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ABSTRACT: Vanadium diselenide (VSe,) is a promising
cathode material for magnesium-lithium hybrid batteries
(MLHB), owing to its favorable electronic structure and layered
framework. However, practical Mg* storage is hindered by
narrow interlayer spacing, strong Mg* host Coulombic
interactions, and structural degradation during repeated ion
insertion. Here, we introduce a molecular interlayer engineering
strategy based on ethylenediamine (EDA) intercalation to
address these challenges. A combination of theoretical
calculations and experimental investigations reveals that EDA
modification simultaneously expands the interlayer spacing,
modulates the electronic structure, and weakens the Coulombic
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interactions between the lattice and the guest ions, thereby facilitating Mg?/Li* diffusion and enhancing reaction kinetics.
Moreover, the electron-rich —NH, groups of EDA engage in reversible chelation with the guest ions, providing additional
storage sites and enabling an inorganic—organic synergistic storage mechanism based on topological intercalation
reactions. As a result, the optimized EDA-intercalated VSe, (E(0.2)-VSe,) cathode exhibits a stable capacity of 82.5 mAh-g™'
over 4500 cycles at 1000 mA-g™, with a remarkable capacity retention of 72.7%. This work underscores molecular
interlayer engineering as an effective strategy for enhancing the performance of layered cathodes in multivalent

rechargeable batteries.

KEYWORDS: magnesium—lithium hybrid batteries, transition metal chalcogenides, interlayer modification, dual-ion storage

1 Introduction

Magnesium-based batteries are widely regarded as a compelling
alternative to lithium-ion technology for large-scale energy storage,
owing to the high volumetric capacity, natural abundance, and
intrinsic safety of Mg metal anodes [1-3]. Despite decades of
intensive research, however, the realization of practical rechargeable
magnesium batteries (RMB) remains elusive. The fundamental
obstacle arises from the divalent nature of Mg™ Its strong

Received: March 7, 2026; Revised: April 21, 2026
Accepted: May 12, 2026

>dAddress correspondence to Sheng Liu, shengliu@whu.edu.cn; Zhao-
Dong Li, Zhaodong_Li@whu.edu.cn

(& 727w | Sci@pen

94908829 (1 of 12)

electrostatic interaction with host lattices results in sluggish solid-
state diffusion, high desolvation barriers, and pronounced lattice
polarization, collectively undermining rate capability and
reversibility in intercalation-type cathodes [4-7].

Hybridizing Mg* with monovalent ions offers a promising
pathway to partially alleviate these constraints. Magnesium-lithium
hybrid batteries (MLHB) exploit the rapid intercalation kinetics of
Li' to activate host structures while retaining the high capacity and
safety advantages of magnesium metal anodes [8, 9]. Nevertheless,
even in hybrid systems, cathode performance remains
fundamentally limited by the inefficient accommodation of Mg*
with high charge density. This challenge underscores a central
design question: How can cathode materials be engineered to
effectively screen Mg™ electrostatics without compromising
structural integrity or energy density?

Layered transition-metal dichalcogenides (TMDC) provide an
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attractive platform to address this challenge due to their tunable van
der Waals gaps, adjustable bandgaps, and phase tunability [10-13].
Among them, vanadium diselenide (VSe,) is particularly promising
owing to its metallic 1T phase, high electronic conductivity [14],
relatively open interlayer spacing, and the lower electronegativity of
selenium compared with sulfur and oxygen [15-17]. Yet, these
intrinsic advantages remain insufficient to overcome the strong
Mg*-host interactions. Even with Li* co-intercalation, Mg*
insertion into VSe, is kinetically hindered and structurally
disruptive, leading to limited rate performance and rapid capacity
decay [18].

Conventional strategies to improve Mg storage, including
morphology control [19-22], defect engineering [23-25], elemental
doping [26, 27], and surface modification [28], primarily target
transport length scales, interfacial reactivity, or volume change
mitigation. However, these approaches do not fundamentally
address the strong Coulombic interactions between Mg* and the
VSe, framework. Moreover, the limited interlayer spacing of VSe,
makes it difficult for these modification strategies to push the
capacity beyond the theoretical limit of the material. Interlayer
engineering offers a more direct strategy for improving guest-ion
storage and transport by expanding the available storage space. The
enlarged interlayer space not only weakens the electrostatic
interaction between guest ions and the host framework but also
accommodates more guest ions, which may enable additional ion
storage beyond the theoretical capacity limit. However, existing
approaches introduce new trade-offs. Pre-intercalated ions or
solvent molecules often suffer from electrochemical instability
[29-31], while inert organic or inorganic spacers occupy active
sites, impose steric hindrance, and suppress effective ion
intercalation [32—-36], ultimately limiting energy density and cycling
stability [37]. These limitations highlight the need for interlayer
modifiers that simultaneously provide structural stabilization,
electrostatic screening, and electrochemical activity.

