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A rechargeable aluminum-ion battery based on a
VS, nanosheet cathodef

Lu Wu, Ruimin Sun, Fangyu Xiong, Cunyuan Pei, Kang Han, Chen Peng, Yuqi Fan,
Wei Yang, Qinyou An* and Ligiang Mai (= *

As a typical member of transition-metal dichalcogenides (TMDs), VS, has been evaluated as the
aluminum-ion battery cathode for the first time. To further improve their stability and conductivity, the
as-prepared VS, nanosheets are modified with graphene (denoted as G-VS,). And the G-VS, electrode
delivers a high initial discharge capacity of 186 mA h g™t at 100 mA g~ with almost 100% coulombic
efficiency after 50 cycles. Furthermore, an explicit intercalation mechanism of Al into G-VS, has been
investigated by in/ex situ XRD, ex situ Raman and TEM spectroscopy. And the G-VS, composite proves
to be an impressive cathode material for aluminum-ion batteries (AIBs). This work might put forward the

rsc.li/pccp application of TMDs in AlBs.

Introduction

Along with the increase of world energy consumption and fossil
fuel exhaustion, exploring sustainable energy sources to meet
drastic demand is urgently needed.’™ Developing large-scale
energy storage systems is crucial for the transformation of
sustainable energy into electric energy infrastructures.®™°
New types of multivalent ion batteries, such as Mg-ion batteries
(MIBs),"'? Zn-ion batteries (ZIBs),"*'* and Al-ion batteries
(AIBs),">*® have received considerable attention derived from
the abundance and safety of the corresponding metal anodes.
Aluminum is the cheapest metal (~1.4 USD kg ') due to the
largest reserve (82000 ppm in the earth’s crust) when compared
with other multivalent metal anodes."® Moreover, trivalent charge
carriers can provide high volumetric capacity (8046 mA h cm )
and gravimetric capacity (2980 mA h g ')."° Despite the above
advantages, long-standing challenges still limit the development of
AIBs. The major obstacle comes from the inherently strong
polarization effect between AI’* and the framework lattice of the
cathode material, which could increase the diffusion resistance
and limit the specific capacity.’"* Thus, finding suitable cathode
materials becomes the formidable challenge for AIBs.*!

The preliminary exploration of cathode materials mostly
focused on V,05.">*** However, such intercalation-type cathodes
still confront the main bottlenecks of rapid capacity fading and
limited cycle life, possibly resulting from incompatibility with the
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oxide anionic framework because of their strong electrostatic
interactions.>® Carbon-based materials are other typical inter-
calation-type cathodes, which can deliver high-rate capacities.'””>*>°
But the intercalation of the complex ion group AICI,~ instead of AI**
and the lower theoretical capacity (£ 100 mA h g~ for graphite) for
these types of materials will overshadow the reachable capacity.
Recently, transition metal sulfides have received significant attention
in AIBs for their excellent characteristics.”’° In particular, typical
members of TMD cathode materials, such as SnS,,** TiS,** and
MoS,,** can also be considered as ideal cathode materials for AIBs,
owing to more active sites to accommodate cations.* In addition,
the framework has also a lower electronegativity and a higher
polarizability, resulting in facility for AI** intercalation and
extraction. VS, is the typical member of TMDs with high specific
theoretical capacity relied on multiple oxidation states of rich
chemical valences in vanadium and sulfide.**"*® Besides, the VS,
crystal can exhibit a sandwich structure consisting of a vanadium
layer between two sulfur layers. The interlayer space of VS, is 5.76 A,
which is enough to enable the convenient intercalation/
de-intercalation of AI** ions (ionic diameter: 0.59 A). Therefore,
VS, has great potential as a cathode material candidate for AIBs.

Herein, we demonstrate rechargeable AIBs using VS, nanosheets
as the cathode material. To achieve better electrochemical
performance of VS,, graphene is used to modify VS,, which
delivers a high initial discharge capacity of 186 mA h g™ ' at
100 mA g~ *. Additionally, in the cycling process, the retention of
discharge capacity could remain at 50 mA h g~ * with a coulombic
efficiency of approximately 100% after 50 cycles. Furthermore,
advanced in/ex situ X-ray diffraction (XRD), ex situ high-resolution
transmission electron microscopy (HRTEM) and Raman spectro-
scopy have been utilized to reveal the reaction mechanism of G-VS,
acting as a novel cathode material for AIBs.
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Experimental
Synthesis of VS,

Firstly, 0.232 g NH,VO; was dispersed in 30 mL deionized water,
at the same time, 2 mL NH3-H,O (Aladdin, 28-30%) was slowly
added under continuous stirring. Next, 1.503 g thioacetamide
(TAA) was dispersed in the solution accompanied by continuous
stirring. Finally, a homogeneous brown solution was obtained.
After that, the mixture was transferred into a 50 mL Teflon-lined
sealed autoclave and maintained at 180 °C for 20 h. By cooling
down to natural temperature, the suspension was washed several
times with ethanol and distilled water. The final black powder
was obtained via drying at 60 °C for 8 h in a vacuum oven.

