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structural, energetic and electronic properties of
pristine and transition metal (Fe/Co/Ti)-doped

layered MoS, as anode materials for sodium-ion

batteries¥
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In this work, we apply first-principles density functional theory (DFT) calculations to study the intercalation
of Na atoms into the pristine and transition metal (TM)-doped MoS, (M,Mo;_,S;) layers. Our results show
that TM atom doping enhances the binding of the Na atoms between the M,Mo,_,S, (M: Fe/Co/Ti) layers.

Moreover, we find that Na intercalation facilitates the transition from the 2H phase to the 1T phase of MoS,
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in agreement with previous findings. However, Fe and Co doping is found to promote such transition;
conversely, Ti doping is found to delay this transition. M,Mo;_,S, have metallic properties, and the doping
increases the average open-circuit voltage (OCV) of the 1T and 2H phase M,Mo;_,S,. This work provides a

new perspective on the phase change mechanism of transition metal dichalcogenides and valuable

rsc.li/pcecp

1. Introduction

In recent years, the demand for advanced energy storage
systems has been rapidly increasing, driven by the need for
efficient and sustainable energy solutions. Among various
energy storage technologies, rechargeable batteries have
emerged as a key player in powering portable electronics,’
electric vehicles,” and grid-scale energy storage applications.’
Lithium-ion batteries (LIBs) have dominated the market due to
their high energy density and long cycle life.*® However, the
limited availability and high cost of lithium resources have
prompted researchers to explore alternative battery materials.”

One such alternative is sodium-ion batteries (NIBs), which
utilize sodium ions instead of lithium ions for energy storage.®
Sodium, being more abundant and widely distributed than
lithium, offers a potential solution to the resource limitations
associated with LIBs. NIBs have the potential to deliver compar-
able energy storage performance while offering a more sustain-
able and cost-effective alternative.’

The performance of a battery is closely related to the proper-
ties of its electrode materials. In the case of NIBs, the develop-
ment of high-performance anode materials is crucial to achieve

School of Energy and Environment, City University of Hong Kong, Tat Chee Avenue,
Kowloon, Hong Kong, China. E-mail: patrick.h.sit@cityu.edu.hk

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5cp00286a

This journal is © the Owner Societies 2025

theoretical insights for the development of doped MoS, nanomaterials in Na-ion battery applications.

the desired energy storage capabilities.’® While in LIBs the
commonly used anode material for LIBs is graphite,'’ the Na
atoms cannot electrochemically intercalate into graphite
because of the weak Na-C intercalation, and sodium graphite
intercalation compounds (Na-GICs) are thermodynamically
unstable.>"® Therefore, there has been an urgent need in the
exploration and optimization of anode materials for NIBs.

Transition metal dichalcogenides (TMDs) have attracted
considerable attention as potential anode materials for NIBs."* ¢
They are also potentially promising electrode materials for bat-
teries, such as Li*,"” K*,'® and Mg®"."> TMDs are a class of layered
compounds consisting of transition metal atoms sandwiched
between chalcogen (sulfur, selenium, or tellurium) atoms. These
materials exhibit unique structural, electronic, and electrochemi-
cal properties that make them promising candidates for energy
storage applications. Neighboring layers of MoS, are attracted
together by feeble van der Waals forces, and there exists sufficient
room between the layers to accommodate alkali metal ions during
the charging process.”®

MoS, is a typical TMD that shows great potential as an anode
material for NIBs.>! MoS, mainly has two phases, 1T and 2H
phases. Previous work shows that during the continuous intercala-
tion of sodium atoms, MoS, undergoes phase transition from the
2H phase to the 1T phase.*”*> Some researchers have conducted
first-principles simulation studies on the intercalation process of
Na atoms in MoS,. Mortazavi et al. examined the efficacy of the
layered MoS, as a host electrode material for NIBs and found that
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the strong binding of Na with MoS, can prohibit Na cluster
formation.>® Wang et al. studied the edge engineering of MoS,
nanoribbons as a high-performance electrode material for Na-ion
batteries and found that the Mo edge was half saturated by S,
which helps stabilize the MoS, nanoribbons as well as offer more
intercalation sites for Na.>®

On the other hand, incorporating heteroatoms through
doping represents a promising strategy for augmenting the
electronic, magnetic, and structural properties of materials.”*
Transition metal (such as Fe and Co) doping can adjust the
electronic properties of MoS, to enhance the energy storage and
conversion performance of MoS, in batteries.”>*® Moreover, there
have been a number of studies on Fe, Co, and Ti-doped MoS, as
battery anode materials, and it was found that such doping can
result in different advantages like more efficient charge transfer
or increase in the cation diffusion rate.?”>° However, the under-
standing of the microscopic details of the intercalation processes
and the impact of transition metal doping on the electrochemical
performance of MoS, is still limited.

