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Developing high-performance anode materials with efficient and stable Na-ion storage capability and fast
ion-transport kinetics remains a key challenge for advancing sodium-ion batteries. In this work, density
functional theory calculations are employed to systematically investigate the Janus HfSTe monolayer as

a potential anode material for sodium-ion batteries. The results indicate that the HfSTe monolayer

possesses intrinsic metallic conductivity together with good mechanical, thermal, and dynamical stability.
CI-NEB calculations reveal low Na diffusion barriers, with a minimum value of 0.18 eV, suggesting
favorable Na-ion transport kinetics. Upon progressive sodiation, Na storage proceeds via a layer-by-layer

adsorption mechanism, delivering a high theoretical capacity of 554.8 mAh g~
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1 and a relatively low

average open-circuit voltage of 0.33 V, which is suitable for anode operation. Notably, the HfSTe

monolayer maintains its metallic character even at high sodiation levels, accompanied by a moderate
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1 Introduction

The demand for high-performance and sustainable energy
storage systems has become a central challenge in modern
science and technology, particularly in the context of the rapid
expansion of renewable energy sources and the ongoing elec-
trification of various application sectors.” Lithium-ion
batteries (LIBs) continue to play a dominant role in energy
storage technologies owing to their high energy density and
well-established reliability.>* However, concerns associated
with lithium resource limitations and long-term scalability have
stimulated growing interest in  alternative  battery
technologies.®” In this context, sodium-ion batteries (SIBs) have
attracted significant interest as an alternative energy storage
system due to the natural abundance and wide availability of
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volume expansion of 10.55%. These results highlight the Janus HfSTe monolayer as a promising anode
candidate for high-performance sodium-ion batteries.

sodium, which makes them particularly suitable for large-scale
applications.®®

Nevertheless, the electrochemical performance of SIBs is
strongly governed by the choice of electrode materials, among
which the anode plays a critical role. Graphite, the standard
anode material for lithium-ion batteries (LIBs), exhibits very
limited Na* storage capability (with a theoretical capacity of
only ~35 mAh g~ ")*° because the ionic radius of sodium (1.02 A)
is significantly larger than that of lithium (0.76 A),"* leading to
geometric and thermodynamic incompatibility with the inter-
calation galleries of the graphite structure. As a consequence,
weak Na' affinity and sluggish intercalation kinetics result in
low storage capacity and poor cycling stability. Therefore, the
development of new anode materials capable of strong Na
adsorption, fast diffusion, and the retention of high electrical
conductivity and structural stability throughout repeated
sodiation/desodiation processes is regarded as a key require-
ment for enhancing the performance of sodium-ion
batteries.>*>*