Synthesis of G-VS,

To obtain graphene-modified VS,, 0.1 g VS, was added in
deionized water and stirred for 30 min. Next, 0.89 mL graphene
solution (~12.6 mg mL~") was dispersed in the former suspension
solution using ultrasonic treatment by vigorously mixing for 6 h.
Graphene was synthesized by a modified Hummers method.*” The
final composition powder was obtained by centrifuging and drying
at 60 °C for 8 h in the vacuum oven.

Materials characterization

The XRD patterns were obtained by using a D8 Advance
Discovery X-ray diffractometer with a Cu Ko X-ray source. Field
emission scanning electron microscopy (FESEM) images and
energy-dispersive X-ray spectra (EDS) were recorded using a JEOL-
7100F microscope. Transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy images
were collected by using a JEM-2100F microscope. The Renishaw
inVia micro-Raman spectroscopy system was employed to obtain
the Raman spectra. An Organic Elemental Analyzer (OEA)
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(Vario EL cube/Vario EL cube) was utilized to detect the carbon
weight ratio.

Electrochemical measurements

The electrodes were obtained by mixing active materials, acetylene
black and polytetrafluoroethylene (PTFE) at a weight ratio of
6:3:1. Then the slurry was uniformly mixed, transferred to the
roller press and cut into ®6 mm electrodes. The final electrodes
were dried in a vacuum oven at 60 °C for 12 h, and Al foil and glass
fiber membranes (GF/D Whatman) were used as the anode and
the separator, respectively. The electrolyte was a light-yellow
transparent ionic liquid made of aluminum chloride (AICl;,
99.99% Sigma-Aldrich) and 1-ethyl-3-methylimidazolium chloride
((EMIM]CL, 98% Sigma-Aldrich) at a mole ratio of 1.3: 1. The pure
graphene electrode was prepared by mixing graphene (90 wt%),
polyvinylidene fluoride (PVDF, 10 wt%), then the slurry was coated
into ®8 mm electrodes on Mo foil and dried at 60 °C for 12 h,
whose loading density of active material is based on volume and
volume fraction. All the components were dried in the vacuum
oven to remove the residual water. Swagelok type cell is used to
avoid corrosion of the electrolyte in the CR2016-type coin cell, the
corrosion resistance is due to the internal material of Teflon
instead of stainless steel as the reaction chamber. The electro-
chemical performance of the AIBs was measured using a VMP3
multichannel electrochemical workstation (Bio-Logic, France).

Results and discussion

The XRD patterns of G-VS, and VS, are presented in Fig. 1a. All
the characteristic peaks of as-modified samples are readily
indexed to the hexagonal VS, phase and no impurity was detected
(Fig. 1a). The Raman spectrum of G-VS, is shown in Fig. 1b.
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Fig. 1 Structure and characterization of G-VS,: (a) XRD patterns of G-VS, and VS,. (b) Raman spectra of G-VS,. (c) SEM image of G-VS,. (d) The EDS
mapping images of G-VS,. (e) TEM image of G-VS,. (f) HRTEM and SAED images of G-VS,.
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The D-band (lattice defect in the graphene layer) and the G-band
(vibration of the sp® hybrid bond in the surface) of graphene are
located at nearly 1300 and 1590 cm ', respectively.”®> Other
typical peaks located at 140.4, 192, 282, 406.6, 687.8 and
993.2 cm™ ! are associated with stretching vibrations and rocking
vibrations of V-S bonds.*® Meanwhile, the carbon content of
G-VS, is 6.32%, confirmed by organic elemental analysis (Table S1,
ESIt). The morphology and structure of G-VS, are also investigated
by SEM as shown in Fig. 1c. After decorating with graphene, VS,
microflowers are scattered into nanosheets. Moreover, the energy-
dispersive X-ray spectra (EDS) for elemental mapping (Fig. 1d) are
employed to detect the elements of V, S and C, and the results
reveal that three elements are homogeneously distributed in
G-VS,. The detailed structure of G-VS, nanosheets has been
further characterized by TEM. A well-defined image of nano-
sheets decorated with graphene is observed in Fig. 1e. HRTEM
analysis (Fig. 1f) further reveals the presence of lattice fringes
with spaces of 2.0 A and 5.75 A, which can be assigned to the
(012) and (001) planes of VS,, respectively. The selected area electron
diffraction pattern shows diffraction rings corresponding to the
(001) and (002) planes of the hexagonal phase VS,.

