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(CVD) method under the high temperature for providing fast magnesium ions (Mg*) diffusion channels and expanding inner
stress release space to balance the structural stability of multi-electrons reaction process. The simple defect engineering
realizes the stable multi-electrons reaction in Vg-VS, for enhancing its Mg* storage performance with higher specific
capacity (158.6 mAh-g™ at 50 mA-g™), stable cycling performance (capacity retention ratio of 72.7% after 3600 cycles) and
the superior rate capability. This work provides electrode designing guidance for achieving stable multi-electrons to fully

utilize the bivalent property of multivalence metal batteries.
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1 Introduction

There is an urgent need to expedite the development of clean and
sustainable energy due to the pervasive global environmental
contamination and substantial depletion of non-renewable energy
reserves [1]. Electrochemical energy storage technologies have
emerged as the essential technology for meeting such challenges [2],
rechargeable magnesium batteries (RMBs) with Mg metal as anode
have received tremendous attentions owing to high volumetric
capacity (3833 mAh-cm”), low reduction potential (—2.37 V vs.
SHE) and earth-abundant (= 1000 times more than Li) of Mg metal
[3-5]. Although the bivalent property of Mg* endows the above
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advantages for RMBs, most cathode would not to utilize its bivalent
property due to the less amount of electrons participating in Mg*
storage process [6]. Therefore, in order to meet the acquirement of
the application of RMBEs, there is great demand to fully utilize the
bivalent property of Mg* by cathode designing.

Cathode based on multi-electrons reaction is an effective path to
utilize the bivalent property of Mg*, however, it is difficult to
achieve in typical intercalation-type cathode [7]. As for VS, cathode,
it owns the unique linear-chain structure composed by V* and S,
with the larger interplanar spacing of 0.56 nm for Mg* diffusion
and adsorption [8]. When applied VS, as cathode in RMBs,
previous literatures found that the Mg* storage process for VS, is
the oxidation of V accompanied by the reduction of S [9], in other
words, V** would be oxidated to V** during Mg* insertion process
accompanied by the reduction of S,> to §*, which is confirmed by
both theoretically and experimentally [10]. Inspired by the change
law of VS, during Mg** storage process, the change of electronic
structure around V atoms for constructing the lower oxidation state
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of V including V** may be the valid way to achieve the V**/V*" and
V*/V*> multi-electrons reaction in VS, for the superior Mg* storage
performance.

However, it is well known that the increased electrons amount
involved in Mg* storage process, the more furious of Mg* storage
reaction, leading to the drastic change of cathode structure for
influencing the Mg* storage stability [11]. Defect engineering is
regarded as simple and common method to modulate the
microstructure to tune the Mg* diffusion channels [12]. Besides
that, the defect sites could act as active sites to adsorb more Mg* to
enhance specific capacity, which could also assist the multi-
electrons storage process [13]. In recent years, researchers have
focused on defect engineering on cathode designment, Chen et al.
introduce O vacancies in V,O; to improve Mg* migration kinetics,
structural stability and electronic conductivity, making V,Os with
rich O vacancies delivers the higher specific capacity within 850
cycles [14]. Jiang et al. introduced rich S vacancies in VS, for
alleviating the sluggish kinetics, irreversible structgural change,
short cycle life and low capacity of RMBs [15]. Therefore, defect
engineering would enhance the Mg* storage stability during the
drastic multi-electrons storage process. As reported in previous
literatures, defect engineering is also important to modify the
surface chemistry of cathode [16]. When introducing rich vacancies
in VS, cathode, the charge distribution around V and S atoms are
changing, which is beneficial to modulate the oxidation state of V,
therefore, it is expected to achieve the stable multi-electrons
reaction process in VS, for Mg* storage, which has not been
reported in other literatures.

