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ABSTRACT: With the exploding interest in transition metal chalcoge-
nides, sulfide minerals containing the dianion S2

2−, such as pyrite (FeS2),
cattierite (CoS2), and vaesite (NiS2), have recently attracted much
attention for potential applications in energy conversion and storage
devices. However, the synthesis of the patronite structure (VS4,
V4+(S2

2−)2) and its applications have not yet been clearly demonstrated
because of experimental difficulties and the existence of nonstoichiometric
phases. Herein, we report the synthesis of VS4 using a simple, facile
hydrothermal method with a graphene oxide (GO) template and the
characterization of the resulting material. Tests of various templates such
as CNT, pyrene, perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA),
and graphite led us to the conclusion that the graphitic layer plays a role
in the nucleation during growth of VS4. Furthermore, the VS4/rGO
hybrid was proved to be a promising functional material in energy storage devices.

■ INTRODUCTION

The rapid progress in graphene research has led to intensive
exploration of novel two-dimensional (2D) materials.1−6 In
particular, transition-metal dichalcogenides (TMDs), with their
layered structures, have received significant attention because
they offer many opportunities for fundamental and techno-
logical research in a variety of fields, including catalysis, energy
storage, sensing, and post-complementary metal oxide semi-
conductor (CMOS) electronic devices. Recent research trends
and the basic properties of TMDs have been well summarized
in recent reviews.1,7

Among the TMDs, the highly conductive VS2 is considered
to have great potential for applications such as sensors,8 energy
storage devices,9−11 and spintronics.12 The VS2 crystal consists
of a metal V layer sandwiched between two S layers, with these
triple layers stacking together to form a layered structure with
an interlayer spacing of 5.76 Å (Figure 1a). However, since its
first reported synthesis as long ago as 1970,13 the numerous
practical difficulties in synthesizing VS2 have hampered research
involving the material. The recent development of a facile
synthetic method, along with the growing interest in TMDs,
has motivated a renewed effort to carry out novel research on
VS2.

9 On the other hand, VS4, another vanadium sulfide
analogous to VS2, is a linear-chain compound with two S2

2−

moieties between the V centers (Figure 1b).14 Although the
oxidation states of vanadium(IV) in VS2 and VS4 are the same,
those of the sulfides are different, being an S2− monomer in VS2
and an S2

2− dimer in VS4. Since the discovery of the VS4
mineral (patronite) in 190615 and elucidation of its crystallo-

graphic structure in 1964,16 some attempts to synthesize the
material have been made; however, evidence of a successful
synthesis and characterization of VS4 have not yet been
reported. To date, a systematic study of VS4, including its
synthesis on a large scale, its physicochemical properties, and
exploration of its application in different fields, has not been
performed owing to experimental difficulties such as the precise
control of the partial pressure of S required in the reaction
vessel during sulfurization with H2S.

17,18 Furthermore, the
existence of various nonstoichiometric phases of vanadium
sulfides with different oxidation states makes the synthesis of a
pure form of VS4 phase extremely difficult.19,20

Recently, similar sulfide minerals that include an S2
2− dimer,

such as pyrite (FeS2), cattierite (CoS2), and vaesite (NiS2) have
been successfully synthesized. These have gained interest owing
to their potential applications; for example, FeS2, with its
bandgap of 0.95 eV, has promise as an active layer in
photovoltaic devices;21,22 metallic CoS2 is a possible catalyst for
oxygen reduction reactions and also a potential anode material
for Li ion batteries;23,24 and NiS2, with its bandgap of 0.3 eV,
could be used as a Li storage material.25,26 Thus, more research
is required in the synthesis and exploration of using sulfide
minerals with S2

2− dimer as functional materials.
Herein, we report a simple one-step hydrothermal synthesis

of VS4 on a large scale, which is realized by employing a
graphene oxide (GO) template. In contrast to metallic VS2, VS4
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was found by density functional theory (DFT) calculations to
be a semiconductor with a bandgap of about 1.0 eV. We here
demonstrate that the VS4/reduced GO (rGO) hybrid is a
promising functional material for energy storage devices, in
particular, as a Li storage material, owing to its high capacity
and fast rate capability, which are superior to those of other
metal sulfides as well as VS2 and rGO alone.