In recent years, two-dimensional (2D) materials have
attracted considerable attention as prospective anode materials
for SIBs, owing to their high specific surface area, adaptable
layered architectures, and tunable electronic characteristics.">*®
Among them, 2D Janus structures, in which the two sides of
a monolayer are terminated by different chemical elements,
have emerged as a promising platform for -electrode
design.’>"?* Owing to the broken out-of-plane mirror
symmetry, Janus monolayers exhibit an asymmetric charge
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distribution across the two surfaces, which can induce an
intrinsic dipole moment and a builtin electrostatic
field."”***>* This asymmetric electrostatic environment can
modulate ion adsorption strength, site preference, and diffu-
sion pathways, thereby providing an additional route to tune
ion-storage and ion-transport properties in two-dimensional
systems.>** First-principles studies have demonstrated that
2D Janus materials constitute a promising class of anode
candidates for sodium-ion batteries (SIBs), owing to their
favorable Na adsorption energetics, fast in-plane ion diffusion,
and suitable electrochemical characteristics. Ahmad et al.*® re-
ported that Na adsorption on the Janus WSSe monolayer is
energetically stable and can induce a semiconductor-to-metal
transition, resulting in improved electronic conductivity, a low
open-circuit voltage (OCV) of about 0.57 V, and a theoretical Na-
storage capacity of 371.5 mAh g, together with a low in-plane
Na diffusion barrier of 0.07 eV on the Se-terminated surface.
Similar behavior was observed in Janus MoSSe, which exhibits
a high Na-storage capacity of 510 mAh g~ ' and an ultralow Na
diffusion barrier of 0.075 eV, indicating favorable Na-ion
transport kinetics.>® Beyond Janus systems, the BP; monolayer
has also been identified as a promising SIB anode owing to its
high Na-storage capacity and rapid Na-ion diffusion.*® In addi-
tion, Janus BeSeCl monolayer has been predicted to deliver even
higher Na-storage capacities (699 mAh g~ ') with low diffusion
barriers and low OCVs, further underscoring the versatility of
Janus chemistry in tuning ion-storage performance.** Collec-
tively, these studies suggest that the intrinsic out-of-plane
asymmetry of Janus monolayers creates differentiated surface
environments that are conducive to stable Na adsorption, fast
in-plane ion diffusion, and low operating voltages, making
them promising anode candidates for sodium-ion batteries.
Recently, Hf-based Janus chalcogenides, particularly the 1T-
HfSTe monolayer, have emerged as an interesting class of two-
dimensional materials owing to their distinctive structural,
mechanical, and electronic properties. Previous studies on
related Janus Hf systems have mainly focused on their struc-
tural stability and electronic/optoelectronic features, including
the stability and electronic properties of Janus HfSSe and its
partially oxygenated counterparts.*> More recently, the 1T-HfSTe
monolayer itself has been investigated in terms of its possible
atomic configurations, dynamical stability, intrinsic metallicity,
and surface asymmetry.** Previous reports have also suggested
that Janus HfSTe possesses relatively low in-plane stiffness,
which may facilitate the accommodation of structural defor-
mation during ion adsorption, while its metallic character is
favorable for electron transport in electrode applications.*"**
Moreover, HfSTe-containing Janus-embedded superlattices
have been explored for thermoelectric applications, further
indicating the potential multifunctionality of this family of
materials.®® These characteristics make Janus 1T-HfSTe
a potentially attractive candidate for energy-storage-related
applications. Nevertheless, to date, the Na-storage behavior of
the pristine Janus 1T-HfSTe monolayer has not been systemat-
ically clarified. In particular, several key descriptors governing
anode performance remain unclear, including: (i) the preferred
Na adsorption sites and binding energies on the asymmetric
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surfaces; (ii) the diffusion pathways and corresponding migra-
tion barriers that determine charge/discharge kinetics; (iii) the
maximum theoretical storage capacity and the evolution of the
open-circuit voltage (OCV) with Na concentration; and (iv) the
preservation of metallic conductivity at different sodiation
levels. Addressing these issues requires an atomistic-level
approach, for which first-principles calculations can provide
quantitative insights that remain difficult to obtain directly
from current experiments.

In this work, we carry out a comprehensive density func-
tional theory investigation of the interactions between Na ions
and the Janus 1T-HfSTe monolayer. The study focuses on
identifying energetically favorable Na adsorption sites and
adsorption energies, exploring in-plane Na diffusion pathways
and the associated energy barriers, estimating the theoretical
Na storage capacity and the open-circuit voltage profile, as well
as analyzing the evolution of the electronic structure through
band structure and density-of-states calculations during the
sodiation process. In addition, the structural response of the
Janus HfSTe monolayer upon progressive Na insertion is
examined by evaluating the volume expansion induced by
sodiation. The obtained results are expected to provide funda-
mental and quantitative insights into Na storage mechanisms
in Janus two-dimensional materials, thereby elucidating the
potential of the Janus 1T-HfSTe monolayer as an anode material
for sodium-ion batteries from an atomic-scale materials design
perspective.