In this work, defect engineering including amorphous structure
and rich S vacancies are constructed in VS, (V-VS,) via chemical
vapour deposition (CVD) method under the H, atmosphere. The
reduction characteristic of H, would take off anion from VS, to
form rich S vacancies, besides that, the high-temperature calcine
treatment make VS, have the metastable structure, which owns the
amorphous structure. Such amorphous structure would provide
more active sites to adsorb more Mg* to enhance specific capacity,
and the isotropy property for amorphous structure would facilitate
Mg™ diffusion to enhance Mg* storage kinetics. Rich S vacancies
modulate electronic structure in Vg-VS, to modulate the lower
oxidation state of V*, which achieve the V**/V* and V*/V* multi-
electrons reaction process in Vs-VS, for boosting fast Mg* diffusion
kinetics and enhancing specific capacity. Benefiting from the defect
engineering, Vs-VS, delivers the longer cycling life of 3600 cycles
with capacity retention ratio of 72.7%, higher specific capacity of
158.6 mAh-g" at 50 mA-g”, and the superior rate capability. The
defect engineering for guiding cathode for achieving multi-electrons
reaction for fully utilizing the multi-valence properties in.

2 Experimental

2.1 Materials synthesis

All the chemicals and materials including ammonium
metavanadate (NH,VO,;) and thioacetamide (TAA) are of
analytical grade and were used without further purification, which
were purchased from Ahanghai Aladdin Biochemical Technology
Co., Ltd and Shanghai Macklin Biochemical Co., Ltd, respectively.
VS, was first synthesized via solvothermal method according to
previous reported literature [17]. Some as-prepared VS, were
dispersed in the porcelain boat and treated at 400 °C for 30 min

Nano Research, 2025, 18, 94907393

94907393 (2 of 8)

under the Ar,/H, mixture atmosphere to introduce anionic (S)
vacancies, after cooling down to room temperature spontaneously,
the obtained product was named as Vg-VS,.

2.2 Materials characterizations

Structural information was analyzed by powder XRD on Bruker D8
Advance with Cu Ka radiation, as well as transmission electron
microscope (TEM, JEOL JEM-F200). The chemical information
was obtained by X-ray photoelectron spectroscopy (XPS), which
was conducted on Thermo Fisher ESCALAB 250Xi with Al K«
source. Scanning electron microscope (SEM, Hitachi SU8010) was
used to obtain the morphology information. Rich V and S
vacancies were analyzed by electron paramagnetic resonance (EPR,
Bruker EMXPLUS).

2.3 Battery fabrication and electrochemical

characterizations

The cathode for VS, and V-VS, was fabricated by casting a slurry
composed of as-synthesized active materials, super P and PVDF
with weight ratio of 6:3:1 in N-methyl-2-pyrrolidone on carbon
paper current collector. The as-prepared cathode was assembled
with Mg foil, 100 pL of (0.4 M (PhMgCl),-AlCly/tetrahydrofuran
(APC/THF)) and Whatman glass fiber as anode, electrolyte and
separator, respectively. The assembled RMBs were tested by cyclic
voltammetry (CV) measurements and electrochemical impedance
spectra (EIS), which are conducted on CHI660E electrochemistry
workstation. The scan rate for CV tests was in range from 0.1 to
0.8 mV-s™, and EIS is obtained with frequency range from 0.01 Hz
to 100 KHz. The cycling performance, rate capability and the
galvanostatic intermittent titration technique (GITT) of RMBs were
tested on LAND CT-2001A instrument. The voltage window was
in range of 02 to 2.1 V with current density from 50 to
1000 mA-g".