Here, we report a molecular interlayer engineering strategy for
VSe, based on ethylenediamine (EDA) intercalation that addresses
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these requirements (Fig. 1). As a lightweight bidentate ligand with
electron-rich amine groups, EDA expands the interlayer spacing,
modulates the local electronic environment, and effectively screens
the high charge density of Mg*. Concurrently, EDA functions as a
molecular pillar that stabilizes the layered framework during
repeated guest-ion insertion and extraction. Furthermore, it offers
additional storage sites through reversible chelation/dissociation
with guest ions, thereby establishing a synergistic inorganic—organic
charge storage mechanism. By synergistically regulating dual-ion
transport kinetics through electrostatic screening, structural
stabilization, and multisite storage within a unified interlayer
architecture, this strategy markedly enhances both the rate
capability and long-term cycling stability of VSe, cathodes in
MLHB.

2 Results and discussion

Density functional theory (DFT) calculations were performed to
provide mechanistic insight into the role of EDA as an intercalated
guest within the VSe, interlayer. As shown in Fig. 2(a), the
electrostatic potential (ESP) distribution of the EDA molecule
reveals that the two primary -NH, groups are rich in lone-pair
electrons and exhibit regions of highly negative electrostatic
potential, confirming their strong electron-donating capability.
These electron-rich sites display a strong affinity for cations (Mg*
and Li*), endowing EDA-intercalated VSe, (E-VSe,) with an
enhanced ability to coordinate guest ions and indicating the
emergence of a synergistic inorganic-organic charge-storage
mechanism. To quantify the thermodynamic stability of ion
insertion, formation energies were calculated for Mg** intercalation,
Li* intercalation, and Mg*/Li* co-intercalation in both pristine VSe,
and E-VSe, (Fig. 2(b)). Structurally, both Mg™ and Li* tend to bind
to EDA molecules in chelating configurations within the E-VSe,
interlayer. For the Mg*/Li* co-intercalation system, the results
reveal that configurations in which Mg* and Li* are coordinated by
separate EDA molecules are energetically more favorable than
configurations in which they share a single EDA molecule (Fig. S1
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Figure1 Schematic diagram of the EDA interlayer modification strategy for VSe, to improve the Mg*/Li* storage environment and enhance storage kinetics in MLHB.
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Figure2 (a) ESP of the EDA molecule. (b) Formation energy diagram of Mg*/Li* intercalated E-VSe, and atomic configurations. DOS of (c) E-VSe, and (d) VSe,.
Charge density difference diagrams for (e) Li*and (f) Mg* intercalated VSe,, and for (g) Li* and (h) Mg* intercalated E-V Se, (isosurface: 0.001).

in the Electronic Supplementary Material (ESM)). Specifically, the charge transport. Here, yellow and cyan regions correspond to
calculated formation energies for Li* intercalation, Mg charge accumulation and charge depletion, respectively. The
intercalation, and Mg*/Li* co-intercalation in E-VSe, are —4.52, presence of EDA also markedly alters the electrostatic interaction
—4.30, and -7.96 eV, respectively, markedly lower than the between intercalated ions and the host lattice, as revealed by charge
corresponding values in pristine VSe, (—3.66, —3.25, and —6.42 eV). density difference maps for Mg and Li* intercalation (Figs. 2(e)-

This pronounced energetic stabilization demonstrates that guest- 2(h)). In pristine VSe, pronounced charge accumulation and
ion intercalation is thermodynamically more favorable in the EDA- depletion are localized around the intercalated Mg* and Li* and
modified interlayer environment, yielding a more stable host their neighboring Se and V atoms, with this effect being especially
structure. The resulting framework provides robust and continuous severe for Mg, indicative of strong electrostatic interaction with the
ion-transport channels, ensuring sustained capacity output and VSe, layers. By contrast, the intercalated EDA molecules in E-VSe,
facilitating subsequent multivalent-ion intercalation. effectively screen the Mg* and Li* from direct Coulombic

To elucidate the impact of interlayer modification on the interaction with the V-Se framework. Charge redistribution is
electronic structure of VSe,, density of states (DOS) calculations instead concentrated at the interface between the EDA molecules
were performed for both E-VSe, and pristine VSe,, as shown in and the V-Se layers on the ion-facing side, forming an electrostatic
Figs. 2(c) and 2(d). In both systems, the non-zero DOS at the Fermi buffer layer surrounding the guest ions. This shielding effect
level confirms their metallic properties and high electronic substantially weakens ion-host electrostatic interactions, thereby

conductivity. Compared with pristine VSe, E-VSe, displays a creating favorable kinetic conditions for rapid guest-ion diffusion
markedly increased DOS near the Fermi level, indicating an within the expanded interlayer space. Additionally, Fig. S3 in the
increased density of accessible electronic states. Partial DOS ESM further shows electron depletion within the EDA molecules
(PDOS) analysis further reveals that N 2p orbitals from EDA and electron accumulation at the Mg* and Li*, confirming the

contribute directly near the Fermi level, indicating strong electronic strong electron-donating nature of EDA and its critical role in
coupling between the organic intercalant and the V-Se framework. electrostatic screening and ion storage.
Charge density difference analysis (Fig. S2 in the ESM) provides E(0.2)-VSe, was synthesized via a facile two-step strategy (Fig. S4

direct visualization of electron transfer from EDA molecules to the in the ESM). In the first step, VSe, nanosheets were obtained
V-Se layers, signifying pronounced interfacial charge coupling through a wet-chemical route in oleylamine, yielding well-defined
within E-VSe,. Such charge redistribution is expected to promote two-dimensional morphologies (Fig. 3(a)). Subsequently, EDA
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Figure3 Scanning electron microscopy (SEM) images of (a) VSe, and (b) E(0.2)-VSe,. HRTEM images of (c) VSe, and (d) E(0.2)-VSe, with corresponding magnified
views. (e) XRD patterns, (f) Raman spectra, and (g) FTIR spectra of VSe, and E(0.2)-VSe,. (h) TEM morphology of an E(0.2)-VSe, nanosheet and its corresponding TEM-

