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H I G H L I G H T S

• 1T/2H-MoSe2 was synthesized using a one-step solvothermal method.
• The cathode demonstrates high Mg2+ storage capacity and long cycle performance.
• Mg2+ forms a mixed covalent-ionic bond with the Se atoms at the interface.
• The heterophase junction interface reduces the △E for Mg2+ intercalation.
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A B S T R A C T

Magnesium-ion batteries (MIBs) have emerged as a promising post-lithium energy storage technology due to 
inherent safety, low cost, high theoretical volumetric capacity and low redox potential. However, exploration of 
high-performance cathode materials, which can weaken electrostatic interactions and adapt to repeated Mg2+

insertion/extraction processes, remains a critical challenge. Herein, a facile one-step solvothermal synthesis 
method of MoSe2 with heterophase junction structure (1T/2H-MoSe2) is put forward. The enhancement of ion- 
covalent bonding between Mg2+ and surface Se atoms, and the reinforcement of interfacial electron coupling 
effect, induced by the heterophase junction are certified by density functional theory (DFT) calculation. Further 
reaction kinetics analysis shows that the electrochemical reaction in the cathode belongs to a capacitive process, 
while the anode side is controlled by diffusion and capacitive processes. This work highlights the crucial role of 
the heterophase junction in constructing high capacity and long-cycle Mg2+ storage materials.

1. Introduction

Magnesium-ion batteries (MIBs) have emerged as a transformative 
energy storage technology, leveraging the earth-abundant magnesium 
reserves, cost-effectiveness, and the high theoretical volumetric capacity 
of the Mg/Mg2+ redox couple with a low reduction potential [1]. 
However, the inherent challenges stem from the high charge density of 
Mg2+, which induces strong Coulombic interactions with anion frame
works in cathode hosts, coupled with dynamic structural degradation 
mechanisms involving 15 % volumetric expansion and irreversible 

phase transitions during repeated Mg2+ (de)intercalation cycles [2].
Layered transition metal chalcogenides (TMCs) offer distinct ad

vantages for multivalent ion storage systems, due to their van der Waals 
gap architectures, which enable precise structural engineering through 
interlayer spacing modulation [3]. It is crucial to note that the reduced 
Coulombic polarization between Se2− and high-charge-density Mg2+

significantly lowers the desolvation energy barrier [3–5]. This, in turn, 
enables ultrafast Mg2+ intercalation kinetics with diffusion coefficients 
exceeding 108 cm2 s− 1 [6]. The remarkable stability of Mo-based TMCs 
is attributed to the near-degeneracy of Mo 4d and Se 4p orbitals, which 
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facilitates strong metal-chalcogen covalency via p/d-π* orbital hybrid
ization. This electronic configuration effectively screens Mg2+-host 
electrostatic interactions while maintaining structural integrity during 
deep cycling [7]. Emerging phase engineering strategies further enhance 
performance by constructing defects and metastable 1T/2H heterophase 
interfaces [8]. These interfaces simultaneously offer 
metallic-conductivity pathways and ion-storage-active 2H domains, 
thereby achieving an optimal balance between electronic/ionic trans
port and thermodynamic stability [9,10]. This critical breakthrough 
overcomes the traditional trade-off in multivalent battery electrodes. 
However, the mechanism of (de)intercalation of Mg2+ on 1T/2H MoSe2 
has not been reported yet.

Herein, Nanoflower-like 1T/2H MoSe2 nanosheets were prepared by 
a one-step solvothermal method. The micromorphology, crystal struc
ture evolution and surface chemical state distribution of the material 
were systematically analysed, and the properties in MIBs system were 
mainly tested and the long-cycling stability mechanism was explored. 
Further, we calculated and simulated the crucial parameters for com
parison between 2H-MoSe2-Mg0.56 and 1T/2H-MoSe2-Mg4.22 in elec
trochemical processes via theoretical calculations, such as the charge 
density difference and Gibbs free energy gaps during magnesiation, 
evaluating the deposition sites of Mg2+. This study provides a new 
insight for the design of heterophase junction cathodes for MIBs based 
on TMCs.

2. Experimental section

2.1. Synthesis of 1T/2H-MoSe2 and the source of 2H-MoSe2

Na2MoO4 • 2H2O was utilised as the molybdenum source, while 
selenium powder was employed as the selenium source. Initially, 2 mg of 
selenium powder was added to 5 mL of N2H4, which was then stirred for 
a period of 4 h (solution A). Subsequently, 4 mM of Na2MoO4 • 2H2O 
was dissolved in 20 mL of pure water and 10 mL of anhydrous ethanol 
(solution B). The two solutions should then be mixed and stirred for 2 h. 
Following this, the mixture should be subjected to a reaction at 180 ◦C 
for 20 h. The solid obtained by alternating washing and drying with 
deionized water and anhydrous ethanol is 1T/2H-MoSe2. 2H-MoSe2 is 
obtained by subjecting commercial molybdenum selenide, purchased 
from Macklin.