In this work, we employ first-principles density functional
theory (DFT) calculations to investigate the intercalation pro-
cess of sodium atoms within the pristine and transition metal
(TM)-doped MoS, layers. We explore the binding energy of
sodium atoms in the interlayer region of TM-doped MoS, and
investigate the influence of TM doping on the intercalation
behavior. This study aims to provide an in-depth understand-
ing of the electrochemical properties and phase transition
mechanisms in TM-doped MoS,, thus contributing to the
development of high-performance anode materials for NIBs.

2. Computational method

In this study, we employed the PWscf module of the quantum
ESPRESSO (QE) package to perform the density functional
theory (DFT) calculations.**> The UltraSoft pseudopotential
(USPP) was utilized.*® To account for the van der Waals (vdW)
interactions, we incorporated semiempirical Grimme’s DFT-
D2,>**° in conjunction with the Perdew-Burke-Ernzerhof
(PBE) exchange correlation functional.*® The Kkinetic energy
cutoff for the wavefunctions was set as 60 Ry, and the kinetic
energy cutoff for the augmented charge density was set as 480
Ry. In all the geometry optimization, the variable cell optimiza-
tion was used, and the Brillouin zone was sampled using a 6 x
6 x 3 k-point grid. For the MoS, model, a 2 x 2 x 2 periodic
supercell was used, so that there are two MoS, monolayers in
the periodic supercell. The optimized lattice parameters of the
pristine 1T and 2H phase MoS, are shown in Table S1 (ESIt).

3. Results and discussion

3.1. Na binding sites and intercalation structures in the
pristine and TM-doped MosS,,

There are two possible Na atom binding sites in both the 1T
and 2H phases, namely, the octahedral site (Oy,) in which the
Na binds to the six nearest sulfur atoms, and the tetrahedral
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site (Tq) in which the Na binds to the four nearest sulfur atoms,
as displayed in Fig. 1(a)-(d). Fig. 1(e) and (f) show the doped
structure of MoS,, where M is the transition metal dopant: Fe/
Co/Ti. The TM-doped MoS, structure was constructed by repla-
cing one Mo atom in the bi-layer pristine MoS, supercell
structure with a transition metal atom, so that there are 1 M
atom, 7 Mo atoms and 16 S atoms in each simulation. Here, we
denote the TM-doped MoS, structure as My 1,5MO0q g75S,, Where
the M is the doped metal atom Fe/Co/Ti in the TM-doped
structure. We considered eight different Na atom intercalation
concentrations, namely Na,M, 1,5M0g g75S5, (* = 0.125, 0.250,
0.375, 0.500, 0.625, 0.750, 0.875 and 1.000).

We first examined the binding sites and binding energies of
single Na atom intercalation in the pristine layered MoS,. We
found that the octahedral site is a more stable binding site having
a binding energy around 0.2 eV lower than that of the tetrahedral
site, which is similar to previous works.*>*” Then, we studied the
intercalation of a single Na atom in Mg 1,5M0p g75S,, and the Oy
site was still found to be more stable. We also found that as
shown in Fig. S1 (ESIY), for the Ti-doped MoS, in the 1T phase,
the energy of the case with Na intercalated near the Ti is slightly
lower than that of Na further away from the Ti by 0.05 eV. For the
Ti-doped MoS, in the 2H phase, it is also energetically more
favorable for the Na close to the Ti by 0.04 eV. On the contrary, for
the Fe-doped MoS, in the 1T phase, the energy of the structure of
Na intercalated further away from the Fe is 0.12 eV lower than the
case of Na near the Fe. For the 2H phase, the case for Na further
from the Fe is more energetically favorable by 0.09 eV. For the Co-
doped MoS,, the 1T phase and 2H phase favor Na further from
the dopant by 0.10 eV and 0.26 eV, respectively. Therefore, if the
Na atom is far away from the Co or Fe dopant, the energy is lower.
On the contrary, the Na atom tends to be close to the Ti dopant.