EDS elemental mapping.

molecules were intercalated into the interlayer galleries of VSe,
through a high-temperature, high-pressure infiltration process. The
resulting E(0.2)-VSe, preserves the nanosheet morphology of
pristine VSe, (Fig. 3(b)), accompanied by a slight increase in
thickness, which is attributed to interlayer expansion and partial
restacking induced during EDA intercalation. High-resolution
transmission electron microscopy (HRTEM) reveals well-resolved
(001) lattice fringes, and the corresponding intensity profiles
(Figs. 3(c) and 3(d)) demonstrate a pronounced interlayer
expansion of 180.3% in E(0.2)-VSe, relative to pristine VSe,, with
the d-spacing increased to 1.08 nm. This structural expansion is
further supported by the X-ray diffraction (XRD) patterns
(Fig. 3(e)). The Miller indices of the diffraction peaks of E(0.2)-VSe,
are confirmed by Le Bail refinement (Fig. S5 and Table SI in the
ESM), in which the (001) reflection of E(0.2)-VSe, shifts to a lower
diffraction angle of 8.2°. Notably, the interlayer spacing of E-VSe,
can be precisely tuned by varying the EDA/VSe, feeding ratio, with
linear expansion observed as the ratio increases (Fig. S6 in the
ESM). Specifically, the interlayer spacings of E(0.1)-VSe, and E(0.3)-
VSe, are 1.13 and 0.98 nm, respectively, demonstrating the high
controllability of the interlayer engineering process. Raman
spectroscopy shows that the A,, out-of-plane stretching mode of
pristine VSe, appears at 2045 cm” (Fig. 3(f)). Upon EDA
intercalation, this mode exhibits a pronounced red shift in E-VSe,

Nano Research, 2026, 19, 94908829
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(Table S2 in the ESM), indicative of reduced vibrational energy,
enhanced local disorder, and weakened interlayer van der Waals
interactions [38, 39]. Such changes provide a favorable structural
basis for lowering the energy barrier of guest-ion intercalation,
underscoring the effectiveness of EDA-mediated interlayer
modification. Fourier-transform infrared (FTIR) spectroscopy
(Fig. 3(g)) further verifies the successful incorporation of EDA
within the expanded interlayers, as evidenced by characteristic
transmittance peaks corresponding to C-N stretching vibration
(12535 cm™), C-H stretching vibrations (1550.5, 2850.4, and
2919.8 cm™), N-H bending vibration (1650.8 cm™), and -NH,
stretching vibration (3290.1 cm™) [39, 40]. Energy-dispersive X-ray
spectroscopy (EDS) elemental mapping (Fig. 3(h)) confirms the
homogeneous distribution of V, Se, N, and C throughout the E(0.2)-
VSe, nanosheets. In contrast, no N signal is detected in pristine
VSe,; only V, Se, and C signals are observed (Fig. S7 in the ESM).
The C map is markedly distorted compared with the V and Se
maps, which indicates that this C signal mainly originates from the
carbon film on the copper grid and may also partly arise from
residual solvent from the synthesis process remaining on the
sample surface. Quantitative elemental analysis (EA) reveals an
EDA content of approximately 11 wt.% based on a measured N
content of 5.17 wt.%, in good agreement with thermogravimetric
analysis (TGA) results (Fig. S8 in the ESM). These measurements
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collectively confirm the chemical formula of the intercalation
compound as (C,HgN,),,;VSe,.

The valence states of V and Se were further investigated by X-ray
photoelectron spectroscopy (XPS). As shown in Fig. S9 in the ESM,
E(0.2)-VSe, exhibits an increased proportion of V* species, which
correlates closely with the formation of selenium vacancies. These
vacancies are attributed to the reducing ability of EDA, which
disrupts some V-Se bonds during thermal treatment, leading to the
removal of Se atoms from the lattice. This interpretation is further
supported by electron paramagnetic resonance (EPR) spectroscopy
(Fig. S10 in the ESM), which reveals a higher concentration of
paramagnetic defects in E(0.2)-VSe, relative to pristine VSe,. The
introduction of Se vacancies is expected to increase the density of
electrochemically active sites and enhance the adsorption affinity
toward guest ions within the VSe, framework. Such defect-
mediated activation has been widely recognized as beneficial for
multivalent-ion storage [17, 41, 42]. To evaluate the specific surface
area and pore size distribution of the materials, N,
adsorption—desorption measurements were performed (Fig. S11 in
the ESM). The specific surface area of E(0.2)-VSe, is smaller than
that of pristine VSe,, which is most likely due to the partial
restacking of nanosheets during the post-synthesis treatment.
Meanwhile, the pore volume in the 2-15 nm range increases
significantly. This increased pore volume is closely associated with
the formation of Se vacancies. However, the lower specific surface

area reduces the effective contact area between the electrode
material and the electrolyte, while also limiting the number of
exposed active sites in the initial state. This may suppress rapid ion
adsorption and interfacial charge transfer, while limiting bulk-phase
reactions, and thereby constraining the initial capacity of the
electrode. Therefore, the electrode may need to undergo a
pronounced activation process before its intrinsic capacity and
reaction kinetics can be fully manifested [43, 44]. Based on the
above characteristics, the results indicate that the meticulously
engineered E(0.2)-VSe,, which integrates interlayer expansion and
defect modulation, provides a highly advantageous host
environment for storing complex mixed guest jons.