3 Results and discussion

Establishment mechanism for multi-category defects in Vg-VS,
structure is shown in Fig. 1(a), VS, is firstly fabricated by
solvothermal method. When calcining VS, under the Ar,/H,
atmosphere, the reductive property of H, atmosphere would cause
rich S vacancies in Vg-VS, structure. Rich S vacancies would alter
the charge distribution to construct the lower oxidation state of V**
in V¢-VS,, which is expected to achieve the multi-electrons reaction
during Mg* storage process. At the same time, rich S vacancies
would increase the adsorption sites for Mg reaction as well as
enhance the adsorption intensity with Mg* to improve the specific
capacity. Besides that, the calcining treatment at the higher
temperature would cause the fast diffusion of atoms, therefore, the
amorphous structure is also established in V¢-VS,, which is also
beneficial for facilitating Mg* diffusion to enhance Mg* storage
kinetics and maintain Mg* storage stability.

To further detect its crystal and phase structure, XRD patterns of
VS, and Vg-VS, are shown in Fig. 1(b), the diffraction peaks of VS,
correspond to the character peaks of monoclinic VS, (PDF #72-
1294). However, there are no obvious diffraction peaks could be
observed in Vg-VS, revealing that the calcining process would
accelerate atoms diffusion to cause structure disorder. Therefore,
the amorphous structure is constructed in V¢-VS,. XPS is carried to
investigate the electronic structure of VS, and V¢-VS,. EPR results is
further applied to investigate the vacancies concentration in VS,
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Figure1 (a) Multi-categories defects formation mechanism in Vs-VS,. (b) XRD patterns, (c) EPR spectra, (d) V 2p and (e) S 2p XPS spectra of VS, and V-VS,.

and Vs-VS,. As shown in Fig. 1(c), an obvious signal at g = 2.002
could be detected in VS, and V¢-VS,, and the signal intensity of V¢-
VS, is higher than that of VS, indicating that there are rich S
vacancies in Vg-VS, structure [18].

From XPS survey spectra (Fig. S1 in the Electronic
Supplementary Material (ESM)), both V and S elements could be
observed in both VS, and V;-VS, samples, confirming the formed
VS, preliminarily. Figure 1(d) shows V 2p high-resolution XPS
spectra of VS, and V;-VS,, the presence of V* is verified by V 2p,/,
and V 2p,, at 5244 and 517.2 eV, respectively [19]. An obvious
shift towards the lower binding energy could be observed in Vi-VS,
(524.3 and 517.1 eV for V 2p,, and V 2p,, of V*, respectively),
which may be caused by the existence of some vacancies in
structure [20]. Besides that, the lower oxidation state of V** could be
observed in V;-VS, at binding energy of 522.5 and 515.5 eV [21],
indicating that some broken of V-S bond by some S atoms
escaping would reduce the coordination number of V, and then
reducing its oxidation state. S 2p XPS spectra of VS, and V-VS, are
shown in Fig. 1(e), one doublet S 2p,,, and S 2p,, at 163.4 eV and
162.3 eV assigned for S,> could be detected for VS, and V¢-VS,
samples [22], further confirming the successfully synthesized of VS,

..................
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due to the dimer sulfide (S;*) structure for VS,. However, the
position of S, in V¢-VS, shifts towards the lower binding energy,
which reveals that rich S vacancies exists in Vs-VS, structure.
Besides that, another one doublet S 2p,,, and S 2ps, at 162.7 and
161.5 eV assigned for S could be detected for Vs-VS,, which might
be caused by the escaping of some S atoms would break the sulfide
(S;7) structure [23]. Based on above results, it could be concluded
that multi-category defects including the amorphous structure and
rich S vacancies are constructed in V¢-VS, structure, and the
microstructure and oxidation state of V have been modulated by
defect engineering.