Next, we studied the intercalation of different concentra-
tions of Na atoms into the 1T and 2H phases of the pristine and
TM-doped MoS, supercell structure. Since the energy of the Na
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Fig. 1 Octahedral binding sites of Na in the (a) 1T and (b) 2H phase MoS,,
tetrahedral binding sites of Na in the (c) 1T and (d) 2H phase MoS,, and the
top view of TM-doped multi-layered (e) 1T and (f) 2H phase MoS,.
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atom at the octahedral sites is more stable than that at the
tetrahedral sites, we considered the configurations of each com-
ponent on the premise of intercalating the Na to the octahedral
sites first. In all configurations, the Na atoms were initially
distributed in octahedral positions as far away from each other
as possible to minimize their interaction and avoid congregation.
For each configuration in Fig. S2 (ESIt), the structure was fully
optimized, and the configuration with the lowest energy was
selected for analysis. The formula for calculating the binding
energy of Na atoms in layered M, 1,5M0q g75S, is as follows:

Ep(x) = E(Na,My 125MO0g g7555) — E(Mg 125M0g g75S,) — XE(Na)

(1)

where E(Na,M,.1,5M0q.475S,) is the total energy of the Na,M 155-
Moy 5755, compound, E(M,1,5M0gg755,) is the total energy of
My .125M0g g755,, and E(Na) is the energy of a gaseous Na atom.
The energy of a gaseous Na atom was used as the reference for
comparison of the adsorption energy in different structures in
this work. Such a reference was adopted in a number of previous
works,”>*® while some other works used the energy of a Na atom
in bulk metal as in ref. 39 and 40. Regardless of the reference
adopted, the aim is to compare the stability of adsorption in
different structures. Therefore, the choice of the reference does
not affect the conclusions of this work. According to this defini-
tion, the positive binding energy represents the endothermic
chemical interaction between Na and M, ;,5M0g 375S,, and the
negative binding energy represents the exothermic chemical
interaction between Na and M, 1,5M0¢ g75S,.

Fig. 2 shows the Na binding energy over the entire composi-
tion range for various stably bound structures of Na,M, 1,5-
Moy g75S; in the 1T and 2H phases. Overall, as the Na concen-
tration increases, the binding energy gradually becomes less
negative, which is mainly due to the increased electrostatic
repulsion between the Na at a higher concentration and the
weakened interaction between the Na and the layered
My.125M0g 5755,.** For the 1T pristine structure, we found that
when the Na concentration is 0.125, the binding energy per
atom is less negative than when the Na concentration is 0.25.
We will discuss the possible reason in Section 3.2.
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It is obvious that the binding energy of all structures in the 1T
phase of Na,M, 1,5sM0g g75S, is more negative than that of the 2H
phase, usually 1-2 eV lower than that of the 2H phase. Through
comparison, we can find that, for both the 1T phase and the 2H
phase, Fe, Co, and Ti doping will strengthen the binding of the
Na with the layered structure in the entire composition range. It
shows that doping is more beneficial to the combination of Na
atoms and M, 1,5MO0y g75S,. Interestingly, for the doped structures
with Fe, Co, and Ti in the 1T phase, the binding energies are
similar. For the 2H phase in Fig. 2b, the binding energies of the
Na atoms in the Fe- and Co-doped structures are similar. How-
ever, the binding energy of the Ti-doped structure is always lower
than that of Fe and Co until the Na concentration is 0.875. After
that, the binding energy of the Ti-doped structure becomes
similar to that in the Fe- and Co-doped structure. From Fig. S3
(ESIt) we can know that in the range of x = 0-0.25, interlayer
spacing will increase rapidly, and then it will fluctuate in a
narrow range. Fe/Co/Ti doping will reduce the interlayer spacing
around 0.1-0.3 A, compared with the pristine structure.