Based on the predicted advantages of EDA-modified interlayers
in VSe,, as indicated by DFT calculations, MLHB were assembled
using materials with varying EDA contents. The electrochemical
performance of these EDA-modified VSe, cathodes was
systematically evaluated. As shown in Fig. 4(a), cycling performance
over 200 cycles was assessed at a low current density of 200 mA-g™.
Although the pristine VSe, cathode exhibits a high initial capacity,
its capacity decays rapidly within the first 20 cycles, ultimately
reaching a low residual capacity of only 66.6 mAh-g" after
200 cycles. This rapid degradation is attributed to the deterioration
of the interlayer structure and the retention of guest ions. By
contrast, the E-VSe, cathodes demonstrate improved cycling
stability and higher specific capacity (Fig. S12 in the ESM). Notably,
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Figure4 (a) The short cycle performance of VSe,, E(0.1)-VSe,, E(0.2)-VSe,, and E(0.3)-VSe, at 200 mA-g". The charge-discharge curves for (b) E(0.2)-VSe, and (c)
pristine VSe, from the 1% to 100" cycle, sampled every 10 cycles. (d) The rate capability of VSe,, E(0.1)-VSe,, E(0.2)-VSe,, and E(0.3)-VSe, at varying current densities. ((e)
and (f)) The self-discharge curves at the 1* and 100" cycles for E(0.2)-VSe, and pristine VSe,. (g) The long-cycle performance of VSe,, E(0.1)-VSe,, E(0.2)-VSe,, and E(0.3)-
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the E(0.2)-VSe, cathode outperforms both the E(0.1)-VSe, and
E(0.3)-VSe, electrodes. It achieved a maximum specific capacity of
1412 mAh-g' and retained 1202 mAh-g" after 200 cycles,
representing an 80.5% improvement compared with the pristine
VSe, cathode. For E(0.2)-VSe, (Fig. 4(b)), the sloping
charge-discharge curves without obvious voltage plateaus in the
early stage of cycling preliminarily indicate that the charge-storage
process is dominated by pseudocapacitive behavior arising from fast
surface or near-surface reactions [45], in stark contrast to the
distinct discharge plateau observed in the initial cycle of pristine
VSe, (Fig. 4(c)). However, as cycling proceeds, the charge-discharge
plateaus of E(0.2)-VSe, become more defined, indicating a typical
activation process. This may be attributed to the smaller specific
surface area of materials, which limits the initial
electrode—electrolyte contact area and the number of accessible
active sites. In addition, EDA molecules may initially occupy the
entrances of the interlayer channels. These factors can delay
complete electrolyte wetting and full electrochemical activation of
the host. As a result, bulk reactions are restricted, and energy
storage is dominated by surface reactions during the early stage.
Therefore, the electrode capacity cannot be fully delivered during
the initial cycles before the activation process is completed. As
cycling proceeds, the electrode/electrolyte interface gradually
stabilizes, wettability improves, interlayer transport pathways
become more accessible, and additional active sites are exposed,
which increases the contribution of bulk reactions and leads to a
gradual increase in capacity [43, 44, 46]. In addition, the sudden
drop in voltage during the first discharge and its subsequent
recovery are mainly attributed to voltage hysteresis caused by the
passivation of the Mg anode [47, 48].

Upon increasing the current density to 500 mA-g”, the E(0.2)-
VSe, electrode maintains a stable capacity of 129.8 mAh-g™ over
600 cycles. By comparison, pristine VSe, retains only 49.1% of this
capacity under identical conditions (Fig. S13 in the ESM),
underscoring the markedly enhanced cycling robustness of the
EDA-modified cathode. The rate capability of E(0.2)-VSe, is further
assessed over a wide range of current densities from 50 to
2000 mA-g™ (Fig. 4(d) and Fig. S14 in the ESM). Specifically, E(0.2)-
VSe, delivers discharge capacities of 129.6, 138.5, 132.0, 112.7, 91.3,
79.6, and 72.1 mAh-g" at current densities of 50, 100, 200, 500,
1000, 1500, and 2000 mA-g"', respectively, consistently
outperforming all comparison samples. Remarkably, when the
current density is restored to 50 mA-g", the specific capacity further
increases to 159.5 mAh-g", which indicates excellent reversibility
and minimal kinetic degradation. Such outstanding rate
performance demonstrates the exceptional tolerance of E(0.2)-VSe,
to high-current operation and highlights that EDA-mediated
interlayer engineering enhances the structural stability of the host,
thereby enabling rapid ion-transport kinetics.