■ RESULTS AND DISCUSSION
Hydrothermal reaction of Na3VO4 and C2H5NS produced VS2-
layered structures (Figure 2a).9 Interestingly, the addition of
GO into the reaction mixture induced formation of VS4 instead
of VS2 and the production of a VS4/rGO hybrid, with the GO
being reduced to rGO during the process (Table 1). A
schematic of the linear chain VS4 structure with the V atom
bridged to S2

2− is shown in Figure 1b. The scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) images shown respectively in b and c of Figure 2
demonstrate the growth of uniformly distributed single-
crystalline VS4 nanostructures on the rGO matrix, with lateral
and longitudinal lengths of 50−100 nm and 100−500 nm,
respectively. The high-resolution TEM (HRTEM) image in
Figure 2d shows the rGO sheets with an interlayer spacing of
approximately 0.34 nm ((002) d-spacing of graphite), and VS4
nanostructures with a d-spacing of around 0.56 nm, which
corresponds to that of the (110) plane of monoclinic phase of
VS4 [PDF No. 072-1294, d (110) = 0.56 nm]. In combination,
these results confirm the growth of VS4 nanostructures on the
rGO sheets. Long-range ordering of the stacked rGO layers was
not observed, but very thin rGO sheets with 2−5 layers
supported the VS4. The selected area electron diffraction
(SAED) pattern of a single nanosheet is well indexed to the
single crystalline monoclinic phase of VS4, as shown in Figure
2e. To determine the stoichiometry of V and S, energy
dispersive X-ray spectroscopy (EDX) elemental mapping of the
VS4/rGO hybrids was carried out (Figure 2f), and the results
clearly indicate that the ratio of S to V is 4. The presence of C
and O in the EDX spectrum is attributed to the rGO. The XRD
pattern of the VS4/rGO hybrid shown in Figure 2g confirms
the formation of a monoclinic VS4 phase with a = 6.78 Å, b =
10.42 Å, and c = 12.11 Å [JCPDS No. 072-1294]. The
diffraction peak corresponding to the (110) plane is present at
15.8° (d = 5.61 Å), which is consistent with the d-spacing
measured in the HRTEM image of Figure 2d. It was found that

the optimal experimental conditions for producing highly pure
VS4 were ≥60 mg GO with 1 mM Na3VO4 and 5 mM C2H5NS
in a total volume of 120 mL DI water. A C content of 1.5 wt %
was present in the final VS4/rGO hybrid product by adding the
60 mg GO. At lower GO contents (≤30 mg, ≤0.75 wt %),
mixtures of VS2 and VS4 phases were formed. (See XRD
spectra in Figure S1 in Supporting Information [SI].) This
result indicates that the VS4 phase grows on the GO support,
with the VS2 phase able to be formed within the same reaction
mixture but without any support. It is also interesting to note
that no peak at approximately 26° in the XRD spectra, which
would correspond to rGO sheets, is observed. This confirms
that the rGO sheets are extremely thin, as shown in the
HRTEM image of Figure 2d.27,28 X-ray photoelectron spec-
troscopy (XPS) confirmed the reduction of V5+ to V4+ and GO
to rGO.29,30 The XPS C 1s, V 2p, and S 2p core-level spectra
are shown in Figure 2h. The C 1s peak centered at 284.4 eV
was ascribed to the presence of nonoxygenated sp2 C in the
basal plane of rGO, and the fitted peak observed at the higher
binding energy indicates the presence of a trace amount of
oxygen-containing functional groups.29 The S 2p core level
analysis demonstrates the existence of the S2

2− species in the
VS4/rGO hybrids, and the peaks at 162.4 and 163.5 eV can be
indexed to S 2p3/2 and S 2p1/2, respectively, for the S2

2− dimer.
It has previously been shown that the binding energy of S 2p3/2
for the S2

2− dimer in FeS2 and NiS2 appears between 162.3 and
162.8 eV, but that for S2− appears around 161 eV.22,31−33 The
binding energy of S 2p3/2 for VS2 (S2−) synthesized in this
study appears at 160.6 eV (Figure S2 in SI). The peaks at 515.6
and 523.1 eV are attributed to V 2p3/2 and V 2p1/2, which are
characteristic of V4+ rather than V5+ (V 2p peak positions for
V5+ are at 517.2 ± 0.1 and 524.6 ± 0.1 eV),30 confirming the
formation of V4+ (S2