2.2. Materials characterization

The structural characterization was performed by X-ray diffraction 
(XRD, Rigaku SmartLab SE, Japan) using Cu Kα radiation (λ = 1.5406 Å) 
with a scanning range of 5–90◦ (2θ) and a scanning speed of 10◦/min. 
Raman spectrum were collected on a confocal Raman spectrometer 
(Horiba Scientific LabRAM HR Evolution) with an excitation wavelength 
of 532 nm. The surface element composition, content, chemical valence 
states and chemical bonds of the samples were analysed by X-ray 
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, USA). The 
morphologies of the samples were examined using field emission scan
ning electron microscope (SEM, Zeiss Merlin Compact, Germany) and 
transmission electron microscope (TEM, JEOL JEM-2100F, Japan).

2.3. Electrochemical characterization

The working electrode was prepared by mixing the 1T/2H-MoSe2, 
carbon black, and polyvinylidene fluoride in N-methyl-2-pyrrolidone 
(NMP) solvent and pasting the slurry onto Cu foil, followed by drying 
under vacuum at 60 ◦C for 12 h. In addition, the coin cell was assembled 
with Mg foil polished with SiC sandpape as the anode, Alkylphenyl 
magnesium Chloride (APC) as the electrolyte, and glass fiber as the 
separator.

The charge/discharge measurements were tested at a potential range 
of 0.1–2.0 V using on a LANBTs-BT2018A electrochemical workstation 

at 298 K. Cyclic voltammetry (CV) were carried out on a LANLIKE- 
LK2010 battery tester at a scan rate of 0.1 mV s− 1 with the voltage 
range of 0.1–2.0 V. Electrochemical impedance spectroscopy (EIS) 
measurements were performed on a LANLIKE-LK2010 battery tester in 
the frequency range of 106–10− 2 Hz with an AC amplitude of 5 mV. The 
EIS data were fitted using the equivalent circuit model (Rs-(Rct//CPE)- 
W), where Rs is the solution resistance, Rct is the charge transfer resis
tance, CPE is the constant phase element, and W is the Warburg 
impedance.

2.4. Equations

The kinetic information about the electrochemical reactions is 
elucidated from b value according to the equation: 

log(i)= blog (v) + log(a) (S1) 

where i is the value of anodic and cathodic peak current, v is the value of 
scan rate, both a and b are constant. The b value is always used to tell 
apart the electrochemical reaction types. It is widely known the b value 
is in the 0.5–1.0 range. The electrochemical behavior is dominated by 
diffusion-controlled process, when the b value is draw near to 0.5; and 
capacitive process is the leading factor in electrochemical behavior, 
when the b value is close to 1.

The searching enquiry of the contribution of capacitance is made by 
the following equation: 

i= k1v + k2v0.5 (S2) 

The k1v in the above equation is due to the capacitive and the k2v0.5 

is down to diffusion-controlled.

2.5. Calculation of theoretical specific capacity

The theoretically specific capacity was calculated according to the 
following equation: C= (n*F)/M, in which n is the number of active sites 
for magnesium ions (calculated by DFT), F is the Faraday constant 
(26801 mAh mol− 1), and M is the relative molecular mass of active 
material. 1T/2H-MoSe2: n = 38/9, M = 507.72, C = 222.85 mAh g− 1. 
2H-MoSe2: n = 5/9, M = 253.86, C = 58.65 mAh g− 1.

2.6. Density Functional Theory (DFT) calculation

Our study is performed using the Vienna ab initio simulation package 
(VASP) based on the density functional theory [11]. Based on the 
Perdew-Burke-Ernzerhof (PBE) function, the projected augmented wave 
method (PAW) and generalized gradient approximation (GGA) are 
implemented for the ion-electron interaction and exchange-correlation 
interaction functional [12,13]. The 21*21*1 gamma-centered denser 
k-points are used for the calculated geometry optimization and elec
tronic structures of MoSe2 unit-cells. Moreover, k points of 1*1*1 were 
adopted in the MoSe2 supercell calculations. The periodic boundary 
conditions could be avoided by a 20 Å vacuum. A plane-wave cutoff 
energy 400 eV, maximum force 2*10− 3 eV/Å (per atom), and energy 
convergence criterion 10− 6 eV/atom are set to obtain accurate results. 
The van der Waals interactions are determined using the semi-empirical 
DFT-D3 approach [14].

3. Results and discussion

As illustrated in Fig. 1a, the prepared 1T/2H-MoSe2 exhibited 
nanoflower morphology and was found to be highly agglomerated. In 
contrast, 2H-MoSe2 displayed a thick layered stacking structure, as 
depicted in Fig. S1. EDX analysis manifested Mo and Se were uniformly 
distributed, with an atomic ratio of 1:1.85 (Fig. S2), which is roughly 
identical to the molecular formula. The advantages of porous structure 
and specific surface area can be intuitively observed in Fig. S3 [15]. The 
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microstructure of 1T/2H-MoSe2 and 2H-MoSe2 was further elucidated 
by TEM (Fig. 1b and S4b). The HRTEM images reveal the existence of 
two polymorphs and heterophase junction, with the exception of the 2H 
phase present in 2H-MoSe2 (see Fig. 1c and Fig. S4c).