The superior electrochemical stability of E(0.2)-VSe, is further
corroborated by self-discharge measurements (Figs. 4(e) and 4(f)).
After the 1* and 100" cycles, the open-circuit voltage of the E(0.2)-
VSe, cathode decreases by 0.82 and 1.03 V, respectively, following a
72 h rest period, corresponding to low self-discharge rates of 11.4
and 14.3 mV-h™. In comparison, the pristine VSe, cathode exhibits
higher self-discharge rates of 12.9 and 15.7 mV-h™ under identical
conditions. This suppressed self-discharge behavior is attributed to
the enhanced structural integrity of the host lattice and the more
uniform charge distribution induced by EDA intercalation [49].
Beyond short-term stability, E(0.2)-VSe, also shows outstanding
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long-term durability. At a high current density of 1000 mA-g™, the
cathode sustains a capacity of 82.5 mAh-g” over 4500 continuous
cycles, corresponding to a capacity retention of 72.7% relative to its
maximum capacity (Fig. 4(g)). This long-term performance
significantly surpasses that of most previously reported MLHB
cathodes (Fig. 4(h) and Table S3 in the ESM). The
charge-discharge profiles at the 4500" cycle closely resemble those
observed after the activation stage, albeit with moderate polarization
(Fig. S15 in the ESM), indicating highly reversible electrochemical
processes. These results confirm that an optimal EDA content
effectively reinforces the structural stability of the VSe, framework
during prolonged cycling. Excessive EDA intercalation, while
further enlarging the interlayer spacing, compromises the
mechanical integrity of the host lattice, thereby hindering sustained
ion intercalation/extraction. Conversely, insufficient EDA content
results in inadequate interlayer spacing and a weak pillaring effect,
failing to provide the structural stability required for long-term
cycling performance.

In addition, electrochemical measurements were extended to
evaluate the performance under high active mass loading
conditions (Fig. S16 in the ESM). Even with a substantial increase
in active material loading to 3.5 mg-cm?, the E(0.2)-VSe, electrode
maintains a remarkable storage capability. After 400 cycles at
200 mA-g', it retains a specific capacity of 1159 mAhg?,
demonstrating excellent cycling stability despite the high mass
loading. We also evaluated the performance of pristine VSe, and
E(0.2)-VSe, cathodes in the RMB configuration (Figs. S17 and S18
in the ESM). Regrettably, both electrodes deliver negligible capacity
in the RMB configuration, which is attributed to the absence of Li*
synergy that is crucial for effective charge transfer in this system
[18, 50-52]. However, when applied in aqueous copper-ion
batteries  (ACIB), E(0.2)-VSe, demonstrates outstanding
electrochemical performance (Fig. S19 in the ESM). It exhibits rapid
ion storage kinetics, delivering an impressive capacity of
2254 mAh-g* at a high current density of 20 A-g™. Furthermore,
the E(0.2)-VSe, electrode exhibits excellent cycling stability in the
ACIB and maintains a capacity of 505.1 mAh-g™* after 800 cycles at
5 A-g. The fact that this capacity exceeded the theoretical value
strongly suggests the involvement of a conversion reaction
mechanism in the copper battery system. Owing to the reinforced
interlayer modification, the E(0.2)-VSe, electrode maintains high
specific capacities of 470 and 154.2 mAh-g at current densities of
10 and 20 A-g" after 8000 and 17,000 cycles, respectively, with a
Coulombic efficiency close to 100%.

The exceptional stability and rate performance of E(0.2)-VSe, are
attributed to the favorable ion/electron transport environment
created by the interlayer modification. Pristine VSe, exhibits
sluggish kinetics, which results in poor practical rate performance
and battery stability. To further investigate the storage kinetics of
guest ions, the cyclic voltammetry (CV) curves for the 1* and 100"
cycles were first analyzed at scan rates ranging from 0.2 to 1 mV-s™.
As a result of the activation process in the E(0.2)-VSe, cathode, the
peak current response in the first cycle is notably weaker than that
of pristine VSe, (Figs. S20(a) and S21(a) in the ESM). The linear
relationship observed in the Randles-Sevcik plot (Figs. S20(b) and
S21(b) in the ESM) confirms the presence of diffusion-controlled
guest-ion storage behavior in both electrodes. To evaluate the
contributions of diffusion and pseudo-capacitance to the overall
charge storage mechanism, the kinetic parameter (b) value was
calculated using the equation I(V) = av*, where I is the peak current,
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V is the given potential, a is an adjustable constant, and v is the scan
rate. The b value serves as a critical indicator for identifying the
predominant charge storage mechanism, distinguishing between
diffusion-controlled processes (b = 0.5) and capacitive effects (b =
1). For E(0.2)-VSe,, the b values for the redox peaks are 0.81 and
0.91 (Fig. S21(c) in the ESM), indicating that both diffusion and
capacitive behaviors contribute significantly to its electrochemical
performance. These values are close to 1 and higher than those of
pristine VSe, (Fig. S20(c) in the ESM), which exhibits b values of
0.78 and 0.82.

A consistent trend is observed after 100 cycles (Figs. S22 and S23
in the ESM). The variation observed in the CV curves shown in Fig.
S23(a) in the ESM will be further explained in the following section.
The capacitive contribution was further quantified based on the
equation I(V) = kv + k", where k, and k, are constants
corresponding to the capacitive and diffusion-controlled
contributions, respectively, as shown in Fig. 5(a). With increasing
scan rate, the pseudocapacitive contribution increases accordingly.
E(0.2)-VSe, displays a stronger pseudocapacitive contribution in
both the initial cycle and the 100" cycle, and this behavior becomes
more pronounced by the 100" cycle. This enhanced capacitive

behavior endows E(0.2)-VSe, with excellent reaction kinetics and
outstanding rate performance.