2−)2 in the VS4/rGO hybrids.
To investigate the electronic and geometric structures of VS2

and VS4, DFT calculations were performed using the Vienna
Ab Initio Simulation Package (VASP).34−37 The plane-wave
basis set with an energy cutoff of 400 eV and the PBE-type
gradient-corrected exchange-correlation potential were em-
ployed.38 The projected density of states (PDOSs) onto V
and S for optimized stacks of 2D VS2, are presented in Figure
3a. The PDOSs near the Fermi level indicate that VS2 has
metallic nature with the large polarization in the electron spins
of the 3d electrons of V. The bulk VS4 structures were
optimized using the known patronite crystal structure shown in

Figure 1. Schematic showing the geometries of VS2 (a) and VS4 (b). (a) Top-view image (top) and side-view image (bottom) showing 2D sheets of
VS2. (b) Repeating unit of the 1D chain structure of VS4 (top) and (b) side-view image of monoclinic VS4 optimized using DFT. The purple balls
are V atoms, and the yellow-green balls are S atoms.
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Figure 1b.16,39 V atoms are surrounded by S rectangles,
constituting a one-dimensional chain structure (inset of Figure
1b). The bulk VS4 is the aggregation of VS4 chains through the
interchain dispersion forces. VS4 develops a finite bandgap, as
shown in Figure 3b, with the DFT gap found to be

approximately 1.0 eV. Considering that DFT calculations
underestimate the bandgap, this result is consistent with the
observation of the absorption edge at 1.35 eV, which was
determined from the UV/vis spectrum of the VS4/rGO hybrid
dispersed in formamide (Figure S3 in SI).
To investigate the process of VS4 formation on the GO

sheets, the hydrothermal reactions were carried out at various
reaction times from 30 min to 24 h, and the products were
characterized using XRD and XPS (Figure S4 in SI). The XRD
spectra indicate that the pattern corresponding to the VS4
phase was observed at reaction times over 3 h, whereas only
broad peaks around 13° (d = 6.5 Å) were observed prior to this
time. It is assumed that these broad peaks correspond to
partially reduced GO layers and intercalation of decomposed
species of precursors (see C 1s, S 2p, and V 2p binding energies
in XPS spectra of Figure S4 in SI). However, the absence of the
broad peaks after 3 h of reaction indicates a lack of GO stacking
but the presence of very thin GO layers, as demonstrated
previously. Thus, it is speculated that the nucleation of VS4 on
GO sheets with adsorption of decomposed precursors started
after approximately 2 h, with subsequent VS4 growth and
inhibition of the restacking of GO sheets.
The role of GO in VS4 growth during the hydrothermal

reaction was estimated by carrying out the hydrothermal
reactions in the presence of carboxyl-functionalized carbon
nanotubes (CNT-COOH), pyrene modified with carboxylic
acids (pyrene-COOH), perylene-3,4,9,10-tetracarboxylic dia-
nhydride (PTCDA), graphite, and Au and TiO2 nanoparticles.
CNT-COOH induced synthesis of VS4 in a manner identical to
that of the GO sheets (Table 1 and Figure S5 in SI). However,
when pyrene-COOH was used, only VS2 sheets were

Figure 2. SEM images of a (a) VS2 flowerlike structure and (b) VS4/
rGO hybrid (scale bar is 500 nm). (c) Low-magnification bright-field
TEM image of VS4/rGO hybrid. (d) Enlarged HRTEM image of the
region marked with a white rectangle in (c). The rGO sheets with an
interlayer distance of 0.34 nm can be clearly distinguished. (e) Higher-
magnification HRTEM image of VS4, showing the d-spacing of 0.56
nm in the (110) plane. The fast-Fourier transform (FFT) pattern
shown in the inset is consistent with the monoclinic VS4 phase (a =
6.78 Å, b = 10.42 Å, c = 12.11 Å) with a [−11−4] zone axis. (f) TEM
image corresponding to EDX elemental mapping of V and S, EDX
spectrum and table showing elemental composition. The atomic ratio
of S and V is 4, confirming the stoichiometry of VS4. (g) XRD pattern
of VS4/rGO hybrid is consistent with known monoclinic VS4 [JCPDS
No. 072-1294]. (h) XPS spectra showing the C 1s, S 2p, and V 2p core
levels for the VS4/rGO hybrid.