3.2. Phase transition of the layered pristine MoS, and
Mo.125M0g 5755, upon Na intercalation

As it was found that the lithiation or sodiation of the TMD
materials will cause the transition from the 2H to the 1T phase
compound,””** we next studied the relative stability of the
pristine MoS, and M, 1,5Mo0 g75S, upon Na intercalation. Since
2H-MoS, and 2H-M, 1,5M0y 5755, are more stable phases, respec-
tively, we define the formation energy of all Na,M, 1,5M0 7552
intercalation compounds with respect to 2H-Mj 1,5M0y 5755, and
the Na body-centered cubic crystal as the reference state as:

Ef(x) = E(NaxMo.125M00.87ssz) - E(ZH_M0.125M00.87SSZ) -
XE(NaP) 2)

where E(Na,M, 1,5MO0q g755,) is the energy of the Na,Mg ;5.
Moy g75S, compound, E(2H-M, 1,5M0y g,5S,) is the energy of
2H-M, 155MO0g g75S,, and E (Na*) is the energy of each Na atom
in the body-centered cubic crystal.

In Fig. 3a, the formation energy per atom of the 1T pristine
structure is around 3 eV when the Na concentration is 0.125,
and the structure is much less stable than the 2H phase at this

(b)

1.00

0.50 0.75
x in Na,M, ;,sMoy 475S,

0.25

Fig. 2 Binding energy per Na atom for the (a) 1T phase and (b) 2H phase of the pristine MoS, and Mg 125M0q g75S,, M: Fe/Co/Ti.
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Fig. 3 Formation energy per Na atom for 1T and 2H phases of (a) pristine, (b) Feg.125M0g 87552, (€) COg 125M00 87552, and (d) Tig 125M0g 87555

time. After doping with the Fe, Co, and Ti elements, the formation
energy of the layered Na, My 1,5M0y g75S, compound decreases. For
the 1T phase shown in Fig. 3b-d, especially when the Na concen-
tration is 0.125, although the formation energy is still positive, it is
reduced by more than 50%. When the Na concentration is 0.25,
the formation energy is reduced to a negative value. For the
pristine MoS, structure, the formation energy decreases to a
negative value only when the third Na atom is intercalated.

It shows that the doping of Fe, Co, and Ti will promote the
intercalation of Na atoms into the interlayers of the 1T phase of the
Mj.125M0g g755, compound. Moreover, the transition points of the
phase change from the 2H phase to the 1T phase (the concen-
tration of Na atoms when the phase change occurs) were found to
be Pristine: 0.365, Fe-doped: 0.355, Co-doped: 0.311, and Ti-doped:
0.503. In the process of continuous intercalation of sodium atoms,
Fe and Co doping will accelerate the transition from the 2H phase
to the 1T phase, which is consistent with previous experimental
studies;*®** conversely, Ti doping will delay this transition. In
order to further confirm the effect of doping on phase transition,
we increased the number of dopant atoms. As shown in Fig. S4
(ESIT), the phase change transition points of Na,Fe;,5M0q 552,
Na,Coy,5M0,.75S,, and Na,Tiy,5M0,75S, are 0.309, 0.171 and
0.698, respectively. Doping with more Fe/Co atoms can lead to
an even earlier phase transition, while the opposite is true for Ti.

3.3. Bader charge analysis

To further study the charge transfer during the intercalation
process in pristine MoS, and M, 1,5M0g g75S,, we performed the

6450 | Phys. Chem. Chem. Phys., 2025, 27, 6447-6456

Bader charge analysis. Through this analysis, we can gain
insights into the nature of the interactions and the distribution
of electrons in the system. Fig. 4 shows charges of different
atoms in the intercalated systems at different intercalation
concentrations of Na. For the 1T phase, in the average Bader
charges of the Na atoms and Mo atoms both show a downward
trend as shown in Fig. 4a and b. The trends of the changes of
the Na charge are very similar irrespective of the existence or
the type of doping. Moreover, the decreasing charge can be
related to the fact that the MoS, host cannot effectively hold
additional electrons when more Na intercalate. On the other
hand, the charge of the dopant fluctuates within a certain range
without an obvious upward or downward trend, as shown in
Fig. 4c. Interestingly, the charges of Fe and Co are both lower
than that of Mo, while the charge of Ti is higher than that of
Mo, as shown in Fig. 4b. Compared with Mo, Fe and Co donate
less electrons. Under the same Na atom intercalation concen-
tration, the S charge of the Fe/Co doping structure is less
negative than that of the pristine structure. At this time, the
entire system has a stronger ability to receive electrons from the
Na atoms, while Ti donates more electrons to the system,
causing the charge of S to become more negative as shown in
Fig. 4d, forming a stronger ionic bond between S and the metal
atoms. The average charge of S shows a steady downward trend
with increasing Na concentration.

