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Abstract: Scalable synthesis of ultra-thin two-dimensional (2D) nanomaterials by
exfoliation has emerged as an intriguing approach in the energy field. Herein, a rapid
thermal expansion-triggered gas-assisted exfoliation method is applied to synthesize
ultra-thin 2D V,05 nanosheets. Unlike other methods, no impurities can be introduced
during exfoliation, leading extremely clean 2D nanosheets that are crucial in the
investigation of 2D materials in charge-storage fields. The obtained V,05 nanosheets
were used as effective host materials for polysulfides in lithium-sulfur batteries, as they
can help to confine and alleviate the shuttle of polysulfides efficiently. The as-prepared
V,0s-S composite electrode delivered an initial discharge capacity of 1638.5 mAh g!
with a high Coulombic efficiency of 96.7% and maintained a specific capacity of 838.8
mAh g! after 200 cycles at 0.1 C current rate. This work supplies a facile approach to
obtain transition metal oxide nanosheets, which have potential applications in energy

storage and conversion fields.



1. Introduction

Rechargeable lithium-sulfur (Li-S) batteries with outstanding theoretical specific
capacity (1675.0 mAh g') and energy density (2600.0 Wh kg'!) are attracting
considerable attentions because they are promising candidates for mobile devices and
electric vehicles.!"> Unfortunately, their implementation has been hindered by several
issues: (1) the insulating properties of S and lithium sulfide, (2) the notorious shuttling
of the polysulfides, and (3) huge volume fluctuations (= 80%). These issues can result
in low S utilization, poor Coulombic efficiency and rapid capacity decline,
respectively.-!! However, these problems arise mainly from the dissolution of reaction
intermediates (Li,S,, 4 <n < 8) in the electrolyte. A series of commonly used methods
have been developed to deal with the issues mentioned, for instance, (1) incorporating
S into host materials with high specific surface areas and abundant polar sites and (2)
applying functional interlayers and binders. Among numerous candidates, carbon
materials are the ones most often selected to construct S cathodes because of their
excellent conductivity and adjustable porosity.'?!> However, owing to the weak
interactions between the polysulfides species and non-polar carbon, the confinement of
polysulfides is unsatisfied here.

As reviewed by Nazar and Zhang,'®!7 transition metal oxides (TMOs, such as
V;,0s5, MnO,, Co304 and CuO) have redox potentials above a certain range (i.e., > 2.4
V) could chemically bond polysulfides on the surfaces of reduced metal oxides, which
are favorable candidates for S cathodes. Moreover, the abundant polar sites on the
surfaces of TMOs could help to adsorb polysulfides in organic electrolytes
effectively.'®1° Among the TMOs mentioned, V,05 might be one of the most suitable
candidates owing to its higher redox potentials (>3.0 V) and stronger surface polarity.
Based on Cui’s theoretical calculation,?® V,05 with a layered structure exhibits strong
chemical interaction with Li,S, clusters, indicating that V,05s nanosheets might be a
promising candidate for Li-S batteries. Additionally, two-dimensional (2D) ultra-thin
layered structure materials are promising hosts for S cathodes, as their abundant active
binding sites and high specific surface areas are beneficial for the constraint of

generated polysulfides.?!-? Traditional solvothermal methods are reliable for preparing



2D V,0s5 nanosheets with the addition of various organic solvents in the reaction
kettle.26-27 However, this process requires long time, high temperature and high pressure
conditions, making it hard to obtain scalable V,05 nanosheets. In addition, volatile toxic
organic solvents are used in this process, necessitating subsequent complicated
separation and purification steps. Thus, rapid synthesis of V,05 nanosheets under mild
conditions without the use of volatile toxic solvents merits investigation.?8-3!

Herein, an efficient, nontoxic thermal expansion-triggered gas-assisted exfoliation
method for rapid preparation of 2D ultra-thin V,05 nanosheets is introduced with using
commercially available bulk V,05 as precursor (Scheme 1). It is worth noting that the
volume of the V,05 powder after exfoliation increased sharply based on the same mass.
The whole procedure did not use any traditional volatile toxic organic solvents. With
this facile exfoliation method, extremely clean V,0s nanosheets (< 3 nm) could be
obtained, as no impurities would be introduced during exfoliation process. Besides, it
achieved ~50% yield in a short time under relatively ambient conditions, which is
superior to previous works.?6-27-32 Specifically, the introduction of the exfoliated V,05
nanosheets can help to constrain polysulfides in the electrolyte effectively, and Li-S
batteries based on V,0s-S composite electrode can deliver a high initial discharge
specific capacity (1638.5 mAh g') and a long cycle life (838.8 mAh g! after 200
cycles).
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Scheme 1. Rapid gas-assisted exfoliation of bulk V,0s into ultra-thin V,05 nanosheets.