The present study explores the phases and chemical compositions of 
the sample thoroughly through XRD, Raman and XPS. The diffraction 
peaks at 12.6◦, 33.6◦, 41.7◦, 45.3◦ and 54.8◦ of the XRD results shown in 
Fig. 1d agree well with the (002), (100), (006), (105) and (110) crystal 
planes of MoSe2, respectively (PDF# 29–0914). The weak (002) plane 
and strong (100) plane are consistent with the 1T-MoSe2. Furthermore, 
the (002) and (110) planes, which shift leftward relative to the standard 
card, indicate a transition from 2H to 1T in the sample [16]. In contrast 
to the case of 1T/2H-MoSe2, the XRD consequence of 2H-MoSe2 fully 
conforms to the standard card. This finding indicates that the 2H is the 
sole phase present in 2H-MoSe2. This assertion is further substantiated 
by Raman spectroscopy. As demonstrated in Fig. S5, the peaks at 126, 
161 and 199 cm− 1 are attributed to the J1, J2 and J3g modes of 
1T-MoSe2, while the two peaks at 225 and 282 cm− 1 correspond to the 
A1g and E1

2g modes of 2H-MoSe2. The above analysis results are consis
tent with the TEM characterization, which proves the coexistence of 
1T-MoSe2 and 2H-MoSe2.

As illustrated in Fig. 1e, the Mo 3d spectrum of the prepared material 
is displayed. The Mo 3d spectrum of 1T/2H-MoSe2 has been deconvo
luted into three doublet peaks. The peaks at 228.9 eV (Mo 3d5/2) and 
231.8 eV (Mo 3d3/2) are ascribed to 1T-MoSe2, and the peaks at 229.6 eV 
(Mo 3d5/2) and 232.1 eV (Mo 3d3/2) are ascribed to 2H-MoSe2 [17,18]. 
Evidently, the energies of 233.1 eV and 236.6 eV are attributable to 
Mo6+, which can be ascribed to the incomplete selenization process [19,
20]. Furthermore, the multivalent states of Mo have been demonstrated 
to facilitate ion diffusion [21]. The 1T/2H phase ratio in MoSe2 can be 
quantitatively determined via XPS, with consistent verification by 
Raman spectroscopy and HRTEM. In this study, the phase ratio of 
1T/2H-MoSe2 was quantified by integrating the peak areas of Mo 3d 
spectra [22,23]. The results indicate that the content of the 1T phase is 
44 %, while that of the 2H phase is 56 %. This calculation was derived 
from the 3d5/2 peaks of 1T-MoSe2 (228.9 eV) and 2H-MoSe2 (229.6 eV). 

A previous study demonstrated that N2H4 functions as a dual agent, 
promoting the formation of the 1T phase. During the solvothermal 
process, the material undergoes decomposition, yielding N-containing 
components that function as electron donors. These components are 
embedded within the layers of MoSe2 and facilitate the transfer of 
electrons to the Mo 4d orbitals. This electron injection results in the 4d 
orbitals of the 1T phase becoming half-filled, thereby enhancing its 
thermodynamic stability. This configuration exhibits reduced stability 
in comparison to the 2H phase. The increase in N2H4 content results in 
an increase in the nitrogen components of MoSe2, which consequently 
leads to an enhancement in the proportion of the 1T phase [23]. How
ever, the Mo 3d spectrum of 2H-MoSe2 is deconvoluted into a couple of 
doublet peaks. The results of the Se 3d spectra (Fig. 1f) are consistent 
with those of the Mo 3d spectra, indicating that both the phase of 1T and 
2H have been prepared successfully.

The electrochemical magnesium storage performance of 1T/2H- 
MoSe2 was measured in the range of 0.1–2.0 V and compared with 2H- 
MoSe2 (Fig. 2). It was observed that there was a slight negative migra
tion of redox peaks in the second and third cycles compared to the first 
cycle (Fig. 2a and Fig. S6a). This suggests that a surface activation 
process occurred for 1T/2H-MoSe2 at the beginning of the cycling pro
cess [24,25]. The continuous increase in the area under the curve (AUC) 
of the CV curve further confirms the occurrence of an activation reac
tion. The CV curves of 1T/2H-MoSe2 exhibit two pairs of redox peaks at 
approximately 1.77/1.91 and 0.82/1.22 V, which can be ascribed to a 
multistep magnesium ion insertion.

