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Abstract

Magnesium-ion batteries have attracted extensive attention due to their abundance, high
safety, and superior volumetric energy density. However, their development remains
constrained by the sluggish diffusion of Mg?* ions and the limited magnesium storage
capacity of electrode materials. In this work, we systematically investigate the Mg storage
performance and underlying mechanisms of monolayer MoS: anodes substitutionally
doped with Cu, Ag, and Au at a concentration of 4% on the Mo sublattice. The results
reveal that all three dopants maintain the structural integrity of the two-dimensional MoS:
framework after optimization while introducing localized electronic states near the Fermi
level, thereby enhancing Mg adsorption. Compared with intrinsic MoSz, the doped sys-
tems exhibit markedly improved Mg binding. Sequential adsorption calculations indicate
that, at the investigated 4% substitution concentration, Cu- MoSz, Ag-MoS:, and Au- MoS:
can stably accommodate up to five Mg atoms, elevating the theoretical specific capacity to
~67 mAh/g while maintaining low open-circuit voltages during magnesium intercalation.
Diffusion kinetics analysis further shows that Cu-MoS: possesses the lowest Mg migration
barrier (0.25 eV), surpassing Ag- MoS: (0.38 eV) and Au-MoS:z (0.61 eV). Considering both
thermodynamic stability and ion transport kinetics, Cu- MoSz achieves an optimal balance
among storage capacity, operating voltage, and diffusion performance, highlighting its
promise as a high-performance anode material for magnesium-ion batteries.

Keywords: magnesium-ion batteries; monolayer MoSz; coinage metal doping; density
functional theory; anode materials

1. Introduction

With the rapid expansion of grid-integrated renewable energy, electric mobility, and
portable electronics, the development of next-generation electrochemical energy storage
systems that simultaneously deliver high energy density, low cost, and superior safety
has emerged as a central objective in energy materials research [1]. Although lithium-ion
batteries have achieved widespread commercial success, the uneven distribution of lith-
ium resources, fluctuations in material costs, and persistent safety concerns have moti-
vated continued exploration of alternative energy storage technologies. Magnesium-
based batteries have attracted considerable attention owing to their distinctive electro-
chemical characteristics. Metallic Mg offers several intrinsic advantages, including natural
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abundance, relatively low cost, favorable chemical stability, and a high theoretical volu-
metric capacity [2—4]. In addition, Mg participates in a two-electron redox process, endow-
ing magnesium-based energy storage systems with substantial promise for high-volumet-
ric energy density applications [5]. Accordingly, the development of high-performance
magnesium-ion batteries and their key electrode materials is of considerable significance
for overcoming the resource and safety limitations associated with conventional lithium-
based storage systems.

Despite these advantages, the advancement of magnesium-ion batteries remains con-
strained by a series of fundamental scientific and materials design challenges. On the one
hand, Mg? possesses a high charge density and strong polarizing power, which generally
give rise to pronounced electrostatic interactions with the host lattice of electrode materi-
als [6,7]. Such interactions can lead to sluggish ion diffusion, limited insertion/extraction
kinetics, and intensified structural responses during cycling [8]. On the other hand, in
conventional Mg metal battery configurations, the Mg metal anode readily forms a pas-
sivating interphase in contact with common electrolytes, thereby obstructing reversible
Mg deposition/stripping and imposing stringent requirements on both electrolyte formu-
lations and electrode interfacial chemistry [9]. In contrast to the direct use of Mg metal
anodes, the development of host-type anode materials capable of reversibly storing Mg
provides an alternative strategy for mitigating interfacial compatibility issues associated
with metallic Mg and for constructing magnesium-ion battery systems [10,11]. Neverthe-
less, an ideal host anode should not only exhibit stable Mg adsorption, but also combine
a low operating potential, sufficient Mg storage capacity, excellent structural stability, and
rapid Mg transport kinetics [12]. Therefore, the rational design of emerging anode mate-
rials that achieve an appropriate balance between adsorption thermodynamics and diffu-
sion kinetics constitutes a critical challenge in advancing magnesium-ion batteries.