2. Experimental Section



2.1 Materials synthesis
2.1.1 Preparation of V,0s nanosheets

All the starting materials were of analytical grade and used as received. First of
all, 2 g commercially available bulk V,05 (Alfa Aesar) was placed in a ceramic crucible.
Then, they were heated in a 600 °C muffle furnace for at least 5 min. After this, the
heated V,05 was immediately dropped into a Dewar bottle, which containing liquid
nitrogen (L-N;). The remained V,0s was collected after the L-N, evaporated totally.
Then, the above steps were repeated 15 cycles. When the former steps were finished,
the obtained powder was dispersed in ethanol. After this, the mixture was sonicated for
30 min. Any possible remaining bulk precursors were separated out by centrifugation.
The centrifugal rate and centrifugal time were 4000 rpm and 1 minute, respectively.
Finally, V,05 nanosheets were obtained after evaporating ethanol in the collected
supernatant fluid. The yield of V,05 nanosheets is finally determined by the weight
ratio between the obtained V,05 nanosheets and original bulk V,0s, and its value is
around 50%. Safety issues for the preparation of V,0s nanosheets are listed in

Supporting Information.

2.1.2 Synthesis of V,0s-S composites

Sulfur encapsulation was performed via a melt-diffusion method. The as-prepared
V,0;5 nanosheets (0.1g) and sulfur (0.15g) were mixed together and hand-milled for
about 30 min. Then, the mixture was transferred to an electric oven at 155 °C for 16 h.
Upon cooling, the powder was collected. And the theoretical sulfur content was 50%,

according to the TGA result.

2.1.3 Preparation of Li>Ss solution

The Li,S4 solution was prepared via a hydrothermal method. Briefly, 160 mg
sulfur and 46 mg Li,S were mixed in 10 mL mixture electrolyte of DOL and DME (1:1
volume ratio) and magnetic stirred for 1 h. Then, the solution was heated at 60 “C for
12 h under the argon atmosphere.

2.2 Electrochemical measurements



The electrochemical measurements were carried out by galvanostatic cycling in a
CR2016-type coin cell. The cathode was prepared by mixing 80 wt% of the active
material (V,05-S), 10 wt% acetylene black and 10 wt% of polyvinylidene fluoride
(PVDF) in N-methyl pyrrolidinone (NMP) to form a homogeneous slurry. Then, the
slurry was uniformly spread onto an aluminum foil with the active material loading of
about 1.2 mg cm2. The interlayer slurry for V,0s-S cathode was prepared by mixing
80 wt% of C3Ny, 10 wt% of graphene, and 10 wt% PVDF in NMP solution. The slurry
was coated onto the surface of V,0s-S cathode electrode, with a thickness of 13 pm
(according to the SEM image in Figure S1) and an average mass of 0.7 mg on each
cathode. Finally, the electrode film was dried at 60 °C in a vacuum oven overnight and
then cut into round disks with a diameter of 12 mm for coin cell assembling. The 2016-
type coin cells were assembled in an argon-filled glove box (Mikrouna Co.) with low
levels of H,O and O, (H,O < 0.01 ppm, O, < 0.01 ppm). Li metal (a thickness of 1.4
mm and a diameter of 16 mm) and Celgard 2400 membrane were used as anode and
separator, respectively. The electrolyte solution was 1 M bis (trifluoromethane)
sulfonimide lithium salt (LiTFSI) in 1,3-dioxolane (DOL) and 1,2-dimethoxyethane
(DME) (volume ratio 1:1) with 1 wt% LiNOs, with 50 pL used in one cell. The cells
were galvanostatically discharged and charged using a CT2001A cell test instrument
(LAND Electronic Co.) at room temperature between 1.7 and 2.6 V at different current
densities, and the specific capacities were calculated based on the sulfur as the cathode-
active material. Then, cyclic voltammetry (CV) was carried out on a CHI 760D

electrochemistry workstation with a scan rate of 0.1 mV s from 1.7 t0 2.6 V (vs Li*/Li).