For the 2H phase, the average charge of the Na atoms
decreases faster than that of the 1T phase, and the average
charge of the Na atoms varies greatly in different doped

This journal is © the Owner Societies 2025
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Fig. 4 Bader charge for (a) Na, (b) Mo, (c) M and (d) S in the 1T phase, and (e) Na, (f) Mo, (g) M and (h) S in the 2H phase of pristine MoS, and
Mo.125M0g 87552, M: Fe/Co/Ti and the black lines in (c) and (g) are the average charge of Mo in pristine MoS,.

structures as shown in Fig. 4e. This shows that in the 2H phase, the charge of Na in the 1T phase is larger than that in the 2H
Na atoms provide more electrons to MoS, to form a stable phase when the Na concentration is 1, which means the 1T
structure compared with the 1T phase. Compared with Fig. 4a, MoS, can still host more electrons than the 2H phase when
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more Na atoms intercalate. The average charge of the Mo atoms
shows an overall downward trend, some fluctuates from one
concentration to the next as shown in Fig. 4f. In the 2H phase, the
charges of Fe and Co are lower than that of Mo, while the charge
of Ti is higher than that of Mo, but the charge of Ti constantly
decreases, and the charges of Fe and Co show an upward trend as
in Fig. 4g. The average charge change of S is basically consistent
with that of the 1T phase as shown in Fig. 4h.

In order to further analyze the impact of doping on 1T and
2H phases, we calculated the number of electrons in the d-orbitals
of the TM ions in each structure. As shown in Fig. 5a, the number
of d-orbital electrons in the 1T phase initially decreases and then
increases as the intercalation concentration increases. For Fe and
Co doping, the number of electrons begin to increase when the Na
concentration is 0.25. For Ti doping, when the Na concentration is
0.375, the number of electrons in the Mo d-orbital begins to
increase. Such transition points seem to be correlated with the
critical points for phase transitions. Also, d-orbital electrons in the
2H phase show an upward trend as seen in Fig. 5b.

Moreover, we found that the Mo-S distance (dy,_g) of the 1T
phase is generally larger than that of the 2H phase as shown in
Table S1 (ESIt), which explains why the number of d-orbital
electrons in the 1T phase is smaller than that of the 2H phase due
to the smaller sharing of the electrons in S to the d-orbitals of the
Mo in the 1T phase. From Table S1 (ESIt), compared with dy-s,
the M-S distance (dy;_g) is smaller for the 1T and 2H phases in
the Fe/Co/Ti-doped structure. For the Fe/Co doped structures, the
dys (2.31-2.32 A) in the 1T phase is smaller than in 2H (2.34 A),
and it is significantly smaller than dyo-s (2.42-2.44 A) of the
pristine structure; while for the Ti-doped structure, the dy;s in
the 1T phase is still larger than in 2H, and they are only slightly
smaller than the dy,_s of the pristine structure. The dy;_g in Fe/
Co-doped structures decreases to 2.31-2.34 A compared to the
dmo-s in pristine MoS,, and there is a stronger interaction
between the Fe/Co atoms and the S atoms.

3.4. Open-circuit voltages (OCVs)

Next, we explore the battery voltage of the pristine MoS, and the
three doped My 1,5MO0 5755, compounds as the anode materials.
First, we compare the relative stabilities of these configurations

1T

—&— Pristine
—o—Fe
—a—Co
—v—Ti

Mo d orbital electrons
n
p—
N

N
o
3
T
L

(@

1.00

0.25 0.50 0.75
x in Na M, ;,sMo, 5,5S,

0.00

View Article Online

PCCP

to determine the more stable configuration formed during the
intercalation of Na atoms. The relative formation energy for a
given Na,MoS, composition can be calculated as:**

E.¢(x) = E(Na,MoS,) — xE(NaMoS,) — (1—x)E(MoS,)

3)