In recent years, two-dimensional (2D) materials have been regarded as promising
electrode candidates for multivalent-ion batteries because of their high specific surface
areas, abundant exposed active sites, shortened ion diffusion pathways, and tunable elec-
tronic structures [13,14]. Among them, layered molybdenum disulfide (MoS:z), a repre-
sentative transition metal dichalcogenide, provides open two-dimensional surfaces for
ion adsorption and migration [15]. Moreover, its local coordination environment and elec-
tronic state distribution can be modulated through phase engineering, defect regulation,
heterostructure construction, and elemental doping [16-19]. Previous studies have
demonstrated that layered MoS2 can participate in Mg storage processes, and that the
storage and migration behavior of Mg? can be effectively improved through regulation
of solvated ions, structural phase reconstruction, or the construction of novel two-dimen-
sional MoS: phases [20-22]. For example, theoretical investigations have shown that me-
tallic B-MoS:2 and 1T-MoS: monolayers exhibit low open-circuit voltages, high Mg storage
capacities, and favorable Mg migration characteristics when employed as anode materials
for magnesium-ion batteries [23]. These findings indicate that tailoring the electronic
structure and local atomic configuration represents an effective route toward enhancing
the Mg storage performance of MoS..

Although MoS: exhibits considerable potential for magnesium-ion storage, the Mg
storage properties of pristine MoS: may remain limited by insufficient local electronic ac-
tivity and relatively weak interactions between Mg and the substrate. For anode applica-
tions in particular, excessively weak Mg adsorption is unfavorable for initial magnesiation
and stable Mg storage, whereas overly strong and highly localized interactions may result
in substantial resistance to ion migration. Compared with strategies involving complete
phase transformation or the construction of complex heterointerfaces, atomic-scale sub-
stitutional doping offers an attractive materials design approach for precisely regulating
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the local electronic structure and surface adsorption characteristics of MoS: while preserv-
ing its parent two-dimensional framework [14,24,25]. Cu, Ag, and Au, as representative
coinage metals, possess distinct atomic sizes, electronic configurations, and d-orbital char-
acteristics. Their incorporation into the MoS: lattice is expected to generate new local M-S
coordination environments and to regulate the charge distribution and orbital hybridiza-
tion in the vicinity of Mg adsorption centers through dopant-associated electronic states.
Existing studies have demonstrated that Cu doping can effectively enhance the magne-
sium storage performance of MoS:-based materials. For example, Zhou et al. experimen-
tally synthesized defect-rich Cu-doped 1T/2H MoS: nanosheets, in which the improved
electrochemical performance originated from the combined effects of Cu incorporation,
phase transition, defect engineering, and modulation of the interlayer structure [26]. Like-
wise, Alshareef et al. developed hierarchical nanocapsules composed of Cu-doped MoS:
and hydrogen-substituted graphdiyne, where the enhanced Mg storage capability was
attributed to the synergistic contributions of Cu doping, the carbonaceous heterointerface,
the porous architecture, and nanoscale confinement [27]. While these studies substantiate
the effectiveness of the Cu-doping strategy, they primarily focus on the experimental fab-
rication and electrochemical evaluation of systems involving a single coinage metal do-
pant and structurally complex electrodes. Consequently, the strong coupling among mul-
tiple structural factors obscures the intrinsic role of the dopant itself in governing Mg ad-
sorption and diffusion. Moreover, systematic comparative investigations of the three
group 11 coinage metals (Cu, Ag, and Au) under identical host structures, substitutional
configurations, and doping concentrations remain scarce. How the identity of the coinage
metal dopant modulates the local electronic structure, the thermodynamics of Mg adsorp-
tion, and the surface diffusion kinetics therefore remains an important open question war-
ranting further investigation.

Motivated by these considerations, this work employs first-principles calculations to
systematically investigate the potential of substitutionally Cu-, Ag-, and Au-doped MoS:
monolayers as anode materials for magnesium-ion batteries. First, pristine and coinage
metal-doped MoS: monolayer structures are constructed and optimized, and the effects
of different dopants on the geometric configurations and electronic density of states of the
substrates are analyzed. Subsequently, the preferred adsorption sites, adsorption stability,
and successive adsorption behavior of Mg atoms on the different substrates are systemat-
ically examined, followed by an evaluation of the corresponding average open-circuit
voltages and Mg storage capacities. Finally, Mg surface diffusion pathways and migration
barriers are calculated to clarify how different dopant species regulate Mg migration be-
havior and the balance between adsorption thermodynamics and ion transport kinetics.
This study clarifies the structure-property relationships governing Mg storage in coinage
metal-doped MoS: and provides theoretical guidance for the rational design of two-di-
mensional chalcogenide-based anode materials for magnesium-ion batteries.