2.3 Assemble of S-free batteries and Li,)Ss symmetric batteries

Briefly, the V,05 electrodes were prepared by mixing V,05 samples (bulk or nano),
acetylene carbon (AB) and PVDF in NMP with a weight ratio of 8:1:1. The uniform
slurry was coated on an aluminum foil and dried at 60 °C for 12 h, and then cut into
disks with a diameter of 12 mm. The S-free batteries were assembled as the same
procedure with V,0s-S batteries, just using V,0s electrodes instead of V,0s-S cathodes.

As for Li,Sq symmetric batteries, two identical V,0s disks (bulk V,0s5 or V,0s



nanosheets) were used as both working and counter electrodes. 50 uL of Li,S¢ solution
(0.1 M) was added as electrolyte and Celgard 2400 membrane was used as separator,
respectively. Another cell without Li,S¢ in electrolyte was also assembled as a control.
Then, CV curves of symmetric cells were carried on an electrochemical workstation

with a scan rate of 10 mV s! between -1 and 1 V.

3. Results and discussion

To prove the successful generation of ultra-thin V,05 nanosheets with this gas-
assisted exfoliation strategy, electron microscopy analyses were conducted initially. In
Figure S2, the transmission electron microscopy (TEM) images of bulk V,0s5 show
irregular rod-shaped particles with a length of ~5 um. While, in Figure 1a, the high-
resolution TEM (HRTEM) image of V,0s nanosheets exhibit a terraced structure,
indicating effective delamination in the gas-assisted exfoliation process.?® In Figure 1b,
the six parallel fringes or stripes observed at the edge of V,0s5 nanosheets correspond
to the six stacked layers in the samples.?3-3¢ As can be seen in the HRTEM and selected
area electron diffraction (SAED) images in Figure 1c, the structure of V,0Os nanosheets
remains ordered after gas-assisted exfoliation.>3 Moreover, a clear Tyndall light
scattering effect can still be observed in V,05 nanosheets colloidal suspension over a
week, indicating the formation of stable ultra-thin V,0s nanosheets (Figure 1d).37-3°
The thickness of the V,05 nanosheets was subsequently measured by atomic force
microscopy (AFM, Figure le-1g). Both the corresponding three-dimensional (3D)
demonstration (Figure 1f) and the thickness profiles along lines I, IL, III, and IV (Figure
1g) indicate that the thickness of the as-prepared nanosheets is mainly less than 3 nm.
Given that the thickness of a single-layer V,05s is about 0.44 nm,* it was concluded

that the number of V,05 layers was not more than seven.
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Figure 1. Characterizations of exfoliated V,0s nanosheets. (a) HRTEM image of V,Os
nanosheets. (b) HRTEM image of the edge folding of V,0s nanosheets with six layers. (c)
HRTEM and SAED images of V,0s nanosheets. (d) Tyndall effect of the as-prepared V,0s
nanosheets (A: V,0s nanosheets, B: bulk V,0s, C: ethanol). (¢) AFM image of V,0s nanosheets.
(f) 3D demonstration of V,0s nanosheets. (g) The corresponding height profiles of V,05

nanosheets (I, II, III and IV), “L” denotes layer.

o
-

2 um

The structure of the V,0s nanosheets was further analyzed by X-ray powder
diffraction (XRD) measurement. Figure 2a illustrates a typical structure of bulk V,05
with lattice parameters of a = 11.52 A, b =3.57 A, ¢ =4.37 A (JCPDS card 41-1426).
However, only one obvious diffraction peak ((001) facets) was observed with exfoliated
ultra-thin V,05 nanosheets. The decreased intensity of other peaks (like the (200), (110),
and (301) facets) illustrates the reduced stacking in the c-direction.?® 4! In addition, the
corresponding two-theta (20) degree shifts from 20.26° to 20.13° (Figure 2b), indicating
an increased interplanar distance (d-spacing) from 4.37 to 4.41 A. Both the disappeared
diffraction peaks and increased d-spacing helped to confirm the formation of ultra-thin
V,05 nanosheets. Then, the specific surface area of exfoliated V,05 nanosheets was
estimated by the Brunauer-Emmett-Teller (BET) method (Figure S3). Compared with
bulk precursor, the specific surface area of exfoliated V,0s nanosheets is 8.6 times
larger than that of bulk V,05 (19.8 m?/g vs. 2.3 m?/g). The increased specific surface
area of V,0s5 nanosheets would expose more polar sites, which could help to suppress
the migration of polysulfides efficiently. Besides, high-resolution X-ray photoelectron
spectroscopy (XPS) analysis of the V,05 nanosheets (Figure S4) shows agreement with