NaMoS, and MosS, refer to the fully sodiated and desodiumized
phases, respectively. The convex hull of the formation energy of all
these structures was constructed as a function of the Na concen-
tration (x). Thermodynamically stable phases are identified by energy
convex hulls. The convex hull plots are plots of formation energy
with respect to the composition that connects phases that are lower
in energy than any other phases or a linear combination of phases at
that composition. Phases that lie on the convex hull line are
thermodynamically stable and the ones above the lines are either
metastable or unstable. All identified stable phases are based on
static first principles calculations corresponding to the 0 K ground
state, as are the calculated voltages. Using this formula to obtain the
corresponding convex hull and determine the corresponding ther-
modynamically stable phase, we obtained the results shown in Fig. 6.

For each concentration (x) of the Na,My 1,5M0q g75S, com-
pound, the OCV (V) relative to Na/Na® is calculated as follows:*®

E(x2) — E(x1) — (x2 — x1) E(NaPbe)

V=
e(xy —x1)n

(4)

where E(x,) and E(x;) are the total energy of the Na,Mg 1z5-
Moy g75S, compound with x; and x, Na concentrations, respec-
tively, and E(Na®®) is the energy per atom of Na in the bcc
crystal, e indicates the electronic charge, and n is the charge of
Na (n =1).

Fig. 7 Shows the OCV curves of the pristine and Fe/Co/Ti-
doped MoS, with respect to the concentration of the Na in the
intercalation compounds. We found that after doping with the
Fe, Co, and Ti elements, the initial OCV of the 1T phase
increased from 2.6 V to 3.5-3.8 V, and the initial OCV of the
2H phase increased from 0.8 V to 1.4-2 V. As the concentration
of intercalated Na atoms increases, the OCV is in a downward
trend. With the continuous intercalation of Na atoms, the
intercalation of additional Na atoms into the layered MoS,
and M, 1,5Mo0yq g75S, compounds becomes more difficult. This
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Fig. 5 Mo d orbital electrons of (a) 1T and (b) 2H phase pristine MoS, and Mg 125M0g 87552, M: Fe/Co/Ti.

6452 | Phys. Chem. Chem. Phys., 2025, 27, 6447-6456

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D5CP00286A

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 09 February 2025. Downloaded on 10/30/2025 5:22:12 AM.

(cc)

PCCP

'

e e

o >
T

]

S

N
T

Relative formation energy (eV)

x in Na M, ;,sMo, g7:S,

Pristine
{ &
- — n
= AT 7|
(a) \.\/ o 2H
0.00 0.25 0.50 0.75 1.00

e
=

1
e
—

1
S
w

Relative formation energy (eV)

(©
04L

0.0 0.25

0.50

0.75

xinNaM, ;Mo ¢S,

1.00

Relative formation energy (eV)

Relative formation energy (eV)

1
S
(]

1
=
w

e
=

1
e
[

s
N~

e
w

0.25 0.50 0.75 1.00

xin Na M, ;,sMo, 4,55,
;

0.00

0.25 0.50 0.75 1.00
xin Na,M, ;,sMo, ;:S,

Fig. 6 Convex hull of the 1T and 2H phase (a) pristine, (b) Fe, (c) Co, and (d) Ti doping MoS; structures.

4 . .
——1T

3L —2H

o

(==
T

Electrode potential (V)
()

Pristine

.

Electrode potential (V)

w
T

[ 5]
T

[
T

(b)

Fe

0 1 1 1 1 0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
xin Na,M, ;,sMoy 47:S, xin Na M, ,sMo, ;5S,
4 T T T T 4 : T T T
Co Ti
! 1 23l ]
22t 1 &2¢ b
) =
: £ — |
21t 1 211 ;
= 53]
(© @ T
0 1 1 1 1 0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
xin Na M, ,sMo, ;sS, xinNaM, ;Mo ¢S,

Fig. 7 OCV curves of 1T and 2H phase (a) pristine, (b) Fe, (c) Co, and (d) Ti doping MoS, structures.