2 Computational details

First-principles calculations were performed within the density
functional theory (DFT) formalism employing the projector
augmented-wave (PAW) approach, as implemented in the
Vienna ab initio Simulation Package (VASP).>***” The exchange-
correlation effects were treated using the Perdew-Burke-Ern-
zerhof (PBE) form of the generalized gradient approximation
(GGA), with long-range dispersion interactions accounted for
through the DFT-D3 method incorporating Becke-Johnson
damping.?® A kinetic-energy cutoff of 550 eV was adopted for the
plane-wave basis set. Electronic and ionic relaxations were
considered converged when the total energy difference was
below 10~° eV and the residual atomic forces were less than
0.01 eV A",

The Janus 1T-HfSTe monolayer was first constructed at the
primitive-cell level and fully optimized. The optimized primitive
structure was then expanded into a 3 x 3 in-plane supercell for
the adsorption, diffusion, and sodiation calculations. A vacuum
layer exceeding 15 A was applied along the direction perpen-
dicular to the monolayer to suppress interactions between
periodic images. Considering the out-of-plane asymmetry
inherent to the Janus configuration, dipole corrections were
introduced along the vertical direction. Brillouin zone integra-
tions were carried out using a I'-centered 5 x 5 x 1 Monkhorst-
Pack k-point grid for the supercell calculations.* The adequacy
of this k-point sampling was further verified by convergence
tests, as provided in the SI. The elastic constants were derived
from the calculated strain-stress relationships, while the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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projected band structures and related post-processing analyses
were performed with the aid of the VASPKIT package.*

To examine thermal stability, ab initio molecular dynamics
(AIMD) simulations were performed in the canonical (NVT)
ensemble using the Nosé-Hoover thermostat.*** A 3 x 3 x 1
supercell was adopted, and each AIMD run was carried out at
300 K for 5 ps with a time step of 1 fs. AIMD simulations were
performed for the pristine, single-Na-adsorbed, and Na-
saturated configuration. The phonon dispersions of the pris-
tine HfSTe monolayer were obtained from finite-displacement
calculations on a 4 x 4 x 1 supercell using the PHONOPY
package.®® The diffusion energy barriers for Na migration were
evaluated using the climbing-image nudged elastic band (CI-
NEB) method,** as implemented in the VASP code.

3 Results and discussion

The fully optimized atomic structure of the Janus HfSTe
monolayer is presented in Fig. 1(a). The material adopts a two-
dimensional hexagonal lattice, in which the Hf atomic layer is
asymmetrically sandwiched between S and Te layers, giving rise
to a characteristic Janus configuration with broken out-of-plane
mirror symmetry. The in-plane lattice constant is determined to
be 3.78 A, which is in good agreement with previously reported
values by Lim et al. (3.80 A)** and Shi et al. (3.79 A).>*

On the basis of the optimized structure, the electronic
properties of the HfSTe monolayer are examined through its
total band structure and projected band structure, as shown in
Fig. 1(b). Several energy bands are observed to cross the Fermi
level, indicating that the HfSTe monolayer exhibits an intrinsic
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metallic character. The electronic states near and above the
Fermi level are predominantly contributed by the Hf 5d orbitals,
whereas the Te 5p orbitals mainly contribute to the lower-energy
regions below the Fermi level, as shown in Fig. 1(b). The
intrinsic metallic nature of the Janus HfSTe monolayer is
beneficial for electrode applications as it facilitates efficient
electron transport during electrochemical processes.

Next, the mechanical response of the HfSTe monolayer is
examined to evaluate its structural robustness. The in-plane
elastic behavior, summarized in Fig. 2(a and b), reveals
a circular angular dependence of the Young's modulus (75.1 N
m™ "), confirming complete in-plane isotropy. The Poisson's
ratio also remains direction-independent, with an value of
0.323, suggesting a stable elastic response under in-plane
deformation. The calculated in-plane stiffness tensor yields
Ci1=839NmM ' C,=271Nm ', and Cg6 = 28.3 Nm .
These values satisfy the Born stability criteria for two-
dimensional hexagonal crystals, namely C;; > 0 and C;; >
|C15],* confirming the mechanical stability of the monolayer
against small elastic deformations.