2. Computational Methods
2.1. First-Principles Calculation Parameters

All calculations were performed within the framework of density functional theory
(DFT) using the Vienna Ab initio Simulation Package (VASP). The interactions between
valence electrons and ionic cores were described by the projector-augmented wave (PAW)
method, while the exchange correlation energy was treated using the Perdew—Burke-Ern-
zerhof (PBE) functional within the generalized gradient approximation (GGA) [28-30].
The plane wave kinetic energy cutoff was set to 500 eV. For structural optimization and
electronic structure calculations, the Brillouin zone was sampled using Monkhorst-Pack
k-point meshes of 3 x 3 x 1 and 5 x 5 x 1, respectively [31]. To eliminate spurious interac-
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tions between periodically repeated monolayers, a vacuum spacing of 20 A was intro-
duced along the direction perpendicular to the MoS2 plane. During structural relaxation,
the electronic self-consistent field convergence criterion was set to 105 eV, and all atoms
were fully relaxed until the residual force on each atom was less than 0.01 eV A-.

2.2. Construction of Structural Models

A 5 x5 x 1 supercell was constructed on the basis of monolayer MoS.. Pristine mon-
olayer MoS: consists of two outer S atomic layers sandwiching a central Mo atomic layer,
forming the characteristic S-Mo-S trilayer structure. To investigate the regulation of Mg
storage properties in monolayer MoS: through coinage metal doping, one Mo atom in the
supercell was substituted by a Cu, Ag, or Au atom, yielding the Cu-MoSz, Ag-MoSz, and
Au-MoS: systems, respectively. This substitution corresponds to a dopant concentration
of 4% with respect to the Mo sublattice.

To examine Mg adsorption behavior, the adsorption stability of a single Mg atom at
representative surface sites of pristine and doped MoS: monolayers was first evaluated,
and the lowest-energy adsorption configuration was identified. Subsequently, the number
of adsorbed Mg atoms was progressively increased to determine the energetically most
favorable successive adsorption configurations at different Mg coverages. These opti-
mized configurations were then employed to calculate the corresponding average open-
circuit voltages and theoretical gravimetric capacities.

2.3. Calculation of Mg Adsorption Energy

The adsorption stability of Mg atoms on the substrate surface was evaluated using
the adsorption energy (Ea). For the adsorption of a single Mg atom, Eu is defined as:

E,=E E EMg (1)

where Emgenost is the total energy of the substrate after Mg adsorption, Enst is the total en-

Mg@host ~ “host

ergy of the Mg-free substrate, and Ew; is the chemical potential of one Mg atom in bulk
metallic Mg [32]. The host substrates considered herein include pristine MoSz, Cu-MoS,
Ag-MoS:, and Au-MoS:. A negative Eu indicates that Mg adsorption is thermodynami-
cally favorable, whereas a more negative value signifies stronger binding between Mg and
the substrate.

For each substrate, all representative high-symmetry adsorption sites, including top,
bridge and hollow positions, were initially considered. For the doped systems, additional
adsorption sites located in the vicinity of and away from the dopant atom were also ex-
amined to account for the local structural asymmetry introduced by substitution. All can-
didate configurations were fully optimized, and the energetically most favorable adsorp-
tion structure was selected for subsequent analyses.

2.4. Average Open-Circuit Voltage and Theoretical Gravimetric Capacity

To evaluate the electrochemical performance of the different systems as anode mate-
rials for magnesium-ion batteries, the average open-circuit voltage during successive Mg
adsorption was calculated. For the increase in Mg content from x1 to x2, the average open-
circuit voltage (V) is expressed as:

V= [E + (xz - xl )EMg - Engz@host ] / |:2(x2 - xl )6] (2)

Mgx,@host

where Emgo@host and Emg1@host are the total energies of the systems containing x2 and x:
adsorbed Mg atoms, respectively, and e is the elementary charge [33]. Because each Mg
atom contributes two electrons during the electrochemical reaction, the transferred elec-
tron number is taken as 2. The Mg /Mg?* redox couple is used as the reference electrode in
the calculation of average open-circuit voltage. A positive voltage value indicates that Mg
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adsorption on the host material is energetically favorable relative to the formation of bulk
Mg metal.

When x Mg atoms are adsorbed in each computational model, the corresponding
theoretical gravimetric capacity (C) can be calculated as:

C =2xF / Mhost (3)

where F is the Faraday constant, taken as 96,485 C/mol, and Miwst is the molar mass of the
Mg-free substrate model. Because each Mg atom contributes two electrons, the electron
transfer number is set to 2 [34]. This equation yields the theoretical gravimetric capacities,
in mAh/g, of pristine and doped MoS: systems at different Mg coverages.