This journal is © the Owner Societies 2025

View Article Online

Phys. Chem. Chem. Phys., 2025, 27, 6447-6456 |

Paper

6453


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D5CP00286A

Open Access Article. Published on 09 February 2025. Downloaded on 10/30/2025 5:22:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

is because the electrostatic repulsion between alkali ions
increases, resulting in weaker binding of alkali ions.*

Since the formation of Nag 1,5Mg 125M0y 5755, and Na 1,5MO0S, is
thermodynamically unstable, we will ignore these compounds when
calculating the average OCV. The average OCV of the final 1T phase
pristine MoS, and Fe/Co/Ti-doped MoS, are 1.20 V, 1.77 V, 1.76 V
and 1.71 V, respectively. The average OCVs of 2H phase pristine
MoS, and Fe/Co/Ti-doped MoS, are 0.65 V, 0.98 V, 1.05 V and 1.03 V,
respectively, and the pristine results are consistent with some other
experimental results.”"**” Therefore, doping with Fe, Co, and Ti, the
average OCV increases around 45% and 50% for the 1T and 2H
phases, and M, 1,5M0, g;5S, is suitable as sodium-ion battery elec-
trode materials.

3.5. Electronic properties

The electronic conductivity of the electrode materials is a key
aspect that determines the battery performance, as highly

View Article Online

PCCP

conducting materials provide a low internal resistance to the
current flow. Therefore, we calculated the projected density of
states (PDOS) to further elucidate the electronic conduction
behavior of the pristine MoS, and doped M, 1,5MO0 g75S, com-
pounds after intercalation of the Na atom. Previous studies
have shown that the pristine 1T phase MoS, is metallic, while
the 2H phase MoS, is a semiconductor. The projected density of
states (PDOS) can be used to show the electronic states and
interactions of different atoms in a material. For the doped
structures, similar to defective structures, if one atom is
replaced, the electronic structure of the surrounding atoms
may be rearranged, causing the intensity and position of some
hybrid peaks to change.*®

After Fe, Co and Ti doping, the electronic states of
Mj.125MO0g 5755, at the Fermi level are non-zero. The 1T phase
continues to maintain the metallic properties as shown in
Fig. 8a-d, and the electronic states near the Fermi level are
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Fig. 8 Projected density of states for (a) pristine, (b) Fe-doped, (c) Co-doped and (d) Ti-doped 1T phase MoS, and (e) pristine, (f) Fe-doped, (g) Co-doped
and (h) Ti-doped 2H phase MoS,. Na atom intercalation in (i) pristine, (j) Fe-doped, (k) Co-doped and (l) Ti-doped 1T phase MoS, and Na atom

intercalation in (m) pristine, (n) Fe-doped, (o) Co-doped, and (p) Ti-doped
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2H phase MoS,. The Fermi level is set to zero eV.
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mainly contributed by Mo and S atoms. The contribution of
dopant atoms to the Fermi level is smaller, but when the metal
dopants are introduced into the 1T phase, they lead to significant
alterations in the electronic structure by introducing additional
states within the bandgap or shifting the existing bands, while the
2H phase changes from semiconductor properties with a well-
defined bandgap to metallic properties as shown in Fig. 8e-h. But
the main valence and conduction bands remain relatively stable
upon metal doping, which means that the overall electronic
structure does not change as drastically as in the 1T phase. After
Fe, Co and Ti doping, the electronic states around the Fermi level
are enhanced and then increase changer transfer and conductivity
of MoS,. Similar findings that doping to the 1T phase leads to
larger changes in the PDOS than that to the 2H phase were also
reported in previous studies.”®>' The layered M, 1,5M0q 5755,
compound can retain the metallic properties during the Na atom
intercalation process, as shown in Fig. 8i-p, proving the feasibility
of My 1,5M0g g75S, as an anode material for sodium-ion batteries.

4. Conclusions

In summary, the intercalation process of Na atoms between the
pristine and transition metal-doped MoS, layers was studied by
DFT calculations. Firstly, the binding energy of Na atoms between
doped MoS, layers was found to be more negative than the pristine
structure and promotes the intercalation of Na atoms between
layers. Secondly, Fe and Co doping to the MoS, was found to
facilitate the transition from the 2H phase to the 1T phase of the
MoS,. Conversely, Ti doping will delay this transition. Thirdly, after
doping with Fe, Co, and Ti, the average OCV increases around 45%
and 50% for the 1T and 2H phase, respectively. Finally, the 1T and
2H phase M, 125M0y g75S, all have metallic properties and embody
ideal Na storage and conductive properties when used as the
sodium-ion battery anode material.
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