The electrolyte system plays a vital role in aluminum storage
performance, which impacts the reverse reaction stability due
to the main ion species (AICl,~ and Al,Cl, ) in the electrolyte.*
The stability of the electrolyte was measured using the cyclic
voltammogram (CV) at a scan rate of 100 mV s~ ' in the range of
—1 to 2 V. The electrolyte is stable up to 2 V and the coulombic
efficiency is close to 100% (Fig. 2a). Polarization of aluminum
deposition/dissolution is carried out by galvanostatic measure-
ments at 20 pA cm™ 2 (Fig. S2, ESIT). The overpotential stabilizes
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at about 0.05 V after the first several cycles. Fig. 2b shows the
discharge curves of G-VS, and VS, at 100 mA g~ *. When compared
to the initial discharge capacity of VS, (145.4 mA h g™ '), G-VS,
achieves a higher capacity of 186 mA h g~ . Specially, the capacity
remains at 88.3 mA h g ! in the fifth cycle, while VS, exhibits
sharp capacity degradation (only 59.4 mA h g~ ' remains). The CV
measurements of the G-VS, electrode vs. AI**/Al at a scan rate of
0.2 mV s ' are also shown in Fig. 2c, and the G-VS, electrode
displays a broad reduction peak and an oxidation peak located
at around 0.45 V and 1.6 V in the first cycle, respectively. The
redox peak corresponds well with discharge curves. By comparing
with the former first few cycles, the G-VS, electrode displays
stable charge/discharge curves of 10th, 20th and 30th cycles at
100 mA g~ as shown in Fig. 2d, and the enhanced stabilization
might be ascribed to the layered structure. The specific reason for
the decrease of the capacities in the first several cycles is still
unclear, possibly due to the formation of an irreversible solid
electrolyte interphase (SEI) or the side reaction.*' The discharge
capacities of the G-VS, and VS, electrodes at different specific
current densities (20, 50, 100, and 200 mA g ') are shown in
Fig. 2e. The capacities of the two cathode materials gradually
decrease. However, the G-VS, electrode exhibits much better
performance than VS, at all specific currents. In addition, the
G-VS, electrode also displays excellent specific capacity at a low
current density. The cycling performances and the first three
charge-discharge curves are revealed in Fig. S3a-d (ESI). It can
be illustrated that the G-VS, electrode could exhibit excellent
performance with capacities of 493 mAh g " and 323 mAh g ' at
20 and 50 mA g, respectively. G-VS, shows better cycling
performance than VS,. To the best of our knowledge, as a cathode
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Fig. 2 Electrochemical performances of the VS, and G-VS; as the cathode materials. (a) Al deposition and dissolution in EMIC : AlClz at a mole ratio of
1:1.3. (b) The first/fifth discharged curves of VS, and G-VS, at 100 mA g~ (c) Cyclic voltammetry curves at 0.2 mV s~*. (d) 10/20/30th charge—discharge
curves of G-VS, at 100 mA g~. (e) The discharge capacity of VS, and G-VS; at different current densities. (f) Comparison of the discharge capacity and
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material for AIBs, G-VS, exhibits a relatively high specific capacity
compared to that of the state-of-the-art reported transition metal
sulfide (Table S2, ESI{).>7 333640

The cycling performances at high specific current density
were measured and are shown in Fig. 2f, and the G-VS,
electrode displays a capacity of 50 mA h g~ " at 100 mA g~ " and
the coulombic efficiency approaches to 100% after 50 cycles.
However, the capacity of the VS, electrode only remains at
22 mA h g~ under the same conditions. As shown in Fig. S4
(ESIT), the pure GO electrode shows negligible capacity at
10 mA g~ ". Therefore, the capacity of G-VS, mostly comes from
VS,. The remarkable capacity improvement may be ascribed to
the synergistic modification of graphene with the layered crystal
structure of VS,, which is regarded as an applicable method to
facilitate efficient electronic transport in cathode materials. Electro-
chemical impedance spectra (EIS) were measured to investigate the
electronic conductivity of the two samples (Fig. S5, ESIt). The
Nyquist plots show that the charge transfer resistance (R.;) of
G-VS, is much lower than that of VS,. These results indicate that
the G-VS, sample possesses higher electronic conductivity,
which may be the main reason of its better performances.