2.5. Calculation of Mg Migration Barrier

To investigate the migration kinetics of Mg atoms on differently doped MoS: mono-
layers, the climbing-image nudged elastic band (CI-NEB) method was employed to iden-
tify the minimum-energy migration pathways of Mg between adjacent stable adsorption
sites [35]. The Mg diffusion barrier was defined as the energy difference between the high-
est-energy state along the migration pathway and the initial stable adsorption state. A
lower diffusion barrier indicates more facile Mg migration across the electrode surface
and is generally favorable for improving ion-transport kinetics and rate capability.

3. Results

3.1. Geometric and Electronic Structures

Figure 1 presents the optimized geometric structures of pristine, Cu-doped, Ag-
doped, and Au-doped MoS: monolayers, including both top and side views. As shown in
Figure 1a, the optimized pristine MoS: monolayer retains an intact hexagonal two-dimen-
sional framework, indicating the favorable geometric stability of the constructed mono-
layer model [36]. To modulate the Mg storage behavior of monolayer MoSz, one Mo site
was substituted by a Cu, Ag, or Au atom, yielding the Cu-MoS:, Ag-MoSz, and Au-MoS:
models, respectively, as illustrated in Figure 1b-d. Following structural optimization, all
three doped systems preserve the fundamental framework of the MoS2 monolayer, with-
out discernible lattice collapse, local bond cleavage, or severe out-of-plane structural dis-
tortion. These results demonstrate that substitutional doping with Cu, Ag, or Au intro-
duces new local chemical environments while maintaining the integrity of the parent
MoS: framework, thereby providing structurally reliable models for subsequent investi-
gations of Mg adsorption and migration. Although geometry optimization confirms that
the doped configurations are locally stable with respect to structural relaxation, it does
not directly establish the thermodynamic feasibility of the substitutional doping process
or guarantee experimental realizability. The dopant formation energies, kinetic pathways,
and experimental investigations are required for a comprehensive evaluation of dopant
incorporation stability. Nevertheless, previous experimental studies have demonstrated
the successful synthesis of Cu-doped MoS: materials, suggesting that substitutional incor-
poration of coinage metal species into the MoSz framework can be experimentally achiev-
able under appropriate synthesis conditions [26].

To further elucidate the influence of Cu, Ag, and Au doping on the electronic struc-
ture of monolayer MoSz, the total density of states (TDOS) and projected density of states
(PDOS) were calculated, as shown in Figure 2. For pristine monolayer MoSz, a pronounced
low-density-of-states region is observed near the Fermi level, indicative of its characteris-
tic semiconducting electronic structure (Figure 2a). The valence-band region is predomi-
nantly contributed by Mo-d and S-p orbitals, with appreciable orbital overlap over a broad
energy range, suggesting strong d-p hybridization between Mo and S atoms. By contrast,
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the states near the conduction-band minimum are dominated by Mo-d orbitals, highlight-
ing the decisive role of Mo-d electronic states in determining the frontier electronic struc-
ture of pristine MoSz.

(a)agnia O 40:3 (5O P O O O

T
LR z%A;E

L,%nf%% Lé¥ﬁ
L OO0 g ‘@@‘@@{

OMo©O S ©O@CuOAg O Au
(C)Q,QQQQ (d)QQAQQ

el v e vy
e @ P!
if:ﬁ?ﬁ “Crrty

. & A A LA, . Eiiﬁi
Lo OO0 L

Figure 1. Top and side views of the optimized geometric structures of pristine and coinage metal-

doped MoS: monolayers: (a) pristine MoSz; (b) Cu-MoSz; (¢) Ag-MoSz; and (d) Au-MoSz. Purple,
yellow, blue, silver-gray, and gold spheres represent Mo, S, Cu, Ag, and Au atoms, respectively.
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Figure 2. Total density of states and projected density of states of pristine and coinage metal-doped
MoS: monolayers: (a) pristine MoSz; (b) Cu-MoS; (¢) Ag-MoSz; and (d) Au-MoSz.

