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ARTICLE INFO ABSTRACT

Keywords: Hybrid Mg?*/Li* batteries (MLIBs) are very intriguing energy storage devices that combine the advantages of Li
Hybrid Mg/Li-ion batteries and Mg electrochemical redox processes. However, the battery performances of MLIBs in previous researches are
Cathodes

usually restricted by the fact that only Li* ions are participated in the reactions on the cathodes. We propose that
this obstacle can be overcome by significantly improving the diffusion/transfer kinetics of highly-polarized
divalent Mg?" ions in the cathode material, so that both Mg?" and Li* can be intercalated into the cathode
material. Herein, we demonstrate that the electrochemical energy storage capability of MLIBs can be greatly
improved by employing vanadium tetrasulfide (VS4) nanodendrites as cathode material. Benefited from the
special one-dimensional atomic-chain structure, the VS4 nanodendrites are capable for the simultaneous revers-
ible insertion/extraction of both Mg?" and Li* ions with fast diffusion kinetics, high capacity and long cycling
stability. The MLIBs assembled with VS4 nanodendrites cathodes exhibit a high reversible capacity of ~300 mAh
g ! at 500mA g !, and a high cycle stability with the capacity maintained at 110 mAh g~! after 1500 cycles at

Mg>*/Li* co-intercalation
VS, nanodendrites

1000mA g~ L.

1. Introduction

Rechargeable lithium ion batteries (LIBs) play a significant role
among existing portable energy storage technologies. However, LIBs are
confronted with relatively low capacity, limited cycling life and safety
issues [1]. Rechargeable magnesium ion batteries (MIBs) are receiving
growing attention since the pioneering work of Aurbach et al., in 2000
[2,3], due to the potential advantages of high theoretical volumetric
capacity (3833 mAh em3), raw material abundance, and good safety
originated from the dendrite-free deposition of metal Mg during char-
ging/discharge processes [4-6]. These advantages have made MIBs a
promising candidate of electrochemical energy systems. However, the
insertion/extraction of divalent Mg2" ions is more difficult than mono-
valent alkali cations (such as Lit and Na™). The strong Coulombic
interaction between Mg?" and host material lattices induces sluggish
solid-state diffusion kinetics of Mg2+ ions within cathode materials [7]. It
could lead to large polarization during charge/discharge, resulting in
rapid capacity decay of cathode materials. To date, a variety of cathode

materials have been proposed for MIBs, including Chevrel phase com-
pounds [2], transition metal chalcogenides [4,8,9], metal oxides
[10-12], and sulfur [13], etc. But most of these cathode materials still
couldn't offer adequate capacity and cycling life for practical application.
Therefore, the search of suitable cathode materials that can reversibly
intercalate Mg2+ ions with high energy density is intrinsically chal-
lenging and essential.

An alternative solution to solve this problem is to construct hybrid
Mg/Li-ion batteries (MLIBs) that combines the dendrite-free Mg anodes,
the high-capacity cathodes for LIBs, and the dual-salt electrolyte con-
taining both Mg?" and Li* ions [14-17]. In recent years, great efforts
have been made on the research of MLIBs [18-23]. However, most of
existing MLIBs have either a limited discharge capacity or a narrow
electrochemical window. In the previous designs, normally only Li* ions
can participate in the reactions of cathode materials, therefore so far the
battery performances of MLIBs are still restricted. It is highly desirable to
develop advanced cathode materials that can efficiently accommodate
both Mg?" and Li* ions.
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Fig. 1. (a, b) SEM images, (c-e) TEM images, (f) HRTEM image of as-prepared
VS, nanodendrites.