the spectra of bulk V,05,*? indicating that the structure of V,Ojs is stable during the gas-



assisted exfoliation process.
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Figure 2. XRD patterns of bulk V,0s(bulk) and V,0s nanosheets (nano).

Additionally, to demonstrate the changing features of bulk V,0s and its ultra-thin
structure, the as-prepared nanosheets were characterized by Fourier transform infrared
spectroscopy (FT-IR) and Raman spectroscopy. The point symmetry group of V,0;
(Pmmn (59)) belongs to D, and the model structures of the V-O layers are displayed
in Figure S5. In the D, group, the FT-IR active mode and Raman active mode are
represented as By, B2y, B3, and A, B, B,g, B3, by Bouckaert-Smoluchowski-Wigner
(BSW) notation according to the irreducible representations, respectively.** Then, all
peaks observed were assigned by the above irreducible representations (Figure 3,
Figure S6).#+% In a classical harmonic oscillator model, effective restoring forces
acting on the atoms would be decreased from bulk materials to ultra-thin nanosheets,
leading the phonons to be soften. This phenomenon can be explained by the decrease
of the interlayer van der Waals interactions from bulk materials to ultra-thin nanosheets.
Hence, these seven groups of peaks in the nanosheets should exhibit some red shifts.
Moreover, density functional theory (DFT) calculation results also indicate that red
shifts of the peaks would occur in a thinner material (Figure S7, detailed discussions
are provided in the Supporting Information). Upon analysis of the obtained spectral
data (Figure 3, Table S1), red shifts were indeed observed in the V,05 nanosheets,
further indicating that ultra-thin nanosheets can be prepared successfully with the

foregoing gas-assisted exfoliation method.46-47
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Figure 3. Structure characterization of bulk V,Os (bulk) and V,0s nanosheets (nano): (a) FT-

IR, (b) Raman.

The electrochemical performances of the V,05 nanosheets-S (abbreviated as
“V,05-S”) cathode were evaluated in CR2016 coin cells. The as-prepared ultra-thin
V,0s5 nanosheets exhibited favorable properties in Li-S batteries. Typical cyclic
voltammetry (CV) curves of the V,0s-S cathode (vs. Li*/Li) are presented in Figure 4a
for the first five cycles with a scanning rate of 0.1 mV s-!. The two reduction peaks at
2.29 and 2.01 V are closely related to the conversion of Li,S, (4 <n < 8) and the final
formation of insoluble Li,S,/Li,S, respectively. In addition, two prominent oxidation
peaks located at 2.33 and 2.40 V are observed, corresponding to the reverse reactions
of polysulfides. Moreover, the position shift of those peaks in the five CV curves is
negligible, illustrating the favorable cycling stability of Li-S batteries.

Galvanostatic charge and discharge tests were also carried at different current
densities. Figure 4b shows cycling performance of V,0s-S cathode at 0.1 C, with an
initial discharge capacity of 1437.1 mAh g'. To eliminate the extra capacity
contribution of V,05 nanosheets, a pure V,0Oj5 cell without sulfur species was fabricated
under the same condition. The discharge profiles and cycling capacities are displayed
in Figure S8, which exhibits an initial discharge capacity of 292.3 mAh g'! between 1.7
and 2.6 V and subsequent stable capacity of 40.6 mAh g, indicating that the
contribution of V,05 nanosheets to the capacity of Li-S batteries could be rationally
ignored except during the initial cycle. Then, charge and discharge profiles of batteries
at 0.1 C are shown in Figure 4c. The two plateaus in the discharge profiles are consistent

with the two respective reduction peaks in the CV curves. In comparison to V,05-S