Compared with the pristine system, the density-of-states distributions of Cu-MoS;,
Ag-MoSz, and Au-MoS: are substantially altered after substitutional doping. As shown in
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Figure 2b—d, all three doped systems retain the principal electronic features derived from
Mo-d and S-p orbitals, indicating that substitutional doping does not disrupt the funda-
mental bonding framework of the MoS: matrix. Meanwhile, the d orbitals of the dopant
atoms introduce additional localized electronic states within the valence-band region and
in the vicinity of the Fermi level, exhibiting varying degrees of energetic overlap with
neighboring S-p and Mo-d orbitals. The emergence of these localized states suggests that
coinage metal doping can effectively reconstruct the local electronic environment of sur-
face-active regions in MoSz. Overall, Cu, Ag, and Au doping preserve the essential elec-
tronic characteristics of the MoS: host while introducing dopant-associated localized
states and promoting orbital interactions near the active centers. Such electronic structure
modulation is expected to facilitate more stable Mg adsorption in the vicinity of the do-
pant sites.

3.2. Adsorption Behavior of a Single Mg Atom

The initial adsorption behavior of Mg atoms on the electrode surface provides an
essential basis for evaluating the Mg storage capability of candidate anode materials [37].
To examine the effect of coinage metal doping on Mg adsorption stability, the adsorption
behaviors of a single Mg atom at representative sites on pristine, Cu-doped, Ag-doped,
and Au-doped MoS: monolayers were systematically investigated. The optimized adsorp-
tion configurations and corresponding adsorption energies are presented in Figure 3. It is
worth noting that Figure 3 presents representative optimized adsorption configurations,
while the most stable configuration among all investigated adsorption sites was selected
for subsequent calculations.
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Figure 3. Optimized adsorption configurations and corresponding adsorption energies of Mg atoms
at different adsorption sites on pristine and coinage metal-doped MoS2 monolayers: (a) pristine
MoSz; (b) Cu-MoSz; (¢) Ag-MoSz; and (d) Au-MoSe. Purple, yellow, blue, silver-gray, gold, and or-
ange spheres represent Mo, S, Cu, Ag, Au, and Mg atoms, respectively.

For pristine MoSz, as shown in Figure 3a, the adsorption energies of Mg at the two
representative adsorption sites are -0.093 and —0.132 eV, respectively. Both values are
close to zero, indicating weak interactions between the Mg atom and the pristine MoS:
surface, with no pronounced difference in stability between the investigated adsorption
sites. These results suggest that unmodified monolayer MoS: lacks highly active sites ca-
pable of effectively stabilizing Mg atoms, resulting in relatively limited interfacial binding
during the initial magnesiation process.

The introduction of Cu markedly enhances the adsorption stability of Mg. As shown
in Figure 3b, the adsorption energies of Mg at three representative sites on Cu-MoS: are
-1.676, —-1.404, and -1.540 eV, respectively, all of which are substantially more negative
than those obtained for pristine MoSz. The most favorable adsorption configuration ex-
hibits an adsorption energy of —1.676 eV, representing a decrease of 1.544 eV relative to
the most stable configuration on pristine MoSz. For Ag-MoSz, the adsorption energies of
Mg at the investigated sites are -2.398, —1.313, and -1.335 eV, respectively, as shown in
Figure 3c. Notably, the most stable adsorption configuration delivers an adsorption en-
ergy of -2.398 eV, the lowest value among all systems considered. In the case of Au-MoSz,
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the adsorption energies of Mg at the three representative configurations are —1.780, —0.541,
and -0.573 eV, respectively, as illustrated in Figure 3d.

Notably, for all three coinage metal-doped systems, the most favorable Mg adsorp-
tion configuration is located directly above the substitutional atom rather than the Mo top
site. This preference originates from the modified local electronic environment induced
by Cu, Ag, and Au substitution. The dopant atoms introduce localized d-orbital states
near the Fermi level, which can enhance the interaction between Mg and the substrate
through stronger orbital coupling. Since Mg tends to donate electrons upon adsorption,
the electronically active dopant centers provide more favorable sites for charge transfer
and stabilization of Mg compared with pristine Mo sites.

A comparison of the most stable Mg adsorption configurations across the four sys-
tems reveals that Ag-MoS: exhibits the strongest Mg adsorption, followed by Au-MoS:
and Cu-MoSz, whereas pristine MoS2 shows by far the weakest affinity toward Mg. These
results clearly indicate that substitutional doping with Cu, Ag, or Au creates localized
active centers on the MoS: surface with substantially enhanced affinity for Mg, thereby
improving the thermodynamic stability of the initial Mg adsorption process. Among the
dopants investigated, Ag is particularly effective in strengthening initial Mg adsorption.
By contrast, the surface activation induced by Au doping is highly localized, such that the
adsorption stability of Mg is strongly dependent on its spatial proximity to the Au substi-
tution site.