The desolvation of guest ions and their migration through the
cathode-electrolyte interphase (CEI) are generally considered the
rate-determining steps in the cathode redox process [53, 54]. The
associated energy barrier can be quantified using the activation
energy (E,) in the Arrhenius equation

()

1 _
— =Ae
R,

where R, is the charge transfer resistance at the CEI, and A, R, and
T represent the frequency factor, the gas constant, and the absolute
temperature, respectively. As shown in Fig. 5(b), the E, for E(0.2)-
VSe, is calculated to be 22.38 kJ-mol™, which is significantly lower
than that of pristine VSe, (31.9 kJ-mol™). The lower E, suggests that
the EDA interlayer modification in E(0.2)-VSe, promotes the
formation of a favorable interfacial environment for guest ions,
which accelerates their desolvation and migration through the CEL
Consequently, the electrochemical activity of E(0.2)-VSe, is
enhanced.

The intercalation and extraction of Mg*, with its high charge
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density, typically induce irreversible collapse of the host structure
and high intercalation barrier, resulting in poor cycling stability and
insufficient capacity. The expanded interlayer spacing and the
presence of EDA weaken the Coulombic interactions between the
host layers and guest ions, thereby improving the diffusion kinetics
of the intercalated E(0.2)-VSe, cathode. To quantify these effects,
the diffusion energy barriers for Li- and Mg* within the interlayers
were compared (Fig. 5(c)), and the corresponding diffusion paths
are shown in Figs. 5(d)-5(g). These calculations show that the
diffusion energy barriers for Li* and Mg* decrease to 0.18 and
0.46 eV, respectively. Accordingly, ionic diffusion kinetics are
significantly enhanced after interlayer modification. This result is
directly supported by the galvanostatic intermittent titration
technique (GITT) test data (Figs. 5(h)-5(i)), which confirms that
the diffusion coefficient of guest ions in the E(0.2)-VSe, interlayer is
substantially higher than that in the pristine structure. The faster
and smoother diffusion process also contributes to the preservation
of the stable layered structure, thereby enabling durable and
reversible mixed-ion storage.

The EDA interlayer modification is also demonstrated to be
effective in enhancing interfacial stability. The evolution of
impedance during charging/discharging process was analyzed using
in-situ electrochemical impedance spectroscopy (EIS). The 10" and
100™ cycles were selected to represent early and stabilized cycling
stages, respectively. Both electrodes show a decrease in overall
impedance during the discharge process, and the impedance
returns to higher values after charging (Figs. S24(a), S24(c), and S25
in the ESM). This trend indicates that the intercalation of guest ions
facilitates charge transfer.

To gain deeper insights, distribution of relaxation times (DRT)
analysis was employed to deconvolute the frequency-domain signal
of EIS into time-domain responses. This approach enables precise
identification of different impedance contributions in
electrochemical processes, thereby improving the accuracy of
kinetic interpretation on the time scale [55]. As shown in Figs. 5(j)
and 5(k), the response Peaks P1 and P2 are attributed to diffusion
impedance, while Peaks P3 and P4 correspond to charge-transfer
impedance. Peaks P5 and P6 represent the impedance associated
with guest ions crossing and migrating through the CEI film, while
Peak P7 signifies the contact resistance within the system. The
presence of two separated peaks within these specific processes may
originate from the distinct kinetic responses of different guest ions.
During the 10™ discharge process (Figs. S24(b) and S24(d) in the
ESM), the E(0.2)-VSe, cathode exhibits lower diffusion resistance
and charge transfer resistance before 0.9 V, demonstrating the
intrinsic advantage of rapid charge-transfer in E(0.2)-VSe,, as the
influence of guest ion intercalation is minimal at this stage. In
subsequent cycles, the intensities of various process peaks for the
E(0.2)-VSe, cathode closely match those of the pristine VSe,
cathode. This similarity is attributed to the larger amount of guest-
ion intercalation accommodated by pristine VSe, during the initial
charging/discharging cycles, which temporarily enhances its charge-
transport processes.

After 100 cycles, the E(0.2)-VSe, cathode shows enhanced
kinetics, as evidenced by the consistently weaker intensities of the
response peaks across all relaxation-time domains in the DRT
analysis compared with pristine VSe, (Figs. 5(j) and 5(k)). The
weaker diffusion constraints for guest ions within the E(0.2)-VSe,
interlayer contribute to a higher bulk diffusion rate. Furthermore,
the low activation energy and the presence of Se vacancies
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collectively increase the reaction rate and significantly reduce the
charge transfer resistance. The negligible change in CEl-related
impedance suggests that the interlayer modification has a limited
effect on CEI regulation. The higher internal resistance observed in
the pristine VSe, cathode is attributed to the degradation of the
interlayer structure.