Table 1. Vanadium Sulfide Products Obtained in the
Hydrothermal Reactions with Na3VO4, C2H5NS, and
Various Precursors of GO, CNT-COOH, Pyrene-COOH,
PTCDA, graphite, TiO2, and Au Nanoparticles

precursors ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
°160 C/24 h

hydrothermal rxn

products
(vanadium
sulfide)

Na3VO4 + C2H5NS VS2
Na3VO4 + C2H5NS + GO VS4
Na3VO4 + C2H5NS + CNTs VS4
Na3VO4 + C2H5NS + pyrene-COOH VS2
Na3VO4 + C2H5NS + PTCDA VS4
Na3VO4 + C2H5NS + graphite VS4 and VS2
Na3VO4 + C2H5NS + TiO2 particles VS2
Na3VO4 + C2H5NS + Au nanoparticles VS2

Figure 3. (a) PDOS for V (solid line) and S (dashed line) of VS2. (b)
PDOS for V (solid line) and S (dashed line) of VS4. Upper and lower
panels represent spin-up and spin-down states, respectively.
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synthesized, with no conversion to the VS4 phase (Figure S6 in
SI). On the other hand, PTCDA, which has a slightly greater
graphitic (or sp2) domain than pyrene, induced mixtures of
VS4, an unknown product, and unreacted PTCDA (Figure S7
in SI). It should be noted that CNT-COOH and pyrene-
COOH are soluble in water, whereas PTCDA only forms a
dispersed phase. In addition, the hydrothermal reaction with
graphite showed a small amount of VS4, with VS2 as the major
product, indicating that graphite contributed to the partial
conversion to VS4 phase (Figure S8 in SI). It is assumed that
the contribution of the graphite surface to the growth of VS4
occurred because graphite is thick, but its lack of solubility in
water inhibited complete conversion to VS4. From the results of
hydrothermal reactions with these alternative components to
GO, it is speculated that the graphitic domain acts as a template
or support for nucleation and growth of VS4. The water
solubility of the GO and CNT-COOH, in addition to their
large graphitic regions, induced synthesis of the pure VS4 phase.
However, although pyrene-COOH was water-soluble, it did not
provide a large enough area as a template for nucleation and
growth, and conversely, the slightly larger PTCDA contributed
to growth of VS4 even though its solubility was poor. For
reference, the same hydrothermal reaction with TiO2 and Au
nanoparticles did not induce conversion of VS2 to VS4, but
produced only the VS2 phase (Figures S9 and S10 in SI). Thus,
it was concluded that water-soluble templates with a larger
graphitic domain size than that in PTCDA were necessary for
the growth of VS4.
Indeed, rGO has been used as a template for the

morphology-controlled synthesis of various nanomaterials,
including metals, metal oxides, and transition-metal chalcoge-
nides.40−42 It appears that rGO sheets contribute to the
controlled nucleation and growth, affording optimal chemical
interactions and bonding between the nanomaterial and the
rGO. For example, Wang et al. demonstrated the synthesis of
LiMn0.75Fe0.25PO4 nanorods anchored on rGO by using a
hydrothermal process, whereas they observed the formation of

irregularly shaped LiMn0.75Fe0.25PO4 particles in the absence of
the rGO.40 Deng et al. observed the formation of Cu2O
nanowire mesocrystals in the presence of GO, whereas only
Cu2O nanowires were formed without it under hydrothermal
conditions.41 In this case, GO serves as a crystal growth
modifier to promote the initial growth of agglomerated
amorphous spherical Cu2O nanoparticles. However, GO in
our result induced a change of chemical composition, which is
different from the above morphology control.
In order to demonstrate the potential of the synthesized