To further investigate the effect of the existed multi-category
defects in V¢-VS, on its Mg storage performance, series of
electrochemical tests are carried out. The CV curves of VS, and V-
VS, cathodes during the first five cycles is shown in Fig. S2 in the
ESM and Fig. 2(a), the nearly overlapped curves from the second
cycle to the fifth cycle suggest the reversible Mg™ storage process.
The CV curves of VS, and Vs-VS, at the fourth cycle shows that
two samples own the same peak shape (Fig. 2(b)), suggesting that
the intensity of redox peaks for V¢-VS, is significant higher than
that of VS,, indicating a faster magnesiation process in Vg-VS,. The
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Figure2 (a) First five CV curves of Vi-VS,, (b) the fourth cycle for CV curves, (c) the galvanostatic charge—discharge profiles of V¢-VS, at various cycles, (d) rate
capability of VS, and Vg-VS,, and (e) cycling performance of VS, and Vi-VS,. (f) Cycling performance of Vi-VS, at 1000 mA-g”. (g) Comparison electrochemical

performance of V¢-VS, and cathodes in reported literatures.

gaovanostatic charge-discharge results of V-VS, cathode at various
cycles from the first cycle to the 1000th cycle are shown in Fig. 2(c),
Vs-VS, shows a stable specific capacity of about 153.2 mAh-g”,
delivering the superior cycling stability, which could be ascribed to
the enough space in structure with both amorphous structure and
rich S vacancies would timely release the inner stress generated
during the cycling process. Figure 2(d) shows the rate performance
of VS, and VgVS, cathodes, the V-VS, cathode shows
considerable reversible capacities of 156.2, 132.5, 118.7, 82, 65.3,
47.8 and 29.4 mAh-g* at 0.05, 0.08, 0.1, 0.2, 0.3, 0.5 and 1 A-g",
respectively. After the repeated change of current density, the
specific capacity at each current density would not decrease, and
when the current density is resorted to 0.05 A-g", Vs-VS, cathode
could still deliver the higher specific capacity of 155.5 mAh-g?,
revealing the superior reversible magnesiation/demagnesiation
property and superior reaction kinetics of Vg-VS, cathode.
However, the specific capacity for VS, cathodes at the same
changing of current densities are lower than Vg-VS,, which are
1004, 81.8, 74.3, 49.1, 39, 27.7 and 15.8 mAh-g" at 0.05, 0.08, 0.1,
0.2,0.3,0.5 and 1 A-g”, respectively. The superior rate performance
of Vs-VS, could be attributed to the multi-category defects
including the amorphous structure and rich S vacancies would
enhance the diffusion kinetics of Mg”. From cycling performance
of VS, and V¢-VS, (Fig. 2(e)), it could be observed that V-VS,
presents the stable cycling performance with cycling number of
1000 cycles and reversible specific capacity of 158.6 mAh-g". In
comparison, VS, could only cycle for 200 cycles with the lower
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specific capacity of 117.5 mAh-g" without defect engineering. At
presented in Fig. 2(f), cycling performance of V-VS, tested at the
higher current density of 1000 mA-g* shows the higher capacity
retention ratio of 72.7% after 3600 cycles, which is much higher
than reported cathodes in previous literatures (Fig. 2(g)) [24-31].
To further investigate the electrochemical polarization at the
interface, the GCD voltage curves of Vs-VS, cathode at 1000 mA-g*
is shown in Fig. S3 in the ESM, it could be observed that the curves
are almost overlapped at various cycles, suggesting the lower
polarization in V¢-VS,. Therefore, it could be concluded that the
multi-category defects engineering could enhance the specific
capacity and cycling stability, however, the effect of the enhanced
Mg storage performance by defect engineering need the further
investigation.

EIS before cycling is used to investigate the intrinsic conductivity
of VS, and V-VS,, as shown in Fig. 3(a), Vs-VS, shows the lower
charge transfer resistance (R,), suggesting that the introducing of
multi-category defects of amorphous structure as well as rich S
vacancies are beneficial to enhance its electronic conductivity. The
galvanostatic intermittent titration technique (GITT) tests are carried
out to investigate Mg* diffusion kinetics by calculating the internal
resistance and Mg* diffusion coefficient (Dy- ). Figure 3(b) shows
the internal resistance of VS, and V¢-VS, calculated via GITT
results, the internal resistance of V¢-VS, is in range of 1.848 to
5.434 Q, which is lower to that of VS, in range of 2.384 to 6.18 Q.
As shown in Fig. 3(c), the Dy values for Vs-VS, is in range of
3.6 x 107 to 3.02 x 10™* cm*s™ during the cycling process, which is