The thermal and dynamical stability of the HfSTe monolayer
are further evaluated to ensure its structural integrity under
finite-temperature conditions. AIMD simulations are carried
out at temperature of 300 K for a duration of 5 ps. During the
simulation, the temperature fluctuates around the target value,
while the total energy remains stable without noticeable drift or
abrupt changes, as depicted in Fig. 2(c). The final configuration
does not exhibit bond breaking, structural reconstruction, or
significant lattice distortion, indicating good thermal stability.
Consistently, the phonon dispersion shown in Fig. 2(d) contains
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(a) Side and top views of the crystal structure of the Janus HfSTe monolayer, (b) electronic band structure and projected orbital

contributions of the HfSTe monolayer along the high-symmetry path '-M—-K-T".
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Fig. 2 In-plane angular variation of (a) Young's modulus (N m™) and (b) Poisson's ratio for the HfSTe monolayer. (c) Total energy and
temperature profiles from AIMD simulations. (d) Phonon dispersion along the high-symmetry points in the Brillouin zone.

no imaginary modes throughout the Brillouin zone, confirming
the dynamical stability of the HfSTe monolayer at the ground
state. These results collectively suggest that the material
possesses sufficient mechanical, thermal, and lattice-dynamical
stability for further consideration in energy storage
applications.

Based on the established structural stability and electronic
properties, we next investigate Na adsorption on the Janus
HfSTe monolayer. To elucidate the Na-ion storage behavior, Na
atoms are adsorbed on the surface of the Janus HfSTe mono-
layer with progressively increasing coverage. Owing to the
intrinsic Janus asymmetry, Na adsorption on the S-terminated
and Te-terminated surfaces is examined separately. High-
symmetry adsorption sites, including on-top, bridge, and
hollow positions, on both surfaces of the 3 x 3 HfSTe supercell
are illustrated in Fig. 3(a and b). All configurations were fully
optimized, and the Na adsorption energy was evaluated
according to

Eaq = Enamrste — EHtsTe — MNas (1)

Nanoscale Adv.

where Exa/ufste;s Erfste, and una denote the total energies of the
Na-adsorbed system, the pristine monolayer, and bulk Na per
atom, respectively.

After identifying the most stable adsorption site within the
central region of the supercell for each newly added Na atom,
a complete Na layer is constructed by replicating the adsorbed
Na atoms across the in-plane 3 x 3 lattice, corresponding to
nine Na atoms per layer. The resulting full-layer configuration is
then fully optimized. Subsequently, another Na atom is placed
at different adsorption sites on both surfaces of the relaxed
configuration, and geometry optimizations are performed again
to determine the preferred adsorption site. This procedure is
repeated iteratively until the Na adsorption energy becomes
positive, thereby defining the Na-saturated adsorption config-
uration on the Janus HfSTe monolayer.

The adsorption energies corresponding to the stable
configurations of the first Na atom on the HfSTe monolayer are
summarized in Fig. 3(c). The results show that Na adsorption is
significantly more favorable at hollow sites than at on-top sites,
because the hollow geometry allows the adsorbed Na atom to
interact more effectively with several neighboring substrate

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Possible Na adsorption sites on the HfSTe monolayer: (a) top (S-terminated) surface, (b) bottom (Te-terminated) surface, and (c) Na
adsorption energies at the most stable sites. Superscripts T and B denote the top and bottom surfaces, respectively; H, B, and O denote the

hollow, bridge, and on-top sites.

atoms and thus provides more favorable local coordination.
Notably, the S-terminated surface exhibits more negative
adsorption energies than the Te-terminated surface, indicating
a pronounced difference in chemical affinity between the two
Janus surfaces. This behavior can be attributed to the higher
electronegativity of S (2.58) compared with Te (2.10),* which
leads to stronger ionic-electrostatic interactions between Na
and the host lattice and therefore stronger Na binding on the S-
terminated side. Among all the considered configurations, Na
adsorption at the hollow H] site on the S-terminated surface
yields the most negative adsorption energy (—0.99 eV), which
can be understood as the combined result of the favorable
hollow-site coordination and the stronger adsorption affinity of
the S-terminated surface. It is therefore identified as the most
stable adsorption configuration among all the considered sites
during the initial stage of sodiation.