The larger area of CV curve indicates that 1T/2H-MoSe2 possesses 
superior magnesium storage capacity. The discharge-charge plots of 1T/ 
2H-MoSe2 and 2H-MoSe2 at 50 mA g− 1 are presented in Fig. S6b and 
Fig. S6c, and are consistent with the CV curves. The cycle performance 
of 1T/2H-MoSe2 and 2H-MoSe2 at 50 mA g− 1 is presented in Fig. 2b. The 
coulombic efficiency of the initial cycle is merely 31 %, which originates 
from multiple synergistic factors causing irreversible capacity loss, 
among which the dynamic evolution of the solid electrolyte interphase 
(SEI) at the Mg anode/electrolyte interface (2 PhMgCl and AlCl3 in THF) 
is the dominant factor [26–29]. According to recent systematic studies of 

Fig. 1. a. SEM images of 1T/2H-MoSe2. b. TEM and c. HRTEM images of 1T/2H-MoSe2. d. XRD patterns of 1T/2H-MoSe2 and 2H-MoSe2. The high-resolution XPS 
spectra of e. Mo 3d and f. Se 3d for 1T/2H-MoSe2 and 2H-MoSe2, respectively.
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Fan et al. on SEI evolution in homologous APC electrolytes, the SEI in 
APC-based MIBs undergoes a three-stage dynamic process. In the initial 
formation stage, the high charge density of Mg2+ drives strong in
teractions with APC electrolyte components (e.g., THF solvent and 
Cl-containing species), triggering electrolyte decomposition and depo
sition of a primary SEI layer consisting of inorganic phases (MgCl2, trace 
MgO) and organic phases (THF decomposition derivatives) on the 
electrode surface [30]. This process consumes partial active Mg2+ and 
electrolyte, directly contributing to the low initial Coulombic efficiency 
observed in this work. In the dissolution and purification stage, The 
trace H2O and unstable chloride species in the primary SEI are gradually 
removed via electrochemical dissolution, leading to a denser and more 
homogeneous SEI structure [31]. This is consistent with the gradual 
increase of Coulombic efficiency from 31 % to over 90 % in our cycling 
tests (Fig. 2b). In the final stabilization stage, a mature SEI layer with 
inorganic phase dominance (MgCl2-rich) is formed. This stabilized SEI 
effectively inhibits continuous electrolyte decomposition and reduces 
interfacial resistance, as evidenced by the electrochemical impedance 
spectroscopy (EIS) results in our work (Fig. 4a–b). Secondly, during the 
solvothermal synthesis, trace unreacted N2H4 remains in the 
1T/2H-MoSe2 nanoflowers. These residual amines react with Cl− in the 
APC electrolyte to generate unstable intermediates (e.g., NH4Cl), 
consuming active Mg2+ and reducing initial Coulombic efficiency. It is 
important to note that irreversible capture of Mg2+ could also result in 
this outcome [32]. During the initial magnesiation process, Mg2+ tend to 
form strong ionic covalent bonds with surface selenium atoms, resulting 
in the partial irreversible adsorption of Mg2+ at the defect sites [33]. In 
the ensuing activation process, the coulomb efficiency exceeds 100 %, a 
phenomenon attributable to the gradual activation of hidden active sites 
(e.g., heterophase junction structure) and the inhibition of self-discharge 
by the mature SEI film [17,18,34]. After 50 cycles, the discharge ca
pacity of 1T/2H-MoSe2 is found to be 183.37 mAh g− 1, and the 
Coulombic efficiency is close to 100 %. In contrast, the capacity of 
2H-MoSe2 is less than 50 mAh g− 1 after 50 cycles, which is in accordance 
with the CV measurement. The enhanced performance exhibited by 

1T/2H-MoSe2 can be attributed to the presence of heterophase junction 
and its distinctive charge coupling.

In order to distinguish the independent effects of morphological 
regulation and heterophase construction on the Mg-storage performance 
of MoSe2, this study compared the Mg-storage performance and mech
anisms of 2H-MoSe2 with different morphologies. Furthermore, it was 
revealed that the 1T/2H heterophase enhances performance. A thor
ough literature comparison further corroborates the critical role of 
heterophase construction in optimizing the Mg-storage performance of 
MoSe2. For instance, the commercially 2H-MoSe2 exhibits a limited 
capacity for Mg2+ adsorption, attributable to its low specific surface 
area. Its inherent interlayer structure imposes a high Mg2+ diffusion 
barrier, resulting in a capacity decline below 50 mAh g− 1 after 50 cycles 
at 50 mA g− 1. Yang et al. prepared ultra-thin 2H-MoSe2 nanosheet (with 
abundant atomic defects and exposed edge surfaces) via hydrothermal- 
hydrogen treatment. However, its initial discharge/charge capacities are 
only 84.8/48.3 mAh g− 1, and the subsequent reversible capacity stabi
lizes at approximately 40 mAh g− 1, as its performance is constrained by 
the semiconducting property of the single 2H phase [35]. Fan et al. 
constructed amorphous carbon-coated flake-like 2H-MoSe2 nano
flowers, which exhibit a capacity decrease from 110 mAh g− 1 to 89 mAh 
g− 1 over 100 cycles (from the 3rd to the 100th cycle). Although this 
performance is superior to that of the commercial sample, it is still 
limited by the intrinsic kinetics of the pure 2H phase [36]. Gao et al. 
synthesized high-crystalline agglomerated thick-flake 2H-MoSe2 via 
300 ◦C heat treatment under an Ar/H2 atmosphere, achieving the 
optimal performance among pure 2H-MoSe2 samples. This material 
delivered a capacity of 173.8 mAh g− 1 after 200 cycles at 0.5 A g− 1. The 
balanced structural stability and ion diffusion efficiency enabled by its 
high crystallinity and moderate agglomeration were key factors in this 
performance [22]. The aforementioned results indicate that the 
Mg-storage performance of pure 2H-MoSe2 follows the order of 
agglomerated thick flakes, nanoflowers, ultra-thin nanosheets, com
mercial lamellae with respect to morphology. Remarkably, the 
1T/2H-MoSe2 heterophase (in nanoflower morphology) achieves a 