To further understand the electronic origin of the enhanced Mg adsorption induced
by coinage metal doping, differential charge density and Bader charge analyses were per-
formed for Mg adsorbed on pristine and doped MoS: monolayers (Figure 4). The charge
transfer values indicate that Mg donates 0.76 e~ to pristine MoSz, whereas much larger
electron transfers of 1.65, 1.63, and 1.64 e~ occur for Cu-MoSz, Ag-MoSz, and Au-MoSz,
respectively. These results demonstrate that coinage metal doping significantly enhances
the interfacial charge exchange between Mg and the MoS: substrate. The differential
charge density distributions further reveal pronounced charge redistribution around the
dopant centers and adjacent S atoms, confirming that Cu, Ag, and Au substitution creates
electronically active regions for Mg adsorption.

It is worth noting that the adsorption energy does not solely depend on the amount
of charge transfer. Although the Bader charge values of the three doped systems are com-
parable, Ag-MoS: exhibits the strongest Mg adsorption energy (—2.398 eV). This indicates
that the adsorption strength is also governed by the local electronic configuration, orbital
hybridization, and spatial interaction between Mg and the dopant-induced active center.
The enhanced localized electronic states introduced by Ag doping provide stronger cou-
pling with Mg, leading to a more favorable adsorption configuration.
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Figure 4. Differential charge density distributions of Mg adsorption on (a) pristine MoSz, (b) Cu-
MoS;, (c) Ag-MoSz, and (d) Au-MoS2 monolayers. The green and yellow regions represent electron

accumulation and electron depletion, respectively.

3.3. Structural Evolution and Mg Storage Capability During Successive Mg Adsorption

After identifying the most stable adsorption configuration for a single Mg atom, the
successive adsorption behavior of increasing numbers of Mg atoms on Cu-MoS;, Ag-
MoSz, and Au-MoS: was further investigated to evaluate the structural stability and sus-
tained Mg storage capability of the doped systems during progressive magnesiation. For
each Mg loading level, multiple candidate configurations were considered, and the most
energetically favorable structure was identified [38]. This procedure was continued until
further Mg adsorption became thermodynamically unfavorable. Within the investigated
4% substitution models, pristine MoS: can accommodate only one Mg atom, whereas Cu-
MoS:, Ag-MoSz, and Au-MoS: can each stably accommodate up to five Mg atoms. Figure
5a—c presents the lowest-energy configurations of Cu-MoSz, Ag-MoSz, and Au-MoS: after
the successive adsorption of 1-5 Mg atoms, respectively, where structures I-V correspond
to the optimized configurations at different Mg loading levels.

As shown in Figure 5, the first Mg atom in all three doped systems preferentially
occupies a region adjacent to the dopant center. This feature is highly consistent with the
single-Mg adsorption energy results, further confirming that Cu, Ag, and Au substitution
creates localized active sites capable of preferentially capturing Mg atoms on the MoS:
surface. As the number of adsorbed Mg atoms increases, additional Mg atoms progres-
sively occupy stable adsorption sites surrounding the dopant center and in adjacent re-
gions. This behavior indicates that the doped systems support a successive Mg storage
process extending from strongly binding localized sites to additional accessible adsorp-
tion sites in the surrounding surface region.

Based on the definitions provided in the Computational Methods section, the voltage
profiles and capacity variations in pristine, Cu-doped, Ag-doped, and Au-doped MoS:
monolayers during successive Mg adsorption were further evaluated, as summarized in
Figure 6. Pristine MoS: exhibits only a low initial voltage plateau of approximately 0.06 V
during the early stage of Mg storage. This result is consistent with its weak single-Mg
adsorption capability, indicating that pristine MoS: has limited ability to sustain stable
Mg storage. In marked contrast, Cu-MoSz, Ag-MoSz, and Au-MoS: can each stably adsorb
five Mg atoms, corresponding to theoretical gravimetric capacities of approximately 67
mAh/g (4% substitution concentration). Because Cu, Ag, and Au possess different atomic
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masses, slight differences in gravimetric capacity arise among the three doped systems at
the same Mg loading level. By comparison, pristine MoS: can only marginally accommo-
date one Mg atom, affording a theoretical gravimetric capacity of merely approximately
13 mAh/g. These results further demonstrate that coinage metal doping substantially im-
proves the Mg storage capability of monolayer MoS: relative to the pristine counterpart.
The calculated capacity therefore represents a relative enhancement within the same com-
putational framework rather than an intrinsic maximum capacity of coinage metal-substi-
tuted MoSz. Because only one substitution concentration was examined, the dependence
of active-site density and Mg storage capacity on dopant concentration cannot be deter-
mined from the present results.
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Figure 5. Top and side views of the sequential Mg adsorption configurations on coinage metal-
doped MoS:2 monolayers: (a) Cu-MoSz; (b) Ag-MoSz; and (¢) Au-MoSz. Structures I-V correspond
to the lowest-energy configurations after the sequential adsorption of 1-5 Mg atoms, respectively.
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Figure 6. Average open-circuit voltage profiles and corresponding Mg storage capacities of pristine,