Herein, we report that the energy storage performances of MLIBs can
be significantly boosted by employing vanadium tetrasulfide (VS4)
nanodendrites as cathode material that can efficiently intercalate both
Mg?" and Li* ions. VS, is a 1D linear-chain compound, which composed
of V** ions coordinated to sulfur dimers (S%’) extending along the c axis
[24]. The interval distance between the atomic chains is 5.83 10\, which is
adequate for Mg?" storage. The neighboring atomic chains of VS, are
only interacted by weak van der Waals forces, which is favorable for ion
transfer kinetics. Moreover, VS, has a narrow band gap of ~1.0 eV and
shows relatively high conductivity [25]. Previous researches show that
VS, has good Lit and Na' storage properties [26-29]. Recently, our
group has confirmed that VS, cathode can also reversibly intercalate
Mg?* ions, exhibiting high capacity, exceptional rate performance and
long cycling life in MIBs [30]. Here in this work, by combining metal Mg
anodes, highly-branched VS4 nanodendrites cathodes and a dual-salt
electrolyte (phenylmagnesium chloride-AlCl3/LiCl in tetrahydrofuran
(THF) solution, termed as APC-LiCl electrolyte), high-performance MLIBs
that can simultaneously realize the reversible electrochemical storage of
both Mg?* and Li* ions are successfully fabricated. Benefited from the
co-intercalation of Mg?>" and Li" ions with fast kinetics and high
reversibility in VS4 nanodendrites, the specific capacity, rate capability
and cycling stability of MLIBs are greatly improved.

2. Results and discussion

Through a modified solution-phase approach, highly-branched VS,
nanodendrites consisted of numerous one-dimensional VS; nanorods
were prepared [30]. The morphological characterizations of as-prepared
VS4 nanodendrites are shown in Fig. 1. The VS4 nanodendrites have a
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uniform morphology assembled by nanorods with the diameter of
~10nm and length of ~80 nm, which is conductive to electron transfer
and MgZJr diffusion (Fig. 1a~d). The high-resolution TEM (HRTEM) im-
ages (Fig. le and f) show a lattice plane spacing of 0.56 nm, consistent
with the (110) planes of monoclinic phase VS,.

X-ray powder diffraction (XRD) patterns confirmed the good crys-
tallinity and high purity of as-obtained VS4 nanodendrites (Fig. 2a), and
all characteristic peaks are in good agreement with monoclinic phase
VS4. X-ray photoelectron spectroscopy (XPS) analysis was used to further
investigate the chemical states of V and S elements (Fig. 2b and c). The
peaks at 514.1 and 521.7 eV are assigned to V 2p3,2 and V 2p; 2 bands
(Fig. 2b), which are the characteristic features of V**. The relatively
weaker peaks at 516.8 and 524.3 eV were ascribed to V 2p3,5 and V 2py
bands for V>, which could be derived from the slight oxidization on the
surface upon exposure to air [10,31], indicating the content of V** is
much higher than that of V°*. The peaks at 162.9 and 164.0 eV were
ascribed to S 2ps,, and S 2p; /5 bands (Fig. 2¢), respectively, indicating
the presence of S3~ dimers. Bright-field scanning TEM (BF-STEM) and
corresponding elemental mapping images (Fig. 2d-f) clearly show that
the V and S atoms are homogeneously distributed in VS4 nanodendrites.
The survey XPS spectrum and energy dispersive X-ray spectroscopy
(EDX) elemental analysis of VS4 nanodendrites are shown in Fig. S1,
indicating the coexistence of V and S atoms with an atomic percentage
ratio right around 1:4. Fig. S2 shows the specific surface area of VS,
nanodendrites is 48.9m? g~ ".

To investigate the effects of Mg?* and Li* intercalation, MIBs are
fabricated by using APC electrolyte (THF solution of 0.4 M APC) and
MILBs are fabricated by using APC-LiCl dual-salt electrolyte (THF solu-
tion of 0.4M APC and 0.4 M LiCl), respectively, as detailed in the
Experimental Section of Supporting Information. Both APC electrolyte
and APC-LiCl dual-salt electrolyte are stable in the potential range be-
tween 0.2 and 2.2V vs. Mg?*/Mg [6,32-35]. Moreover, previous works
have reported that different from Li*, Mg?" can't diffuse through the
blocking layer formed by the reduced products on metallic Mg electrode
[36,37]. The electrochemical performances of VS; nanodendrites as
cathode material in MIBs and MLIBs were systematically measured and
compared. The CV curves of VS4 nanodendrites at the 1st, 2nd, and 5th
cycles in MIBs and MLIBs are shown in Fig. 3a and b. The open circuit
potential (OCV) for both MLIBs and MIBs are about 1.5 V. The reduction
peak appears at ~0.80V in the 1st cycle of MLIBs (Fig. 3a), and the
relatively strong polarization in the 1st discharge process compared to
the subsequent cycles is probably caused by the thin oxide layer on the
surface of Mg anode [38]. Both MIB and MLIB show relatively lower
discharge potential in the first cycle compared with the following cycles
in Fig. 3c and d, which is also consistent with the CV curves in Fig. 3a and
b. A reduction peak at ~1.17 V and an oxidation peak at ~1.30V vs.
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Fig. 2. (a) XRD pattern, (b, ¢) XPS spectra at (b) V 2p and (c) S 2p regions, (d) BF-STEM image and corresponding elemental mappings of (e) V and (f) S elements of