Fig. 2. a. CV curves of 1T/2H-MoSe2 at 0.1 mV s− 1. b. Cycling performance of 1T/2H-MoSe2 and 2H-MoSe2 at the current density of 50 mA g− 1. c. Rate capabilities 
of 1T/2H-MoSe2. d. Long-term cycling stability of 1T/2H-MoSe2 at 50 mA g− 1. e. Comparison of cycling performances of 1T/2H-MoSe2 with reported Mo-based 
cathode materials.
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breakthrough improvement in performance. The capacity and rate 
capability are enhanced by approximately 106 % compared with 
2H-MoSe2 nanoflowers and by approximately 358 % compared with 
ultra-thin 2H-MoSe2 nanosheets. This enhancement is attributed to the 
metallic conductivity of the 1T phase and the charge coupling effect at 
the heterophasic interface. In contrast, these phenomena are absent in 
single-phase 2H-MoSe2.

To further understand the magnesium storage performance of 1T/ 
2H-MoSe2, the rate capability was investigated, and the results are dis
played in Fig. 2c. The discharge capabilities were evaluated to be 
210.35, 205.96, 190.65, 138.46 and 24.73 mAh g− 1 at 20, 50, 100, 200, 
and 500 mA g− 1, respectively. Theoretically, the specific capacity of 1T/ 
2H-MoSe2 is 222.85 mAh g− 1, which is marginally higher than the 
maximum experimentally measured capacity (210.35 mAh g− 1 at a 
current density of 20 mA g− 1; see Fig. 2c). A direct comparison between 
the theoretical and experimental specific capacities is provided in 
Table S1, with an observed active site utilization efficiency of approxi
mately 94.4 %. The minor discrepancy (5.6 %) is attributable to four 
primary factors. Initially, the subject under investigation is the capacity 
consumption by solid electrolyte interphase (SEI) formation. The initial 
formation of the SEI film consumes partial Mg2+ and electrolyte com
ponents, resulting in a capacity loss. Secondly, the EDX analysis (see 
Fig. S2) reveals a decrease in the Mo:Se atomic ratio to 1:1.85 after 
cycling, which is lower than the theoretical ratio of 1:2. This reduction in 
the Mo:Se atomic ratio results in a decrease in the number of Mg2+

adsorption sites, leading to an additional capacity loss [37]. Further
more, DFT calculations indicate that some inner-layer active sites of the 
2H phase are inaccessible due to steric hindrance in the initial cycles and 
are only gradually activated under high-rate cycling conditions [38,39]. 
Finally, strong ion-covalent bonds form between Mg2+ and surface Se 
atoms, resulting in the irreversible adsorption of partial Mg2+ at defect 
sites. Conversely, for 2H-MoSe2, its theoretical capacity (58.65 mAh 
g− 1) exhibits a substantial discrepancy from the experimentally 
measured capacity (<50 mAh g− 1 after 50 cycles), yielding a utilization 
efficiency of 82.2 %. This relatively lower efficiency is primarily 
attributed to the thick-layered structure of 2H-MoSe2, which restricts 