To further elucidate the bonding nature and stabilization
mechanism of the most favorable adsorption configuration,
Fig. 4 presents the charge density difference (CDD), band
structure, and DOS of the Na@HfSTe system corresponding to
the H] site. The CDD is employed to quantify the charge
redistribution induced by Na adsorption and is defined as:

(2)

where the terms correspond to the charge densities of the
adsorbed system, pristine HfSTe monolayer, and isolated Na
atom, respectively.

Ap = PHfSTe+Na — PHSTe — PNas

© 2026 The Author(s). Published by the Royal Society of Chemistry

As illustrated in Fig. 4(a), the CDD map exhibits
a pronounced charge depletion around the Na atom accompa-
nied by significant charge accumulation on the neighboring S
atoms and, to a lesser extent, on the underlying Hf atoms. This
distinct charge redistribution indicates that Na donates elec-
trons to the HfSTe monolayer upon adsorption, consistent with

(c)

0.87e

J

< |
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& |

e HfSTe
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-1 |
-2 N
-3 i

r M ro 20 40

Density of States [a.u.]

Fig. 4 (a) Charge density difference (CDD) map of Na adsorption at
the hollow (H7) site on the S-terminated surface of the Janus HfSTe
monolayer; charge accumulation and depletion are indicated by
yellow and blue regions, respectively (isosurface value: 0.001 e
bohr~3). (b) Electronic band structure and (c) projected density of
states (PDOS) of the Na@HfSTe system, with contributions from the Na
atom and the HfSTe substrate.
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the commonly observed behavior of alkali-metal adsorption on
two-dimensional materials.*** Quantitative charge analysis
shows that approximately 0.87¢ is transferred from Na to the
host material, demonstrating a strong charge donation effect.
This result is consistent with the large electronegativity differ-
ence between Na (0.93) and the S (2.58) atoms*® in the Janus
structure and further rationalizes why the hollow site on the S-
terminated surface is energetically the most favorable adsorp-
tion site.

The band structure of the Na@HfSTe system shows that the
metallic nature of the HfSTe monolayer is preserved after Na
adsorption, with multiple bands crossing the Fermi level
(Fig. 4(b)). The electronic states near the Fermi level are
predominantly contributed by the HfSTe substrate, whereas the
Na-related states are mainly distributed around and above the
Fermi level. These results indicate that Na adsorption preserves
the structural integrity of the host lattice without causing
pronounced electron localization, thereby supporting efficient
charge transport. This conclusion is further supported by the
total DOS shown in Fig. 4(c), where a high DOS at the Fermi level
is maintained after Na adsorption, indicates that the electrical
conductivity of the HfSTe monolayer is not degraded during the
initial sodiation process.

Having identified HT as the most stable adsorption config-
uration with strong charge transfer, AIMD simulations at 300 K
for 5 ps further support the thermal stability of this represen-
tative single-Na adsorption state, as shown in Fig. S1 of the SI.
We next evaluate the Na-ion transport kinetics on the S-
terminated surface. The possible Na-ion migration pathways
were constructed from the adsorption-site network centered on
the most stable HJ sites. In the 3 x 3 supercell, three geomet-
rically distinct candidate Hi-to-H] routes can be identified, as
shown in Fig. S2 of the SI: pathway 1, H; — Hj — Hj, via an
intermediate Hj hollow site; pathway 2, a direct H; — H1 hop at
about 30° with respect to the a-axis; and pathway 3, a direct
HT — H] hop parallel to the g-axis. During CI-NEB optimiza-
tion, pathway 3 relaxes onto a trajectory equivalent to pathway 1.
Therefore, only two representative non-equivalent pathways
were retained for comparison.