The evolution of EIS spectra and corresponding DRT results in
the discharged state over 200 cycles further reveals the progression
of electrode storage kinetics and their stability with cycling (Figs.
S26(a)-S26(d) in the ESM). Throughout the cycling period, the
E(0.2)-VSe, cathode consistently maintains a superior kinetic
advantage over the pristine VSe, cathode in each time domain. As
cycling proceeds, the reactivity of the E(0.2)-VSe, electrode
gradually increases, with charge transfer kinetics continuing to
strengthen. This trend is reflected by the weakening of response
peak intensities across various time domains, confirming a highly
reversible and rapid guest-ion storage process within the electrode.
In contrast, the pristine VSe, cathode exhibits high diffusion
resistance and charge-transfer impedance during cycling. These
features indicate increased interfacial reaction resistance caused by
interlayer structural instability and interfacial passivation, which
severely hinders ion transport. Therefore, the unique interlayer
environment of E(0.2)-VSe, enables rapid and stable kinetics,
ensuring durable guest ion storage.

Revealing the guest-ion storage mechanism of the E(0.2)-VSe,
electrode can provide crucial insights into the origin of its
exceptional stability and rapid reaction kinetics. To illustrate the
effect of EDA intercalation on the redox behavior of VSe,, CV tests
were performed on both electrodes within the voltage range of
0.4-2.1 V (Fig. 527 in the ESM). During the initial three cycles, the
E(0.2)-VSe, electrode exhibits weaker redox peaks and a slightly
smaller integrated area compared with that of pristine VSe,, which
is consistent with the lower capacity observed during this period.
However, this trend reverses during cycles 100-103. The CV area of
pristine VSe, decreases, with its redox peaks becoming less distinct,
whereas the redox peaks of E(0.2)-VSe, become more intense, and
exhibit higher response currents and larger peak areas. These results
indicate improved active material utilization with cycling,
suggesting superior reaction kinetics and increased guest-ion
storage capacity.

Meanwhile, new reduction peaks emerge near 0.75 and 0.83 V,
corresponding to the reduction of V** to V** during the discharge
process enabled by EDA intercalation. The emergence of these two
peaks suggests large-scale intercalation of guest ions, causing the
reduction process to proceed in stages, and favoring the
minimization of the energy required to open the interlayer van der
Waals gaps [56, 57]. This additional redox contribution also
explains why the measured capacity exceeds the theoretical value
based on single-electron transfer (128 mAh-g"). During the
oxidation process, the transformation of V** to V* occurs in one
step within the broad oxidation peak [58]. Furthermore, ex-situ
XPS analysis of the V 2p region from the 1* and 100" cycles (Fig.
S28 in the ESM) confirms V-centered redox reactions throughout
the electrochemical process, specifically between V* and V*, which
provides additional support for the above interpretation. In
addition, the absence of a V** signal during the first discharge, in
contrast to its appearance after 100 cycles, can be attributed to the
insufficient reaction at the initial stage. Because only a limited
amount of guest ions is stored in the host during the early stage, the
reduction of VSe, remains incomplete and is mainly confined to the

B) 72w | Sci@pen


https://www.sciopen.com/article/10.26599/NR.2026.94908829
https://www.sciopen.com/article/10.26599/NR.2026.94908829
https://www.sciopen.com/article/10.26599/NR.2026.94908829
https://www.sciopen.com/article/10.26599/NR.2026.94908829
https://www.sciopen.com/article/10.26599/NR.2026.94908829
https://www.sciopen.com/article/10.26599/NR.2026.94908829
https://www.sciopen.com/article/10.26599/NR.2026.94908829
https://www.sciopen.com/article/10.26599/NR.2026.94908829

Nano Research | Vol. 19, No. 10

Lietal.

V*/V* redox couple. The relatively low capacity in the first
discharge further supports this interpretation, as the smaller
capacity corresponds to fewer transferred electrons and is therefore
insufficient to drive the further reduction of V** to V> After
electrochemical activation during cycling, however, the discharge
reaction proceeds to a greater depth, and the specific capacity
increases markedly, corresponding to more substantial electron
injection and deeper reduction of vanadium. As a result, the
formation of V** becomes detectable during the 100* discharge. In
addition, during discharge, the two characteristic V 2p peaks shift

progressively to lower binding energies, indicating charge
redistribution around V atoms resulting from guest ion
intercalation.