the diffusion of Mg2+ and thus limits the accessibility of active sites. It is 
noteworthy that when the current density is restored to 20 mA g− 1, the 
capacity rebounds to 290.79 mAh g− 1 (higher than the initial theoretical 
capacity). This finding suggests that 1T/2H-MoSe2 exhibits a high de
gree of adaptability to variations in current density. These observations 
can be attributed to the further activation of interlayer sites in the 
1T/2H heterophase during high-rate cycling. Additionally, the pro
longed cycle performance demonstrated at a current density of 500 mA 
g− 1 (see Fig. 2d) suggests that 1T/2H-MoSe2 exhibits exceptional sta
bility. Subsequent to activation, an initial ion transport pathway is 
formed. The SEI film undergoes a gradual adjustment to a thin and dense 
stable structure, a process that necessitates multiple charge-discharge 
cycles [40]. At this juncture, the number of active sites reaches its 
zenith, and the discharge capacity stabilizes at 172.2 mAh g− 1. After 
undergoing 300 cycles, the capacity remains at 155.99 mAh g− 1, 
exhibiting a capacity retention rate of 90.6 %. The average capacity 
degradation rate is only 0.17 % per cycle, which is considerably lower 
than the degradation rates of most TMCs/seleides-based cathode mate
rials. This low degradation rate may be attributed to the structural sta
bility of the heterogeneous interface and the capacitive-dominated 
reaction, which avoids severe phase transitions. As can be seen in 
Fig. 2e, the magnesium storage capacity of 1T/2H-MoSe2 at high current 
density is notably higher than that of other Mo-based materials reported 
[35,41–46]. The specific magnesium storage performance of Mo-based 
materials is compared in Table S2.

The level of polarization was evaluated by calculating the difference 
value between the charging and discharging voltage platform (△E) and 
the voltage difference of the main redox and reduction peak (△G). The 
results obtained indicated that 1T/2H-MoSe2 exhibited a lower degree 
of polarization (Fig. 3a–c). A pronounced change in the morphology of 
the cathode material was detected by ex-SEM (Fig. 3d). Following 
cycling, 1T/2H-MoSe2 with cluster nanoflower micromorphology con
verts to a layered stacking structure, and the lateral dimensions of the 
partially cycled lamellae significantly decrease, allowing better adap
tation to the rapid (de)magnesiation [47]. This transformation facili
tates the interface between the electrode and the electrolyte as well as 

Fig. 3. a. Comparison of charge-discharge voltage profiles at 50 mA g− 1 and calculated ΔE and ΔG values of 1T/2H-MoSe2 and 2H-MoSe2. The ΔE value of 1T/2H- 
MoSe2 at b. 50 mA g− 1 and c. 500 mA g− 1. d. SEM images, e. TEM images and f. HRTEM images of 1T/2H-MoSe2 electrode at a current density of 500 mA g− 1 after 
cycling (the inset figures are before cycling).
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the charge transfer behavior. Initially, the nanoflower-like morphology, 
characterized by abundant three-dimensional (3D) hierarchical 
branches and high specific surface area, provides numerous exposed 
active sites for Mg2+ storage. However, the loose and discrete nature of 
nanoflower may lead to uneven contact with the electrolyte, accompa
nied by localized concentration gradients of Mg2+ and increased inter
facial resistance, as observed in previous studies on TMCs [48]. In this 

study, the transformation directly alleviated the volume expansion. The 
dense nanoflower clusters, which are subject to volume expansion 
during the Mg2+ insertion process, exhibit a layered stacking structure 
that provides ample space for buffering the expansion, thereby miti
gating structural collapse. The loose layered structure of the material in 
question has been shown to facilitate the penetration of electrolytes and 
the access of Mg2+ to their active sites. In contrast, the formation of 

Fig. 4. a. EIS date of 1T/2H-MoSe2 and 2H-MoSe2 before cycling. b. EIS date of 1T/2H-MoSe2 and 2H-MoSe2 after cycling. c. CV curves at different scan rates from 
0.2 to 1.0 mV s− 1, d. log(I) and log(V) plots at different oxidation and reduction peaks, e. capacitive contribution of 1T/2H-MoSe2 at 0.2 mV s− 1, f. the diffusion 
controlled and capacitive capacities of 1T/2H-MoSe2 at different scan rates.
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layered stacked structures during charge/discharge processes induces a 
more ordered arrangement of crystallites, which significantly optimizes 
the interfacial wettability and contact uniformity between the electrode 
and electrolyte. This improved contact facilitates the establishment of 
continuous ion transport channels across the interface, as demonstrated 
by Shi et al. in their investigation on layered metal oxides for MIBs [49]. 
Moreover, the layered stacking effectively reduces the tortuosity of 
electron conduction paths within the electrode. The close packing of 
layers enhances the intergrain electronic conductivity, while the 
well-defined interlayer spacing provides favorable pathways for Mg2+

diffusion [5]. Consequently, the charge (electron and Mg2+) transport 
kinetics across the interface is accelerated, as evidenced by the 
decreased Rct in EIS measurements. Simultaneously, this morphological 
evolution lowers the activation energy barrier for Mg2+ adsorption/
desorption and intercalation/deintercalation processes, as confirmed by 
CV with reduced peak potential separations, which aligns with the 
theoretical calculations of Mg2+ migration energy in layered structures. 
Collectively, the transformation from nanoflower-like to layered stacked 
structures not only strengthens the electrode-electrolyte interaction but 
also synergistically promotes both electron and ion transport, thereby 
contributing to enhanced rate capability, improved cycling stability, and 
increased Coulombic efficiency of MIBs. As illustrated in the TEM image 
(Fig. 3e), the presence of some particles on the lamella is evident, which 
were not observed in the unrecycled material. Furthermore, the HRTEM 
image of recycled 1T/2H-MoSe2 (Fig. 3f) demonstrates that repeated 
charging and discharging does not enhance the lattice spacing of the 
electrode material [50]. The analysis suggests that the change in po
larization degree is not due to an increase in lattice spacing, but rather to 
a change in morphology.