0.20

0.15 4

0.10 +

0.05 1

Migration barrier [eV]

0.00

-0.05 — T T T T T T
00 05 10 15 20 25 3.0 35 40 45
Diffusion coordinate [A]

View Article Online

Paper

For diffusion pathway 1 (Fig. 5(a)), Na migrates between two
neighboring Hj hollow sites through an intermediate configu-
ration close to the Hj hollow site. The maximum barrier along
this route is about 0.18 eV, indicating a kinetically favorable
diffusion process. The energy profile exhibits two local maxima
separated by an intermediate minimum, suggesting a stepwise
adjustment of the Na coordination environment with
surrounding S and Hf atoms during migration. In contrast,
diffusion pathway 2 (Fig. 5(b)) shows a substantially higher
barrier, with the main maximum reaching 0.68 eV. Along this
direct migration route, Na passes through a less favorable
coordination region, where the Na-surface interaction becomes
weaker, leading to a larger activation penalty.

The lower barrier of pathway 1 can therefore be attributed to
the smoother variation of the Na-surface interaction along this
route. Since the transition-state region remains close to
a favorable hollow coordination environment, the adsorption-
energy penalty relative to the Hf minimum is smaller than
that of pathway 2. This interpretation is consistent with
previous studies showing that ion migration barriers on 2D
anode materials are strongly influenced by the relative
adsorption-energy difference between stable and intermediate
sites along the diffusion path, rather than solely by the absolute
adsorption energy at the most stable site.*

A comparison of the two diffusion pathways indicates that
pathway 1 is kinetically more favorable and is therefore ex-
pected to serve as the preferred Na-ion diffusion channel on the
S-terminated surface of the Janus HfSTe monolayer. The cor-
responding Na-ion diffusion barrier is calculated to be 0.18 eV,
placing HfSTe among 2D anode materials with relatively low Na-
ion diffusion barriers. Although this value is higher than those
of several previously reported Janus monolayers, such as WSSe
(0.07 eV),*® MoSSe (0.075 eV),* TiSSe (0.11 eV),* and VSSe (0.10
eV),** it remains smaller than that of many other representative
2D materials, including monolayer black phosphorus (0.35
eV),* silicene (0.25 eV),”® and graphene (0.19 eV).** Overall, the
0.18 eV barrier of HfSTe, while moderate among Janus mono-
layers, suggests favorable Na-ion transport kinetics for sodium-
ion battery anode applications.
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Fig. 5 Diffusion energy barriers of Na on the S-terminated surface of the Janus HfSTe monolayer: (a) pathway 1 describing Na migration
between adjacent most stable hollow sites along the lattice-edge direction, and (b) pathway 2 describing Na migration between equivalent
hollow sites along the diagonal direction, calculated using the CI-NEB method.
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Fig. 6 Top and side views of representative Na,HfSTe configurations:
@x=1Lbx=2(c)x=3dx=4(e)x=5(f)x=6,and (g) x =7,
illustrating the evolution of Na adsorption from surface-bound sites to
multilayer Na accumulation. Each configuration is labeled with its
average Na adsorption energy (eV).

We further investigate the Na intercalation behavior of the
HfSTe monolayer under progressive sodiation. The optimized
adsorption configurations for Na coverages ranging from x = 1
to 7 are shown in Fig. 6, illustrating the evolution of the Na
arrangement with increasing Na concentration. It is found that
the average adsorption energy of Na remains negative
throughout the entire sodiation range considered, indicating
that the sodiation process is energetically favorable at all Na
coverages. Meanwhile, no obvious structural collapse or
reconstruction is observed in the HfSTe monolayer at any Na
coverage, suggesting that the Janus framework can robustly
accommodate progressive Na insertion. To further assess the
structural integrity under realistic conditions, AIMD simula-
tions at 300 K were performed for the saturated Na-adsorbed
configuration (x = 7) (Fig. S3, SI). The results show that the
HfSTe framework remains intact without obvious Na clustering,
confirming the thermal stability of the highly sodiated
structure.

