Na,Sg, can be enhanced, resulting in
a greater adsorption energy gain.

To further elucidate the charge transfer mechanism, we
present the charge density difference (CDD) plots in Fig. 9,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summation of Bader charge transferred for Na and S atoms
for NapS, NasSs, and NaySg clusters on pristine Ti,CO,(S), doped
Ti,CO,(S), and co-doped Ti,CO,(NS). These values of the Bader
charge are computed as the difference between the Bader charge
calculated for Na,Sy clusters absorbed on MXenes and the pristine
Na,S, molecules, as well as the doped atoms with and without the
absorbed Na,S, clusters

MXene Charge transfer Na,S Na,S, Na,Sg
Pristine Ti,CO, Na-S cluster 0.76 0.84 0.32
Doped Ti,CO,(S) Na-S cluster 0.93 0.85 0.58
Doped S 0.34 0.21 0.24
Co-doped Ti,CO,(NS) Na-S cluster 0.81 0.91 0.84
Doped S 0.30 0.15 0.25
Doped N 0.19 0.20 0.35

where yellow and cyan iso-surfaces represent regions of charge
accumulation and depletion, respectively. Upon adsorption of
Na,S, clusters, the redistribution of charge reveals the pivotal

© 2025 The Author(s). Published by the Royal Society of Chemistry

role of dopant atoms in mediating chemical interactions. In the
case of S-doped Ti,CO,, the interaction with the Na,S cluster is
characterized by a notable charge migration originating from
the doped sulfur atom. Conversely, in the N,S co-doped Ti,CO,
structure, the doped sulfur site exhibits charge depletion, while
the nitrogen dopant shows charge accumulation, consistent
with its higher electronegativity. These observations are in line
with previous findings on N-doped MXenes, where both Li
atoms and Li,S clusters experience greater charge loss due to
electron transfer toward the nitrogen dopant.*® For the Na,Sg
cluster, substantial charge redistribution is observed in both
doped systems. However, Ti,CO,(NS) displays enhanced charge
transfer contributions from the p-states of the dopant atoms,
particularly nitrogen. This indicates a stronger chemical inter-
action between the co-doped MXene and the high sulfur-
content cluster, suggesting improved anchoring capability
through synergistic charge transfer effects.

RSC Adv, 2025, 15, 35586-35597 | 35593
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4. Conclusions

In this study, we systematically investigated the role of sulfur
doping (S-doped) and, more importantly, nitrogen-sulfur co-
doping (NS co-doped) of Ti,CO, MXene as anchoring mate-
rials for sodium polysulfide (Na,S,) clusters in sodium-sulfur
(Na-S) batteries using first-principles calculations. Our results
demonstrate that the introduction of NS co-dopants signifi-
cantly enhances the adsorption strength toward Na,S, clusters
compared to both pristine and solely S-doped Ti,CO, MXenes.
Particularly, NS co-doped Ti,CO, exhibits superior binding
capability toward high sulfur-content polysulfides (Na,Ss and
Na,Ss), which are typically challenging to anchor due to their
strong tendency toward dissolution. The electronic structure
analysis reveals that both S-doped and NS co-doped systems
exhibit higher DOS in the valence region, thus substantially
enhancing electronic conductivity, a critical factor for efficient
electrochemical performance. Detailed charge transfer, charge
density difference, and projected density of states analyses
highlight strong hybridization between dopant p-states and Na
s- and S p-states, confirming robust chemical interactions
essential for polysulfide immobilization. These findings
underline the remarkable advantages of S-doped and NS co-
doped Ti,CO, MXene as highly effective anchoring materials,
emphasizing its potential to overcome existing challenges
related to the shuttle effect and electrical conductivity in Na-S
battery technology.
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