VS, nanodendrites.
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Fig. 3. CV curves of VS4 nanodendrites in (a) MIBs (with APC electrolyte) and (b) MLIBs (with APC-LiCl electrolyte) cycling at a scanning rate of 0.2 mV stina
potential range between 0.2 and 2.2V vs. Mg>*/Mg, respectively. Discharge-charge curves of VS, nanodendrites in (c) MIBs and (d) MLIBs at a current density of

500mA g~ after different cycles, respectively.

Mg?*/Mg during the 2nd and 5th cycles are derived from the Mg?™
insertion/extraction into/from VS, respectively. In contrast, the reduc-
tion peaks of MLIBs in the 1st cycle appear at ~0.96 and 0.73 V, which
are caused by the insertion of Li* and Mg?* ions, respectively (Fig. 3b).
Similar to MIBs, the polarization also occurs in the 1st discharge process.
The insignificant broad oxidation peak at ~1.26V is ascribed to the
extraction of Mg?" ions, and another oxidation peak at ~1.96V is
attributed to the extraction of Li" ions. During the 2nd cycle of MLIBs, a
reduction peak at ~1.25V and an oxidation peak at ~1.27 V are shown,
resulting from the insertion of Mg?* ions into VS4 and extraction from
VS4, respectively. The broad reduction peak at ~1.56V and broad
oxidation peak at ~1.95 V are assigned to the Li" ion insertion into VS,
and extraction from VS, respectively [29,39]. The CV curve in the 5th
cycle is similar to that of the 2nd cycle, implying good reversibility of
ions insertion/extraction in VS4. Moreover, the peak intensities in the CV
curves of MLIBs are greatly increased compared with those of MIBs,
indicating the co-intercalation of Mg?* and Li* ions in MLIBs, which is
further confirmed by inductively-coupled plasma optical emission spec-
troscopy (ICP-OES) analysis (Table S1). It reveals that the contents of
Mg?" ions stored in VS, electrode during the discharge-charge processes
are much higher than those of Li* ions. Moreover, ICP-OES (Table S1)
and EDX data (Fig. S3) confirm that there are still a part of Mg and Li*
ions are remained in VS, lattices without extraction after charging to
2.2V vs. Mg?*/Mg.

Fig. 3c and d show the discharge-charge curves of VS, nanodendrites
in MIBs and MLIBs at 500 mA g~ during the 1st, 2nd, 5th and 50" cycles,
respectively. The MLIBs based on VS4; nanodendrites display similar
discharge and charge potential platforms compared to the MIBs. How-
ever, the initial and subsequent discharge capacities of MLIBs are much
higher than those of MIBs. At the 50t cycle, the discharge capacities of
both MIBs and MLIBs display almost no drop compared to those at the 5th
cycle, indicating the good cycling performances. For comparison, the

743

discharge-charge curves of VS; nanodendrites in LIBs based on VS4
nanodendrites cathodes and Li metal anodes at 500mA g~ are also
shown in Fig. S4a. Considering that the redox potential of Mg*/Mg is
0.67 V higher than that of Li*/Li, the potential window of LIBs was set
between 1.0 and 3.0V vs. Li"/Li [19]. The LIBs show a flat discharge
potential platform around 1.8-2.0V vs. Li'/Li and a high initial
discharge capacity, but the discharge capacity rapidly drops to 31 mAh
g~ ! after 50 cycles and then 22 mAh g~ after 100 cycles (Fig. S4b). This
indicates that the capacity contribution of Mg?" storage is much greater
than Li* storage in MLIBs, which is consistent with the ICP-OES results
(Table S1).