VS4/rGO hybrid, it was applied as a Li storage material. Figure
4a shows the first and second discharge−charge voltage profiles
of a 3% VS4/rGO composite within a cutoff voltage window of
0.01−3.0 V at a current rate of 0.1 C (1 C = 1000 mA g−1) in a
coin-type Li half-cell (2016R). The initial discharge and charge
capacities of VS4/rGO were found to be 1669 and 1105 mA h
g−1, respectively, showing a Coulombic efficiency of 66%. This
low efficiency is due to the inevitable decomposition of the
electrolyte and the formation of a solid electrolyte interface
(SEI), which is common in transition-metal oxide and sulfide-
based anode materials.43 The discharge and charge capacities
were found to be 1066 and 1009 mA h g−1, respectively, during
the second cycle, with an improved Coulombic efficiency of
95%. Figure 4b demonstrates the good cycling performance of
the as-prepared VS4/GO composite. After 100 cycles at 0.1 C,
the material still retained a high charge capacity of 954 mA h
g−1, which is 95% of the initial capacity. Furthermore, its
Coulombic efficiency was maintained at >97% after the third
cycle. Parts c and d of Figure 4 show the rate performance of
VS4/GO composite at different charge rates. The VS4/rGO
hybrid retained 83% capacity when the current rate was
increased by a factor of 50, from 924 mA h g−1 at 0.09 C to 766
mA h g−1 at 4.5 C. Such an impressive electrochemical
performance of the VS4/rGO could be attributed to the
retention of the electrical conductivity network of VS4 owing to
the rGO dispersed between the VS4 structures.44−46 This is
because VS2 electrode in the absence of rGO would become

Figure 4. (a) First and second discharge−charge voltage profiles of VS4/rGO hybrid at a rate of 0.1 C in a coin-type Li cell (2016R) at 23 °C. (b)
Cycling performance of VS4/rGO at 0.1 C. (c) Voltage profiles of VS4/rGO at different current rates. (D) Rate performance with increasing charge
rate from 0.09 to 4.5 C. The discharge rate is fixed at 0.09 C (1 C = 1000 mA g−1).
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pulverized and lose electrical integrity owing to the large
volume change during discharge−charge cycling, which are also
common phenomena occurring in high-capacity anode materi-
al.47 The possibility that the rGO itself contributed directly to
the electrochemical performance was excluded because the
content of rGO was just 3 wt %. Furthermore, as control
experiments, rGO (prepared using the same hydrothermal
reaction) or VS2 sheets were tested individually and were found
to show poor electrochemical performance (Figures S11 and
S12 in SI). Therefore, the VS4/rGO hybrid demonstrated great
potential as a new anode material for Li batteries. Further
research, including the optimization and working mechanism of
Li batteries employing this material, is under study.

■ CONCLUSION

In conclusion, we have synthesized and characterized a VS4-
based hybrid material on a large scale. The structure and
growth of the hybrid, along with its application as an anode
material for Li batteries was demonstrated. Initial discharge and
charge capacities of the VS4/rGO were found to be 1669 and
1105 mA h g−1, respectively, and good cycling performance,
with the retention of a high charge capacity of 954 mA h g−1

after 100 cycles at 0.1 C, was also shown. Furthermore, we have
systematically studied the mechanism of growth of the VS4
phase in the presence of GO. This approach sheds light on the
structures and properties of other metal sulfides, in addition to
VS4, and opens up numerous possibilities for their future use.

■ EXPERIMENTAL SECTION
Synthesis of GO Solution. GO was prepared from natural

graphite powder by the modified Hummers’ method.48 Two grams of
graphite powder (SP-1, Bay carbon), 1 g of K2S2O8 (Sigma Aldrich,
≥99.0%), and 1 g P2O5 (Sigma Aldrich, 99.99%) were taken in 8 mL
of H2SO4 (Merck Chemicals, 98%) and heated at 80 °C. The resultant
dark-blue mixture was allowed to cool to room temperature; after
reaching room temperature it was stirred for 6 h. The mixture was
then filtered, washed, and dried in vacuum at ambient temperature
overnight. This preoxidized graphite was then subjected to oxidation.
The preoxidized graphite powder was put into 46 mL of H2SO4 at 0
°C, and 6 g of KMnO4 (Sigma Aldrich, ≥99.0%) was added gradually.
The mixture was then stirred at 35 °C for 2 h, and 92 mL of distilled
water was added. In 15 min, the reaction was terminated by the
addition of 280 mL of distilled water and 5 mL of H2O2 (SAMCHUN
pure chemical, 34.5% extra pure) solution, and then the color of the
mixture changed to yellow. The mixture was filtered and washed with
500 mL of HCl (SAMCHUN pure chemical, 10 wt %) solution. The
resulting graphite oxide was suspended in 200 mL of distilled water
again, followed by dialysis (dialysis membrane: Spectrum Laboratories,
MWCO-12−14,000) to remove excess HCl. The graphite oxide is
exfoliated to give ∼5 mg/mL GO solution by a high-pressure
homogenizer at 15,000 psi. After exfoliation, the solution was
centrifuged at 3500 rpm for 10 min to remove the nonexfoliated
graphite oxide, and the top supernatant GO solution was used for the
hydrothermal reaction.
Functionalization of CNTs. CNTs (Cheaptubes, >95%, outer