The open-circuit voltage (OCV) between two adjacent sodia-
tion states is evaluated according to:

E(Na,,HfSTe) — E(Na, HfSTe) — (x2 — x1)Ena

V—
(%2 —x))e

)

Within this definition, a negative Na-insertion energy corre-
sponds to a positive voltage, indicating thermodynamically
favorable Na adsorption.

Fig. 7 presents the calculated OCV profile of the Na,HfSTe
system as a function of Na concentration, providing insight into
the electrochemical behavior during progressive sodiation. At
low Na concentrations (x = 1 and 2), Na atoms favor the ener-
getically preferred hollow sites on the S- and Te-terminated
surfaces, resulting in strong Na-substrate interactions and
relatively high OCV values. With further Na insertion (x = 3), the
favorable adsorption sites gradually become saturated and
additional Na atoms are accommodated at less favorable or

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Calculated open-circuit voltage of Na,HfSTe as a function of x,
illustrating the voltage evolution during progressive sodiation.

higher-lying positions. Consequently, the adsorption strength
weakens due to enhanced Na-Na repulsive interactions,
resulting in a gradual decrease in OCV for x = 3-7, within the
low-voltage window desirable for anode materials. Notably, the
OCV remains positive throughout the entire sodiation range,
confirming the thermodynamic feasibility of Na storage in the
HfSTe monolayer even at deep sodiation levels.

The theoretical specific capacity of Janus HfSTe was esti-
mated from:

Nmax2F
4
S @)

C=

where n,,.x = 7 is the maximum Na storage capacity per HfSTe
unit cell, z= 1 is the valence of Na*, F = 26 801 mAh mol " is the
Faraday constant, and M is the molar mass of the pristine HfSTe
monolayer.

The theoretical specific capacity of the Janus HfSTe mono-
layer is calculated to be 554.8 mAh g~'. This value is lower than
those of some Janus-type monolayers with exceptionally high
Na-storage capacities, such as V,COS (663 mAh g~ '), BeSeCl
(699 mAh g~ "),** and MoPC (1157.46 mAh g~ ). In contrast, the
capacity of the HfSTe monolayer exceeds or matches that of
several representative Janus monolayers for Na storage,
including MoSSe (510 mAh g~ "),* TiSSe (337 mAh g~"),* and
VSSe (331 mAh g~').5! It also significantly exceeds that of WSSe
(371.5 mAh g ').»® A comprehensive comparison of key
electrochemical properties of the HfSTe monolayer with those
of recently reported Janus anode materials, including electronic
characteristics, average open-circuit voltage, theoretical
capacity, and Na-ion diffusion barrier, is summarized in Table
1. Overall, the Janus HfSTe monolayer exhibits a well-balanced
electrochemical performance by combining a relatively high
specific capacity, low average OCV, intrinsic metallic conduc-
tivity, and a low Na-ion diffusion barrier, highlighting its
potential as a competitive anode material for SIBs.