Cu-doped, Ag-doped, and Au-doped MoS:2 monolayers during successive Mg adsorption.

As revealed by the calculated voltage profiles in Figure 6, the voltages of all three
doped systems decrease stepwise with increasing Mg loading. This behavior can be at-
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tributed to the sequential occupation of adsorption sites with progressively weaker bind-
ing strengths [39]. During the initial stage of magnesiation, the most strongly binding ac-
tive sites in the vicinity of the dopant centers are occupied preferentially. As Mg coverage
increases, subsequent Mg atoms are accommodated at relatively weaker adsorption sites,
while the progressively intensified repulsive interactions among adsorbed Mg atoms fur-
ther reduce the energetic favorability of additional adsorption. Cu-MoS: exhibits an aver-
age open-circuit voltage of 0.36 V. Among the three doped systems, Ag-MoS: delivers the
highest overall voltage response, with an average voltage of 0.58 V during successive Mg
adsorption, whereas Au-MoS: displays an average voltage of 0.41 V. Taken together, the
enhanced Mg storage capacities relative to pristine MoSz and the comparatively low op-
erating voltages suggest that the three coinage metal-doped MoS: monolayers are prom-
ising anode candidates for magnesium-ion batteries.

3.4. Surface Diffusion Behavior and Migration Kinetics of Mg

In addition to thermodynamic stability and capacity characteristics, the mobility of
Mg on the anode surface is another critical factor governing rate capability and charge/dis-
charge kinetics [40—42]. A lower migration barrier enables Mg atoms to move more readily
between adjacent stable adsorption sites, thereby facilitating a rapid ionic response during
high-rate electrochemical operation. Previous first-principles calculations have reported
that the Mg diffusion barrier on pristine monolayer MoS: is approximately 0.48 eV [36].
Therefore, the present work focuses on revealing how different coinage metal dopants
regulate Mg migration behavior relative to this reported pristine system. Accordingly, the
diffusion pathways and corresponding energy variations in Mg on Cu-MoSz, Ag-MoSz,
and Au-MoS: were further investigated, as summarized in Figure 7.
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Figure 7. Diffusion pathways of Mg atoms on coinage metal-doped MoS: monolayers and the cor-
responding diffusion energy barriers: (a) Cu-MoSz; (b) Ag-MoSz; (¢) Au-MoSy; and (d) relative en-
ergy profiles along the Mg migration pathways.

Figure 7a—c presents representative migration pathways of Mg on the surfaces of Cu-
MoS:, Ag-MoSz, and Au-MoS:, respectively, while the corresponding diffusion energy
profiles are shown in Figure 7d. On the Cu-MoS: surface, Mg exhibits a diffusion barrier
of approximately 0.25 eV, the lowest among the three doped systems. When considered
together with its favorable Mg adsorption stability, this result indicates that Cu doping
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not only substantially strengthens Mg adsorption on the MoS: surface, but also avoids
imposing a pronounced kinetic penalty on Mg migration.

For Ag-MoS:, the diffusion barrier of Mg is approximately 0.38 eV, which is higher
than that on Cu-MoS: but remains relatively modest. Given that Ag-MoS: exhibits the
strongest Mg adsorption among the investigated systems, the moderately increased dif-
fusion barrier can be attributed to the enhanced local stabilization of Mg in the vicinity of
the Ag dopant. Migration from such a strongly binding site to an adjacent adsorption po-
sition necessarily involves overcoming a larger energetic fluctuation. Nevertheless, the
diffusion barrier of Ag-MoS: does not increase to a level expected to severely impede Mg
migration, suggesting that this system retains acceptable ion transport capability while
providing pronounced thermodynamic stabilization of adsorbed Mg.