The high cycle stability of VS4 in MIBs and MLIBs at 500 mA g~ are
shown in Fig. 4a. The discharge and charge capacities of MIBs in the first
cycle are 152 and 85 mAh g™, respectively, with an initial Coulombic
efficiency of ~56%. The discharge capability increases to 190 mAh g!
after 200 cycles, with a Coulombic efficiency of nearly 100%. In contrast,
the discharge and charge capacities of MLIBs in the first cycle are 668 and
487 mAh g1, respectively, corresponding to an initial Coulombic effi-
ciency of 73%. The amount of Li™ (64 pmol) is excess compared to the
amount of VS4 (12.8-17.3 pmol). The discharge capability maintains at
270 mAh g~ ! after 200 cycles with a Coulombic efficiency close to 100%.
These results indicate that with the help of Li* co-intercalation, the VSy4
nanodendrites as cathode material become more favorable for Mg?*
intercalation. The long-term cycling stability of VS4 nanodendrites in
MLIBs were further studied at a high current density of 1000 mA g
(Fig. 4b). The discharge capacity maintains at 150 mAh g~ after 500
cycles, corresponding to a capacity retention of 71% compared to the 5th
cycle. After 1500 cycles, a reversible capacity of 110 mAh g1 was still
retained, indicating an impressive stable cycling performance. The
Coulombic efficiency keeps at nearly 100% due to the negligible charge
trapping in the cathode, as well as the highly reversible and dendrite-free
deposition of metal Mg.
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Fig. 4. Electrochemical performance comparison of VS4 nanodendrites in MIBs (with APC electrolyte) and MLIBs (with APC-LiCl electrolyte): (a) Cycling perfor-
mances of VS4 nanodendrites in MIBs and MLIBs at a current density of 500 mA g~ . (b) Long-term cycling test of VS, nanodendrites in MLIBs at 1000 mA g~ * for 1500
cycles. (c) Rate performance of VS4 nanodendrites in MLIBs at the current densities ranged from 100 to 1000 mA g’l. (d) EIS curves of VS4 nanodendrites in MLIBs

and MIBs.

Fig. 4c shows the rate capability of VS4 nanodendrites in MLIBs
cycling under various current densities. The discharge capacities are 288,
232, 189, and 150mAh g! at 100, 200, 500, and 1000mAg?,
respectively. The discharge capacity still maintains at 245 mAh g ! after
55 cycles when the current density returned back to 100mA g~*. The
electrochemical impedance spectra (EIS) of VS4 nanodendrites in MIBs
and MLIBs are compared in Fig. 4d. The depressed semicircle in the high-
frequency region can be ascribed to the charge transfer on the electrode/
electrolyte interface, and the inclined line in the low-frequency can be
attributed to the Warburg resistance, reflecting the ion diffusion resis-
tance within the electrode, respectively. The charge transfer resistance of
MLIBs is much lower than that of MIBs, confirming that the presence of
Li* ions is beneficial to facilitate charge transfer kinetics, thus beneficial
to the capacity and rate performance.