The CV measurements, conducted at scanning speeds ranging from 
0.2 to 1.0 mV s− 1, were undertaken to investigate the electrochemical 
reaction of 1T/2H-MoSe2 and were analysed by Eqs. S1 and S2. The b 
values of the redox peaks range from 0.92 to 0.80 (Fig. 4d), thereby 
confirming that the cathode reaction is dominated by a capacitive pro
cess. This mechanism is particularly well-suited for Mg2+ storage, as 
evidenced by its ability to facilitate the rapid movement of Mg2+. Mg2+

exhibits robust Coulombic interactions with the host lattice, thereby 
establishing a substantial diffusion barrier in diffusion-controlled pro
cesses [51]. The capacitive process is contingent upon the 
surface/near-surface adsorption of Mg2+, a strategy that circumvents 
the necessity for long-range solid-state diffusion, thereby reducing the 
energy barrier. Moreover, capacitive Mg2+ storage is predicated on 

weak physical/chemical adsorption, as opposed to irreversible phase 
transitions. This approach, consequently, engenders enhanced cycling 
stability [52]. The 1T/2H heterophase junction has been shown to 
promote the capacitive process through a combination of synergistic 
effects. The 1T-phase has been demonstrated to facilitate expeditious 
electron transfer pathways, thereby ensuring a rapid supply of charge to 
Mg2+ adsorption sites and enhancing the capacitive reaction kinetics 
[47]. In contrast, the 2H-phase contains a high concentration of Se 
atoms with unpaired electrons, which form ion-covalent bonds with 
Mg2+. This process facilitates pseudocapacitive storage. As demon
strated in Fig. 5c–d, DFT calculations reveal that the heterophase junc
tion induces electron enrichment at the interface, thereby increasing the 
density of Mg2+ adsorption sites in comparison to single-phase MoSe2. 
The interface coupling phenomenon has been shown to have a direct 
impact on the reduction of Rct, thereby enhancing the capacitive 
behavior of the system. Additionally, the b values of the oxidation peaks 
are approximately 0.62 and 0.94, indicating that on the anode side, the 
processes are governed by both diffusion-controlled and capacitive 
processes (see Fig. 4c–d). This is due to the Mg2+ intercalating into the 
Mg foil anode, involving both surface adsorption and bulk diffusion. 
Furthermore, it has been demonstrated that the capacitive effect in
creases with the increase of scan rate from 0.2 to 1.0 mV s− 1 (Fig. 4e and 
Fig. S7), and that the proportion attains 98.8 % when the scan rate is 1.0 
mV s− 1 (Fig. 4f).

In order to verify the improved charge transfer kinetics characteris
tics of 1T/2H-MoSe2, EIS measurements were conducted (see Fig. 4a–b). 
The results of the equivalent circuit fitting indicated that the Rct of 1T/ 
2H-MoSe2 was significantly lower than that of 2H-MoSe2. This was 
attributed to the metallic conductivity of the 1T phase and the interfacial 
coupling of the heterogeneous interface, which accelerated the electron 
transfer between the electrode and the electrolyte. Following 300 cycles 
at a current density of 500 mA g− 1, the Rct of 1T/2H-MoSe2 exhibited an 
increase, suggesting the presence of a stable charge transfer path. This 
can be attributed to the layered stacking morphology (Fig. 3d), which 
facilitates the maintenance of contact between the electrode and the 
electrolyte. Conversely, following cycling, there was a pronounced in
crease in the Rct of 2H-MoSe2, attributable to agglomeration and an 
augmentation in SEI thickness. These EIS results directly corroborated 
the theoretical prediction of enhanced charge transfer kinetics in 1T/2H- 
MoSe2 [22].

As demonstrated in Fig. 5a-b, following the intercalation of Mg2+

into 2H-MoSe2, the electron redistribution primarily occurs between 

Fig. 5. Charge density difference of 2H-MoSe2-Mg, (a) side view and (b) top view. Charge density difference of 1T/2H-MoSe2-Mg, side view(c) and top view (d). The 
adsorption energies of Mg2+ of different concentrations on (e) 2H-MoSe2, (f) 2H/2H-MoSe2 and (g) 1T/2H-MoSe2.
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Mg2+ and Se, thereby unveiling a substantial ion-covalent mixing 
interaction with the matrix material. However, the overall charge 
transfer range is limited, and the charge enrichment and depletion are 
more concentrated in the area adjacent to Mg2+. In contrast, the charge 
density difference of the 1T/2H-MoSe2 presents more complex (Fig. 5c- 
d). It is evident that electron enrichment and loss occur in the Mg2+

vicinity. Additionally, stronger charge coupling characteristics are 
manifest in the heterophase junction interface, interlayer, and surface 
regions. This mechanism is consistent with the previous analysis of Mg2+

storage performance. The findings demonstrate that the charge transfer 
process in the 1T/2H-MoSe2 system overcomes the restriction imposed 
by Mg2+ adsorption sites, thereby generating a synergistic enhancement 
effect in the interface region [10]. This effect can significantly promote 
the adsorption, migration, and deintercalation processes of Mg2+ [5,53].