The ex-situ high-resolution XPS spectra of the cathode further
reveal the mixed-ion storage behavior in the E(0.2)-VSe, host. In
the pristine state, Se 3d spin-orbital splitting peaks appear at 53.6
and 54.5 eV (Fig. 6(a)), and no detectable Li 1s signal is observed.
Reversible Li* intercalation is confirmed by the appearance and
disappearance of the Li 1s peak after the first discharge/charge
process. This behavior remains highly reversible even after the
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Figure 6 Ex-situ XPS spectra of E(0.2)-VSe, at different charging (C)/discharging (D) states in pristine, 1%, and 100" cycle, including (a) Se 3d (Li 1s), (b) Mg 1s, and (c) N
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100" cycle. The reversible shifts of the Se 3d,, and Se 3d;, peaks
further confirm reversible intercalation/deintercalation in the
cathode and interaction with Se. Additionally, the significant
increase in the intensity of the Li 1s peak confirms the enhanced Li*
storage. Benefiting from Li* intercalation, the intercalation behavior
of Mg* is also improved. Reversible intercalation/extraction of Mg**
is observed in both the 1* and 100" cycles, and the intensity of the
Mg 1s signal increases/decreases upon discharge/charge completion
(Fig. 6(b)). Furthermore, the detected Cl 2p peak shows negligible
fluctuations throughout the entire charge-discharge process, and
the persistent signals are attributed to residual electrolyte
components on the surface (Fig. S29 in the ESM). Therefore, the
interlayer modification does not alter the type of intercalating ions
in VSe, (Fig. S30 in the ESM). Inductively coupled plasma mass
spectrometry (ICP-MS) results (Table S4 in the ESM) quantitatively
support the XPS findings. Meanwhile, the capacity contributions
from Mg* and Li* at different cycling stages can be quantified.
During the initial discharge, Li* and Mg each contribute 0.22 of
the transferred electrons (50% of the capacity each). By the 100"
cycle, the contributions of Li* and Mg* increase to 0.7 and 0.53
electrons (contributing 56.9% and 43.1% of the capacity,
respectively), which is consistent with the experimentally measured
capacity. These results further exclude MgCl' intercalation.

It is noteworthy that E(0.2)-VSe, exhibits an organic-inorganic
dual storage mechanism, as evidenced by the N 1s XPS spectra
(Fig. 6(c)). Upon discharge to 0.4 V in the 100" cycle, the formation
of an N-Mg/Li peak at 395.9 eV is clearly observed, indicating an
interaction between the guest ions and EDA. This peak disappears
by the end of the charge process, demonstrating that the guest-ion
storage behavior of EDA is reversible. No detectable N-Mg/Li XPS
signal is observed in the first cycle, which is attributed to the
insufficient electrochemical reactions during the initial stage.

Ex-situ FTIR results further support this finding. During the first
cycle, all characteristic vibrational peaks of the EDA molecules
remain essentially unchanged in the FTIR spectra (Fig. S31 in the
ESM), due to the limited extent of reaction. However, after 100
cycles, the N-H bending vibration peak at 1650.8 cm™ gradually
weakens upon discharge. This originates from the formation of
chelate rings upon coordination of Mg*/Li* with EDA, which
suppresses the N-H bending vibration [40, 59]. These spectral
features fully recover to their original intensities during the
subsequent charge process (Fig. 6(d)). Such a reversible
organic-inorganic composite storage mechanism plays a critical
role in enabling the outstanding electrochemical performance of
E(0.2)-VSe,.

To elucidate the structural response of the material during
electrochemical cycling, ex-situ XRD patterns were employed to
track the evolution of the crystal structure at different voltage states.
As shown in Fig. 6(e), during the first discharge process, the (001)
peak shifts gradually to a lower angle (7.92°, corresponding to a d-
spacing of 1.12 nm), indicating interlayer expansion induced by
Mg*/Li* intercalation. Upon subsequent charging, the (001) peak
progressively returns toward its original position (8.78°,
corresponding to a d-spacing of 1.08 nm), demonstrating highly
reversible deintercalation of Mg*/Li*. The structural evolution
during the 100" discharge closely mirrors that of the first cycle
(Fig. 6(f)), confirming the excellent stability of the layered
framework. However, owing to cumulative cycling effects, a small
fraction of guest ions remains trapped within the interlayers.
Consequently, compared with the first charge-discharge process,
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the overall (001) peak position shifted slightly toward lower angles
(discharged to 0.4 V: 7.85°% 1.13 nm; charged to 2.1 V: 7.97°,
1.11 nm). Analysis of the remaining diffraction peaks (Fig. S32 in
the ESM) reveals no evidence of new crystalline phases associated
with selenide formation, such as Li,Se or MgSe, throughout the
electrochemical process. This observation indicates that Mg*/Li*
storage in the E(0.2)-VSe, host proceeds via a topotactic
intercalation mechanism, consistent with the behavior observed in
pristine VSe, cathodes (Fig. S33 in the ESM).

3 Conclusions

In this work, we propose a molecular interlayer engineering strategy
based on EDA intercalation to optimize the guest-ion storage
environment of VSe, cathodes. The EDA molecules act as robust
molecular pillars that expand the interlayer spacing, thereby
constructing stable and spacious diffusion channels for Mg*/Li*
transport. The modulation of the electronic structure, generation of
abundant Se vacancies, and attenuation of interlayer Coulombic
interactions collectively accelerate guest-ion transport and reaction
kinetics. Furthermore, the electron-rich -NH, groups enable
reversible bidentate chelation with intercalated Mg*/Li, providing
additional active storage sites. This enables the electrode to achieve
an organic-inorganic synergistic storage mechanism based on
Mg*/Li* co-intercalation. Ex-situ characterizations confirm the high
reversibility of this topological evolution and the excellent
preservation of structural integrity upon prolonged cycling. As a
result of these synergistic effects, the E(0.2)-VSe, cathode exhibits
outstanding rate capability and markedly enhanced cycling stability.
More broadly, this work establishes a general and powerful design
paradigm for layered electrode materials toward efficient and
durable multivalent-ion storage.

Electronic Supplementary Material: Supplementary material
(experimental details, DFT calculations, XPS, TGA, EPR, DRT, and
other supplementary characterizations, as well as additional battery
performance tests) is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908829.
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