® 14150 | Sci@pen
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Figure 3 Electrochemical reaction kinetics. (a) EIS spectra of VS, and V-VS, before cycling. (b) Internal resistance and (c) Mg diffusion coefficient (D,,,.. ) of VS, and
V;s-VS,. (d) Mg* diftusion coefficient of VS, and V-VS, evaluated via Randles Sevick equation. EIS spectra of V-V, at various discharge (e) and charge (f) voltages.

much larger than that of VS, (2.85 x 107 to 2.777 x 102 cm*s™). A
more detailed investigation of the faster kinetics for
charging/discharging the V;-VS, cathode than that of VS, is
performed via CV measurements at various scan rates (Fig. S7 in
the ESM). B values for VS, and V-VS, are obtained as 0.0042 and
0.0048, respectively (Fig. 3(d)), therefore, the Mg* diffusion
coefficient could be calculated as 8469 x 107 and 1.130 x
107 cm™s™, respectively, which also confirms that V¢-VS, delivers
the faster Mg* diffusion kinetics after the establishment of the multi-
category defects. Therefore, Vs-VS, owns the excellent ions
diffusion kinetics, which could be mainly attributed to that multi-
category defects including amorphous structure and rich S
vacancies are conductive to shortening the Mg* diffusion path and
reducing Mg> diffusion resistance on the one hand, on the other
hand, the induced lower oxidation state of V* may be also
benefitted to make more electrons involve in Mg* storage process
for enhancing Mg* storage kinetics.

To further understand the kinetic characteristics of the
electrochemical reaction in V¢-VS,, ex situ EIS tests of V¢-VS, are
employed at various discharge and charge states. As shown in
Figs. 3(e) and 3(f), the R, values of Vs-VS, cathode are gradually
decreased during discharging process and increased gradually with
the charging continuing, indicating the faster charge transfer rate
and reversible Mg™ storage kinetics. Besides that, the R values for
V-V, is decreasing with the cycling number increasing (Fig. S8 in
the ESM), suggesting that the construction of multi-category defects
boosting the migration of Mg* at the Vs-VS, cathode surface, and
consequently benefits to achieve fast kinetics.

The effect of the induced V* by defect engineering on Mg*
storage mechanism of Vg-VS, is investigated by series of ex situ
characterizations by ex situ XPS. Figure 4(a) displays the results of
ex situ Mg 1s XPS spectra for Vs-VS, cathode at fully discharged
and charged states. At the pristine state, there is no Mg 1s signal
could be observed, and a significant signal assigned as Mg* could
be detected at the fully discharged, indicating the insertion of Mg*
into V§-VS, structure. When further charging to 2.1 V, the intensity
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of Mg 1s signal is decreased due to the extraction of Mg** from V-
VS, cathode. However, a weak Mg 1s signal could still be observed
due to that some Mg* remain in V¢-VS, structure at the irreversible
sites, implying an incomplete demagnesiation reaction, which is in
agreement with the result of the difference capacity between the
first cycle and following cycles. Compared to the pristine state of
V 2p XPS spectra, besides V** and V* signals, a pair of addition
signals assigned for V** could be detected at the fully discharge state
(Fig. 4(b)), which can be attributed to that partial oxidation of V*
and V* to V> when adsorbing Mg*. After charging to 2.1 V, V**
recovers to V* and V*, at the same time, the weakened V** still
exists. Therefore, it could be concluded that the induced V** in V-
VS, would achieve the V**/V* and V*/V* multi-electrons reaction
process. S 2p XPS spectra (Fig. 4(c)) show that when the V-VS,
cathode is discharged to 0.2 V, the peak of S, becomes weaker, and
the intensity of § is enhanced. When charging to 2.1 V, the
intensity of peaks of S, and §* return to near their original states.
Due to the change of V*/V*/V* oxidation state of V for Vs-VS,
without the generation of V° during magnesium storage process,
the magnesium storage mechanism for Vi-VS, is the multi-
electrons reaction process based on intercalation mechanism, which
is illustrated in Fig. 4(d).