The optimized structure during the Mg2+ intercalation process is 
illustrated in Fig. 5e-f & S8. The Gibbs free energy changes (ΔG) of the 
2H-MoSe2, 2H/2H-MoSe2, and 1T/2H-MoSe2 heterophase junctions 
after combining with Mg2+ are still negative, suggesting that all three 
materials can spontaneously accommodate the storage of multiple Mg2+

theoretically. The heterophase of 1T/2H-MoSe2 demonstrates a lowest 
kinetic energy barrier for Mg2+ migration. The b-value corresponding to 
the redox peaks of 1T/2H-MoSe2 ranges from 0.80 to 0.94 via CV scan 
rate dependence analysis, and the capacitive contribution reaches 98.8 
% at a scan rate of 1.0 mV s− 1. This finding suggests that the Mg2+

storage behavior is predominantly influenced by surface/near-surface 
pseudocapacitive processes, thereby circumventing the high barrier 
issue associated with long-range diffusion. DFT calculations reveal a 
significant electron accumulation at the heterophase interface, which 
can effectively weaken the Coulomb repulsion between Mg2+ and the 
host lattice. Following the cycling process, the initial nanoflower-like 
morphology undergoes a transformation into a layered stacking struc
ture, thereby further reducing the Mg2+ diffusion path. Concurrently, 
results of EIS indicate a substantial decrease in Rct. It has been estab
lished through previous studies that there is a correlation between the 
phase structure of Mo-based TMCs and ion migration barriers. For 
instance, the Mg2+ diffusion barrier of semimetallic Hae-MoS2 mono
layers is 0.30 eV, which is lower than that of semiconducting phase H- 
MoS2 and Hae-MoS2 bilayers [54]. Analogous to this, it can be inferred 
that the metallic 1T phase in 1T/2H-MoSe2 provides a rapid transport 
channel for Mg2+, while the heterophase interface further optimizes the 
migration barrier [17,55].

However, the mechanisms of Mg2+ intercalating in each matrix and 
the saturation capacity are different. As demonstrated in Fig. S8, the 
Mg2+ in 2H-MoSe2 is predominantly deposited on the surface through 
ion-covalent bond interactions. It has been observed that, upon attaining 
a Mg2+ concentration of 0.56, the system exhibits structural instability. 
The △G of its 2H-MoSe2-Mg0.56 configuration is − 1.53 eV, corre
sponding to the storage of Mg2+ at the surface Se atomic sites. 
Conversely, in the 1T/2H-MoSe2 and 2H/2H-MoSe2, the deposition of 
Mg2+ can occur at the interface, interlayer, and surface regions of the 
heterophase junctions. Among them, 1T/2H-MoSe2 exhibits a higher 
saturated adsorption capacity and attains adsorption saturation when 
the Mg2+ concentration reaches 4.22. Regrettably, further adsorption 
leads to structural disintegration, as observed in 2H-MoSe2-Mg0.56. The 
aforementioned results indicate that the 1T/2H heterophase junction 
benefits from a stronger interfacial electronic coupling effect, which 
significantly improves the utilization rate of active sites [56]. Further
more, the theoretical calculated saturated adsorption capacity is 
consistent with the experimental results, thereby providing additional 
confirmation that the 1T/2H phase can optimize storage performance by 
enhancing the charge exchange and transfer process between Mg2+ and 
the material.

4. Conclusions

To summarize, the MoSe2 with phase of 1T and 2H was prepared via 

a straightforward solvothermal method. 1T/2H-MoSe2 exhibited an 
exceptional capacity of 183.37 mAh g− 1 at 50 mA g− 1 over 50 cycles, 
and demonstrated an optimal capacity of 155.99 mAh g− 1 at 500 mA g− 1 

over 300 cycles. As the cycle progresses, the morphology of the cathode 
material changes, promoting full contact between the electrode material 
and the electrolyte, thereby improving the current transfer speed and 
reducing the degree of activation. Experimental results and DFT calcu
lations reveal the contribution of heterophase junction to cycling sta
bility and capacity. Heterophase junctions enhance ionic covalent bonds 
and interfacial electronic coupling effects between Mg2+ and surface Se 
atoms, reducing the energy barrier for Mg2+ insertion and increasing the 
storage capacity of magnesium. This study demonstrates the impact of 
heterophase junction on the electrochemical performance of MoSe2 for 
MIBs.
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