To further investigate the Al deposition/dissolution behavior
of the Al metal anode, the SEM images of the Al metal at different
charged/discharged states are shown in Fig. Séa-c (ESIT). The
rugged morphology corresponds to the dissolution of AI** from
the Al anode and filled holes correspond to the deposition of AI**
ions on the Al metal. It is obvious that the corrosion of the Al
anode either chemically or electrochemically has been detected
after 50 cycles (Fig. S6d, ESIt). In/ex situ XRD and ex situ HRTEM
are performed to reveal the structural evolution and storage
mechanism of G-VS, during aluminum insertion and extraction.
For the in situ XRD, the time-resolved experiment was conducted.
Fig. 3a shows the in situ XRD patterns during the first two cycles
and the corresponding charge-discharge curves. It can be directly
observed that two typical peaks located at 15.4° and 35.7°
(corresponding to the (001) and (011) planes of VS,, respectively)
gradually weaken during the discharge process. Interestingly, no
obvious change is observed during the initial discharge state.
When the electrode was discharged from 0.7 to 0.3 V, the peaks
distinctly weaken and finally disappear, which is caused by the
insertion of AI*",

Subsequently, the peak centered at 15.4° and 35.7° strengthen
in the following charge process, which are caused by the extraction
of AP*" and the reinstatement of the crystal structure. The same
trend occurs in the second cycle. Moreover, the HRTEM image of
G-VS, after being fully charged to 1.7 V is displayed in Fig. S7
(ESIt). The evident lattice fringes also demonstrate that G-VS,
retained good crystallinity, which is in agreement with the in situ
XRD results, reflecting the recovery of crystallinity during the
cycling process. The ex situ XRD results provide a further insight
into the structural stability of G-VS, at various charged and
discharged states (Fig. 3b-d). In general, when the electrode was
discharged to 0.8 V (state I to state II), no obvious change in the
intensity and position of the typical peaks can be detected.
However, the intensities of the peaks at 15.4° and 35.7° are
gradually decreased from state II to state III. And the peak at
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Fig. 3 (a) In situ XRD patterns of G-VS, and their corresponding charge—
discharge curves at 50 mA g% (b) Ex situ XRD patterns of G-VS, at
different states. (c and d) Enlargement of the selected regions.

15.4° slightly shifts toward a low angle (Fig. 3c), resulting from the
increase of the interlayer space corresponding to the (001) plane.
Besides, in contrast, when the electrode was charged to 1.7 V
(state V), the peaks move back to their origin position, illustrating
that there is no severe structural deterioration in the process of
AP insertion/extraction. In addition, a similar conclusion is also
revealed by the ex situ Raman spectra of G-VS, at different states
(Fig. 4a). No change is observed for the peaks after fully charged
and discharged processes, which fits well with the above results.
Besides, the EDS mappings of G-VS, are displayed after the initial
discharge process, which shows that the elements of V, S, C
and Al are homogeneously distributed (Fig. 4b). By combining
in/ex situ XRD, ex situ HRTEM and Raman spectroscopy, it can be
concluded that the layered structural framework of VS, is suitable
to tolerate the insertion and extraction of AI**,

As described above, the electrochemical reaction can be
summarized as the following equations:

VS, + xAI’" + 3xe” <> ALVS, (cathode)

Al + AICl,™ + 3xe” < Al,Cl,” (anode)

Charged to 1.7V

Intensity(a.u.)

Discharged to 0.3 V|

Initial state

2(‘)0 4(‘)0 6(‘)0 8(‘)0 10'00 1200
Raman Shift (cm™)

Fig. 4 (a) Raman spectra of G-VS; at different states. (b) The EDS mapping
images of the G-VS, electrode after the fully discharged process.
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Fig. 5 Schematic illustration of AIBs with G-VS; as the cathode during the
discharge process.

Hence, the schematic is illustrated in Fig. 5. During the
discharge process, AI** ions insert into the interlayers of VS,,
while metallic Al combines with AICl,~ (formation of Al,Cl,").
Reversible deposition and dissolution reactions can be observed
on the anode side, relying on the composition of the electrolyte
(AICl,~ and Al,Cl,).**

Conclusions

In conclusion, the layered G-VS, is successfully synthesized by a
convenient physical coating method, and a highly stable frame-
work can be obtained, which is propitious to ion diffusion and
faster electron transport and delivers excellent electrochemical
performance. An initial discharge capacity of 186 mA h g~ ' is
obtained at 100 mA g~ '. Furthermore, the intercalation reaction
mechanism has also been proved by in/ex situ XRD, ex situ Raman
spectroscopy and HRTEM, indicating that there is a slight structural
change during intercalation of AI**. We believe that this work may
highlight the significance of exploring layered TMDs as the cathode
material for AIBs.
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