To investigate the ion storage mechanism of VS4 in MLIBs, ex-situ XPS,
ex-situ XRD, ex-situ Raman spectroscopy and ex-situ HRTEM were per-
formed. As displayed in Fig. 5a—c, a series of ex-situ XPS spectra (V 2p, S
2p, Mg 2p and Li 1s energy levels) were collected from pristine, dis-
charged and charged VS, cathodes, respectively. For the pristine VSy4
cathode, two dominating peaks at 514.0 eV and 521.7 eV are assigned to
V 2ps3/5 and V 2py 5 bands of V4, and two relatively weaker peaks at
516.7 eV and 524.3 eV are attributed to V 2p3/2 and V 2p1 2 bands of V°+,
which are consistent with Fig. 2b. After discharged to 0.2V, the in-
tensities of the peaks at 516.4eV and 523.7eV are significantly
increased, indicating the partial oxidation of V4t to V>*. According to the
XPS results (Table S2), the atomic ratio of V4.V after the 1st discharge
step is calculated to be approximately 20:80. When fully charged to 2.2V,
the atomic ratio of V#*:V®" measured form the V 2p XPS spectrum is
increased to about 30:70. In Fig. 5b, the S2p XPS spectrum of pristine VSy4
cathode shows two energy bands (162.9 and 164.1 eV) related to the S
2ps3,2 and S 2p; 5 bands of $3°, respectively. After discharged to 0.2 V, six
new peaks are emerged. The two peaks at 162.2 and 163.2eV are
assigned to S 2ps,» and S 2p; /» bands of $27, respectively, confirming the
partial reduction of S3~ to S2~ by the insertion of Mg?>" and Li* ions. The
other four peaks at 160.7,161.9, 159.7 and 160.8 eV could be assigned to
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MgS and LisS, respectively [40-43]. The atomic ratio of S3~ and S~
species acquired from the XPS results (Table S2) is approximately 43:57.
Another two peaks at 168.2 and 169.4 eV are derived from SOy, which
may be generated from the decomposition of THF solvent [6]. After
charged to 2.2V, the atomic ratio of S3~ (two peaks at 162.8 and
164.1 eV) and §2- (two peaks at 162.4 and 163.6 eV) species is increased
to 69:31. The atomic content of S>~ is decreased but still exists, which
means the product has not fully converted to pristine VS, after charging.
The XPS band intensities of Mg 2p and Li 1s after the 1st discharge
process is stronger than those after the 1st charge process (Fig. 5c),
confirming the reversible insertion/extraction of Mg?* and Li* into/from
VS,. Clearly, some Mg?" and Li* ions are remained in VS, lattices during
the discharge/charge processes. Moreover, the intensity of Mg 2p band is
much stronger than Li 1s band, consistent with the ICP-OES (Table S1)
and EDX results (Fig. $3), indicating that Mg?* storage play a leading role
in the capacity contribution of MLIBs.

The ex-situ XRD analysis of VS, cathode at different discharge and
charge states (from state 1 to state 5 in Fig. 5d) during the 1st cycle was
also carried out (Fig. 5e). Two main peaks ascribed to the (110) and (020)
planes were shown in pristine VS electrode (state 1). The peak locations
didn't shift but the peak intensities were greatly changed during the
discharge/charge processes (Fig. 5e). The intensities of the above two
main peaks obviously decreased during the discharge process (from state
1 to state 3), resulting from the insertion of Mg?* and Li* ions into VS4
lattices. The main peak intensities increased again due to the partial
extraction of Mg?t and Li* ions during the following charge process
(from state 3 to state 5).

Fig. 5f shows the ex-situ Raman spectra of VS4 nanodendrites elec-
trode at different discharge-charge states. For the pristine VSy4 electrode
(state 1 in Fig. 5f), the modes at 191 and 217 cm ! are originated from
V-S bond stretching. The mode at 268 cm™! is attributed to V-S bond
bending. The mode at 346 cm ™! is originated from the breathing of V2S4-
cages. Other modes at 288, 542 and 556 cm ™! are identified as S-S bond
stretching/twisting [44,45]. During the discharge/charge processes, the
above peaks appear almost no shift and no new peak appears, but there is
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Fig. 5. (a—c) Ex-situ XPS spectra at the (a) V 2p, (b) S 2p, (c) Mg 2p and Li 1s regions of VS, nanodendrites cathode in MLIBs at different states: pristine, after the initial
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HRTEM images of VS, nanodendrites cathode in MLIBs (g) after the 1st discharge step and (h) after the 1st charge steps.
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an obvious change in peak intensity (Fig. 5f). The Raman peaks become
weaker and broader during the discharge process (from state 1 to state 3),
owing to the Mg?" and Li* insertion into VS,4. Then, the peak intensities
gradually recover again during the following charge process (from state 3
to state 5), which is owing to the extraction of partial Mg?* and Li* ions,
in consistence with above XRD results.