Based on above analysis, it could be concluded that the superior
Mg storage performance of V-VS, is ascribed to the multi-
electrons reaction process, which is induced by defect engineering.
The detail reasons could be concluded as following: firstly, defect
engineering including rich S vacancies and amorphous structure in
V-VS, structure, which could provide much active sites to adsorb
more Mg* to enhance specific capacity. Secondly, the lower
oxidation state of V is induced by defect engineering, which achieve
the multi-electrons reaction in Vs-VS, for increasing specific
capacity. Thirdly, rich S vacancies and amorphous structure would
provide more Mg* diffusion channels as well as release internal
stress caused by repeated Mg insertion/extraction process, which is
beneficial to maintain structure stability and facilitate Mg* diffusion
rate, which could also balance the huge structural change caused by
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multi-electrons reaction. Based on the above effects of defect
engineering, Vs-VS, delivers the superior Mg* storage performance.

Mg™ storage mechanism in Vs-VS, could also be investigated by
CV curves tested at various scan rate. As displayed in Figs. 5(a) and
5(b), the fitted b values of both anodic and cathodic scans for VS,
and V-VS, are in range between 0.5 and 1, indicating that the both
surface-controlled and diffusion-controlled process in above
cathodes. It is worth noting that b values for VS, and V;-VS, are

gradual increasing, indicating the predominance level of surface-
controlled processes in VS, is gradual increasing with the
constructed defects. The quantitative analysis of surface-controlled
and diffusion-controlled process contribution in VS, and V¢-VS, is
shown in Fig. S9 in the ESM, and Figs. 5(c) and 5(d), it could be
observed that the surface-controlled process holds the significant
current contribution for V¢-VS,, and the contribution of the surface
redox-activity is estimated to be 81.7% at the scan rate of 0.8 mV-s?,
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which is much larger than that of VS,. It suggests that the rapid
redox processes are facilitated by the multi-category defects for V-
VS, via shortening the Mg* diffusion pathways.

4 Conclusions

In conclusion, defect engineering has applied in V¢-VS, for
constructing rich S vacancies as well as amorphous structure by
CVD method. Rich S vacancies constructed in V-VS, would not
only induce the lower oxidation state of V* for achieving the
V*/V* and V*/V* multi-electrons reaction for Mg* storage, but
also provide more active sites as multi-electrons reaction sites to
increase specific capacity. For S vacancies engineering, V¢-VS, is
treated under the high temperature, causing the fast diffusion of
atoms and then establish the amorphous structure, which is would
provide fast Mg* diffusion channels and release the inner stress
timely for maintaining the structural stability to balance the
structural change of multi-electrons reaction. Benefitted from the
defect engineering, Vs-VS, achieve the stable multi-electrons
reaction for Mg storage in RMBs, which delivers the enhanced
specific capacity of 158.6 mAh-g' at 50 mA-g’, stable cycling
performance with capacity retention ratio of 72.7% after 3600 cycles
at 1000 mA-g", and the superior rate capability with reversible
specific capacity change when current density increasing to
1000 mA-g". This finding provide the simple method and electronic
structure modulation guidance for designing electrodes to achieve
the stable multi-electrons reaction in energy storage devices.

Electronic Supplementary Material: Supplementary material
(detailed description of GITT and pseudocapacitance-like
contribution analysis, XPS survey spectrum, first five CV curves of
VS, GCD profiles of VS-VS, at various cycles, GITT curves, CV
curves at various scan rates, EIS spectra, and pseudocapacitive
contribution) is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907393.
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