To further evaluate the electronic robustness of the HfSTe
monolayer under deep sodiation, Fig. 8 presents the density of
states for the two highest Na concentrations considered, namely
NagHfSTe and Na,HfSTe. In both cases, the Fermi level
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Table 1 Comparison of electrochemical properties of the HfSTe monolayer with representative 2D Janus anode materials for SIBs
Material Conductivity/phase transition Cinax (mAh g7) OCV,g (V) ERIR (eV) Ref.
HfSTe Metallic 554.8 0.33 0.18 This work
WsSe Semiconductor — metallic 371.5 0.57 0.04 28
MoSSe — 510 — 0.075 29
TiSSe — 337 0.15 0.104 50
VSSe — 331 0.72 0.10 51
V,COS — 663 0.76 0.12 55
BeSeCl Metallic 699 0.91 0.08 31
60 ‘ 1 . gp— primarily dominated by the adsorbed Na atoms (purple region),
= (a) NagHfSTe HfSTe while the HfSTe host (green region) plays a secondary role. This
s, feature suggests that Na incorporation not only maintains but
8 40 further improves the electronic conductivity of the sodiated
% system. The retained metallic character facilitates rapid elec-
B tron transfer during cycling, a key factor for high-performance
%‘ 20 anode materials.
8 Finally, to better understand the structural response of the
. HfSTe monolayer to Na insertion, we quantified the deforma-
0_3 ) -1 0 1 2 3 tion of the host lattice by tracking the geometric changes in the
E-Ef (eV) HfSTe framework across different Na adsorption concentra-
tions. Because the in-plane lattice parameters (a and b) exhibit
60 ‘ ' No m— negligible variation during sodiation, the structural change of
5 (b) Na;HfSTe ! HisTe == the host can be effectively characterized through the variation in
< |
‘5 40 its out-of-plane thickness. The corresponding relative expan-
s ‘ sion is defined as:
“V-*J t— 1
g ” e= % % 100%, (5)
2]
g’ where ¢, is the thickness of the pristine HfSTe monolayer and ¢
0 denotes the thickness of the HfSTe framework at a given Na
-3 -2 -1 0 1 2 3 concentration.

E-EF (eV)

Fig. 8 PDOS of the Janus HfSTe monolayer at high Na coverage: (a)
NagHfSTe and (b) Na;HfSTe. Projected contributions from the HfSTe
host and Na are shown, highlighting the preservation of metallic
character under deep sodiation.

intersects a continuous distribution of electronic states, con-
firming that the systems retain their metallic character even at
high Na content. Electronic states around the Fermi level are

As illustrated in Fig. 9(a and b), the calculated thickness
expansion of the host layer varies from approximately 3.3% at
low Na coverage to a maximum of 10.55% at high sodiation.
Notably, even under the largest deformation conditions, the
HfSTe lattice preserves its structural integrity without notice-
able bond breaking or framework collapse. This limited
dimensional change suggests that the Janus HfSTe monolayer
possesses sufficient mechanical adaptability to accommodate
Na insertion and extraction. Such structural robustness is

3.538 i i
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Fig. 9
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(a) Thickness variation and (b) relative volume change of the Janus HfSTe monolayer upon Na storage at different Na contents.
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advantageous for ensuring reversible ion storage and sustaining
stable cycling behavior over prolonged electrochemical
operation.

4 Conclusion

In summary, a systematic first-principles study has been per-
formed to evaluate the Janus HfSTe monolayer as a sodium-ion
battery anode. The pristine HfSTe monolayer exhibits intrinsic
metallic behavior and good mechanical, thermal, and dynam-
ical stability. Owing to the Janus asymmetry, Na adsorption is
surface-dependent and energetically favored at hollow sites on
the S-terminated surface, accompanied by substantial charge
transfer. CI-NEB calculations reveal a low Na diffusion barrier of
0.18 eV via the preferred migration pathway, indicating favor-
able ion-transport kinetics. With increasing Na concentration,
Na is stored via a layer-by-layer adsorption mechanism, leading
to a high theoretical capacity of 554.8 mAh g~* and an average
open-circuit voltage of about 0.33 V. Notably, HfSTe retains its
metallic character even at high sodiation levels, accompanied
by a moderate volume change. These results suggest that the
Janus HfSTe monolayer is a viable anode candidate for sodium-
ion batteries, combining high Na-storage capacity, fast ion-
transport kinetics, and structural robustness.
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