The HRTEM images of both discharged and charged VS, cathodes in
MLIBs are shown in Fig. 5g and h. The HRTEM image (Fig. 5g) of dis-
charged sample displays more obscure lattices, due to the intercalation of
Mg?* and Li" ions. The HRTEM image of charged VS, nanodendrites
(Fig. 5h) show a lattice spacing of 0.56 nm, which is identical to the
pristine sample, indicating that the insertion/extraction of Mg?" and Li*
ions have little influence to the lattice parameters.

The ex-situ XPS, ex-situ XRD and ex-situ Raman spectra of discharged
and charged VS nanodendrites cathode after 20 cycles were also
examined (Fig. S5), The morphology of the VS4 nanodendrites in MLIBs
showed a little change after 20 cycles. The corresponding changes of
atomic ratios (V‘H:V5+ and S%’:Sz’) after 20 cycles are shown in
Table S2. The valence states of V and S elements, the Mg?* ion contents
and the Raman peak intensities after 20 cycles display similar trends to
the 1st cycle, indicating the good reversibility and reproducibility. The
intensity of Li 1s band observed from XPS analysis after 20 cycles is weak,
which may be due to the fact that Mg?" ions play a leading role in the
discharge/charge processes. Moreover, the (110) and (020) peak in-
tensities in the ex-situ XRD spectrum after 20 cycles are also weak,
possibly because of the reduced crystalline domains and the insertion of
Mg?" and Li" ions.

According to the above detailed characterizations, it can be
confirmed that both Mg?* and Li* can insert into the VS4 nanodendrites
cathode in MLIBs. The work mechanism of VS4 nanodendrites cathodes
in MLIBs is schematically illustrated in Fig. 6a. The capacity is mainly
contributed by Mg?" ions; while Li* ions exhibit lesser contribution to
the capacity but very important contribution to the reaction kinetics.
Through the insertion of Mg?* and Li* ions into VS, Mg,Liy VS, is formed
during the discharge steps, leading to the partial reduction of $3~ to S?~
and the partial oxidation of V** to V°*. During the charge steps, the
partial extraction of Mg*" and Li" ions from MgyLi,VSs makes the
valence states of most V°© and S?~ change back to V*" and S3~. Ac-
cording to the elemental composition variations measured by XPS
(Fig. 3a—c), ICP-OES (Table S1) and EDX analysis (Fig. S3), the electro-
chemical redox processes in the MLIBs can be approximately represented
as below:

Cathode: VS, +0.77 Mg?* + 0.2 Li* + 1.75 ¢~ — Mgy Lios1 VS, )
Mg, s Ligar VSs +0.63 Mg?* + 0.49Li* + 1.75¢~ < Mg, oLio1oVS:  (2)
Anode: Mg < Mg*" + 2e~ 3)

The rate capability of VS4 nanodendrites compared with other hybrid
MLIBs reported in literatures are shown in Fig. 6b [14,19,20,22,35,46,
47]. In our study, the structure integrity of VS,4 are well preserved, which
ensures a superior reversibility and cycle stability of VS in hybrid MLIBs
with high capacity retention at 1000 mA g~ * after 1500 cycles. Such an
impressive electrochemical performance is due to the unique
atomic-chain structure of VS,4. The linear open channels in VS4 are
beneficial to the Mg?* and Li* diffusion/migration, and the S3~ dimers
can provide abundant active sites for the storage of Mg>" and Li* ions.
Systematic experiments and structural characterizations confirm that
both Mg?* and Li" ions are inserted into the open channels of VS4 1D
atomic chains during the discharge-charge processes. Moreover, it could
be concluded that the Li* co-insertion is beneficial to create more
diffusion pathways and binding sites for Mg?" ion storage and can
facilitate ion/charge transfer. Therefore, compared to MIBs, the revers-
ible capacity, rate performance and cycling stability of MLIBs are greatly
improved. We hope this study may provide new insights for the design of
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novel electrode materials for high-performance MLIBs.
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