cathode, the V,05(bulk)-S electrode delivers an initial capacity of only 705.2 mAh g'!
and even sharply drops to 275.7 mAh g! at the 5th cycle, owing to the disappearance
of the second discharge plateau during cycling. The capacity contribution of bulk V,05
could also be ignored according to Figure S8. This result distinctly demonstrates a
better application of V,0s5 nanosheets than bulk V,Os in Li-S batteries, which is mainly
attributed to the increased specific surface area and more exposed polar sites, as they
can chemically bond polysulfides effectively. Besides, a CV test of [bulk V,0Os/bulk
V,0;5] and [V,05 nanosheets/V,05 nanosheets] symmetric cells was also carried to
further investigate the role of V,05 nanosheets, using two identical S-free disks (bulk
V,0;5 or V,05 nanosheets) as working and counter electrodes. As shown in Figure S9,
the cell without Li,S¢ exhibits a horizontal line, eliminating the influence of capacitive
contribution. V,0s nanosheets@Li,S¢ cell delivers distinctly larger redox current
response and peaks than bulk V,0s5@Li,S¢ cell, verifying a favorable catalytic effect
for accelerating kinetics of polysulfide conversion, which could also be related to the
increased polar sites on the surface of V,05 nanosheets.

Then, to further improve the batteries performances of V,0s-S, a carbon nitride
and graphite (CNQG) interlayer was applied on the cathode. It has been proposed to
effectively enhance cycling performance based on our previous work,* as it could
effectively suppress diffusion of polysulfides. Notably, coated with CNG interlayer, the
V,0:5-S electrode (V,05-S-CNG) delivers an ultra-high initial capacity of 1638.5 mAh
g at 0.1 C with a high Coulombic efficiency of 96.7% (Figure 4d). Furtherly, when
the current density increased to 0.2, 0.5, and 1 C, this cathode exhibits capacities of
925.3,836.8 and 751.4 mAh g!, respectively, and it still maintains a reversible capacity
of 891.8 mAh g-! when the rate is directly switched to 0.1 C (Figure 4d). Moreover, the
V,05-S-CNG electrode displays remarkable cycling performance. As shown in Figure
4e, it exhibits a specific capacity of 838.8 mAh g! after 200 cycles at 0.1 C, in contrast
to 495.2 mAh g'! for the cathode without a C3N4/G coating interlayer (Figure 4b). At a
current density of 0.5 C (Figure 4f, Figure S10), the V,05-S-CNG cell shows a first
cycle discharge specific capacity of 932.8 mAh g'! and a charge capacity of 961.3 mAh

g! with a high Coulombic efficiency of 97.0%. Moreover, it maintained an invertible



specific capacity of 713.3 mAh g! even after 150 cycles with 76.5% capacity

maintenance, delivering remarkable cycling stability.
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Figure 4. Electrochemical characterization of V,0s-S as a cathode for Li-S batteries. (a) CV
measured between 1.7 and 2.6 V (vs. Li*/Li) for V,0s-S at a scanning rate of 0.1 mV s'. (b)
Cycling performances and Coulombic efficiencies of V,0s-S cathodes at 0.1 C. (c)
Galvanostatic discharge-charge profiles for different electrodes at 0.1 C (a: V,0s (bulk)-S
electrode, B: V,0s-S electrode, y: V,05-S-CNG electrode). Capacity was calculated by the mass
of sulfur. (d) Rate performance of discharge-charge capacity at various rates. (e) Cycling
performances and Coulombic efficiencies of V,05-S-CNG cathodes at 0.1 C. (f) Cycling
performances and Coulombic efficiencies of V,05-S-CNG cathodes at 0.5 C.

4. Conclusions

Ultra-thin V,05 nanosheets were obtained via a rapid thermal expansion-triggered



gas-assisted exfoliation method. The obtained nanosheets were not more than seven
atomic layers thick. Owing to the distinctly increased polar sites from the surface of
nanosheets, polysulfides in the electrolyte could be confined efficiently. The V,05-S
composite electrode delivered a high initial discharge specific capacity of 1638.5 mAh
g at 0.1 C current rate, and it retained a specific capacity of 838.8 mAh g'! after 200
cycles at 0.1 C current rate. This work not only provides a novel electrode material as
a host for S cathodes in high-energy-density and long-cycle-life Li-S batteries, but also
shares new insight for the production of few-layer TMOs (like MnO,, MoO3, WOj3 or
TiO,), which can be used in the fields of Li-S batteries, selective catalytic reduction

reactions, water splitting, CO, activation and many other areas.
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