By comparison, Au-MoS: exhibits the highest Mg diffusion barrier, approximately
0.61 eV. Although Au doping effectively enhances Mg adsorption, the relatively large mi-
gration barrier indicates that Mg transport on the Au-MoS: surface is more kinetically
restricted. This behavior is consistent with the highly localized adsorption enhancement
induced by Au substitution: Mg atoms are strongly stabilized in the vicinity of the Au site,
but consequently experience greater difficulty escaping from the resulting local potential
well and migrating toward neighboring positions. Therefore, although Au-MoS: pos-
sesses favorable Mg adsorption stability, its capability for rapid ion transport may be in-
ferior to those of Cu-MoS:2 and Ag-MoS:.

It should be noted that the Mg adsorption strength does not directly determine the
diffusion kinetics. The diffusion barrier is governed by the energy difference between the
initial adsorption state and the transition state along the migration pathway. Although
Ag- MoS: exhibits the strongest Mg adsorption, the migration barrier remains moderate
because the Mg binding environment around Ag does not excessively restrict surface mi-
gration. In contrast, Au doping generates more localized electronic interactions, resulting
in a deeper adsorption potential well around the Au center and a larger energetic penalty
during Mg migration. Cu- MoS: achieves the lowest diffusion barrier because it provides
sufficient Mg stabilization while maintaining a relatively smooth migration energy land-
scape, indicating a more favorable balance between adsorption thermodynamics and
transport kinetics.

Overall, coinage metal substitutional doping modifies the local geometric configura-
tion and electronic state distribution of monolayer MoS:, thereby generating surface-ac-
tive centers with enhanced affinity toward Mg and markedly improving its Mg storage
behavior. Among the investigated dopants, Ag is the most effective in strengthening Mg
adsorption stability and increasing the thermodynamic driving force for Mg storage. Cu
doping, by contrast, achieves a more favorable balance among stable Mg adsorption, low
operating voltage, and rapid Mg diffusion. Although Au doping enhances Mg adsorption,
its comparatively high migration barrier may limit high-rate charge/discharge perfor-
mance. On the basis of these results, Cu-MoS: can be regarded as a promising anode can-
didate that combines favorable thermodynamic stability with efficient Mg transport ki-
netics, whereas Ag-MoS: exhibits distinctive advantages in reinforcing interfacial Mg im-
mobilization. These findings demonstrate that the rational selection of coinage metal do-
pants provides an effective strategy for tailoring the Mg storage properties of two-dimen-
sional MoSz-based anode materials and offers theoretical guidance for the design of high-
performance magnesium-ion battery anodes.

4. Conclusions

In this study, first-principles calculations were employed to systematically investi-
gate the regulation of Mg storage properties in monolayer MoS: through substitutional
doping with Cu, Ag, and Au. Structural optimization results demonstrate that all three
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coinage metal-doped models maintain the structural integrity of the two-dimensional
MoS: framework after relaxation, suggesting their local structural stability for subsequent
Mg storage investigations. Electronic structure analyses reveal that the d orbitals of the
dopant atoms introduce localized electronic states in the vicinity of the Fermi level and
enhance orbital hybridization within the active regions, thereby providing an electronic
origin for the strengthened interactions between Mg and the substrate. Compared with
the weak Mg adsorption exhibited by pristine MoSz, Cu, Ag, and Au doping substantially
improve Mg adsorption stability. In particular, Ag-MoS: delivers the most negative ad-
sorption energy of -2.398 eV, indicative of the strongest affinity toward Mg among the
investigated systems. Successive adsorption and voltage analyses further show that each
doped system (4% substitution concentration) can stably accommodate up to five Mg at-
oms while maintaining structural integrity throughout the adsorption process. Relative to
pristine MoSz, which exhibits highly limited Mg storage capability, substitution with Cu,
Ag, or Au at a 4% concentration increases the theoretical gravimetric capacity to approxi-
mately 67 mAh/g within the investigated models. Diffusion kinetics calculations reveal
that Cu-MoS:z possesses the lowest Mg migration barrier, only 0.25 eV, outperforming Ag-
MoS: and Au-MoS: in terms of Mg transport kinetics. Overall, Ag doping is particularly
advantageous for strengthening Mg adsorption stability, whereas Cu doping affords a
more favorable balance among adsorption capability, operating potential, and ion-migra-
tion kinetics. These results identify Cu-MoS: as a promising anode candidate for magne-
sium-ion batteries and demonstrate that coinage metal substitution is an effective strategy
for modulating the Mg storage behavior of two-dimensional MoS..
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