diameter: 30−50 nm, length: 10−20 μm) were treated with a mixture
of concentrated sulfuric acid (95%) and nitric acid (60%) (3:1),
followed by ultrasonication at 50 °C. Next, the product was diluted
with water and kept for overnight. Lastly, it was filtered and dried in
vacuum to get CNTs functionalized with carboxylic acid.
VS2 Sheets. VS2 sheets were synthesized by a one-step hydro-

thermal reaction. In a typical experiment, 1.65 g of sodium
orthovanadate (1 mM Na3VO4, Sigma-Aldrich, 99.98%) and 3.37 g
of thioacetamide (5 mM C2H5NS, Sigma-Aldrich, ≥ 99%) were
dissolved in 120 mL of DI water and stirred for 1 h at room
temperature by using a magnetic stirrer. The solution was transferred

to a 150-mL Teflon-lined stainless steel autoclave, heated up to 160
°C, and kept for 24 h. After cooling naturally, the product was filtered,
washed with DI water, and dried in vacuum at 60 °C for 6 h.

VS4/rGO Hybrids. VS4/rGO hybrids with different concentrations
of rGO were synthesized by the same hydrothermal reaction condition
as that for VS2 sheets. A GO solution of 5 mg/mL was added to the
mixture of sodium orthovanadate and thioacetamide, and a total
volume of the solution was adjusted to 120 mL for all reactions. The
solution was transferred to a 150-mL Teflon-lined stainless steel
autoclave, heated up to 160 °C, and kept for 24 h. After cooling
naturally, the product was filtered, washed with DI water, and dried in
vacuum at 60 °C for 6 h. During the hydrothermal process, VS4 were
formed on GO, and GO was transformed to rGO. VS4/rGO hybrids
with different amounts of rGO were obtained by adding different
volumes of 5 mg/mL GO solution to the above mixtures of sodium
orthovanadate and thioacetamide: 2.4, 6, 12, 24, 48, and 96 mL. The
actual amounts of rGO in the final VS4/rGO hybrids products were
estimated from carbon contents (wt %) by elemental analysis: 0.3 wt
% for 2.4 mL, 0.75 wt % for 6 mL, 1.5 wt % for 12 mL, 3 wt % for 24
mL, 6 wt % for 48 mL, and 12 wt % for 96 mL of 5 mg/mL GO
solution.

VS4/CNTs Hybrids. VS4/CNTs hybrids with different concen-
trations of CNTs were synthesized by following the same hydro-
thermal reaction condition as that for VS4/rGO. A functionalized
CNTs solution of 30 mg/ML was added to the mixture of sodium
orthovanadate and thioacetamide, and then a total volume of the
solution was adjusted to 120 mL for all reactions. The solution was
transferred to a 150-mL Teflon-lined stainless steel autoclave, heated
up to 160 °C, and kept for 24 h. After cooling naturally, the product
was filtered, washed with DI water, and dried in vacuum at 60 °C for 6
h. VS4/CNTs hybrids with different amounts of CNTs were obtained
by adding different volumes of 30 mg/mL CNTs solution to the above
mixture of sodium orthovanadate and thioacetamide: 0.04, 0.12, 0.3,
0.6, 2.4, and 9.6 mL. The actual amounts of CNTs in the final VS4/
CNTs hybrids were estimated from carbon contents (wt %) by
elemental analysis: 0.1 wt % for 0.04 mL, 0.3 wt % for 0.12 mL, 0.75 wt
% for 0.3 mL, 1.5 wt % for 0.6 mL, 6 wt % for 2.4 mL, and 24 wt % for
9.6 mL of 30 mg/mL CNTs solution.

Hydrothermal Reactions with Various Precursors. After a
precursor was added together with sodium orthovanadate and
thioacetamide in 120 mL of DI water, the same hydrothermal reaction
for VS2 sheets was carried out. Tested precursors were 0.26 g of
pyrene-COOH (Sigma-Aldrich, ≥98%), 0.39 g of PTCDA (Sigma-
Aldrich, ≥98%), 0.12 g of graphite (SP-1, Bay carbon), 0.12 g of TiO2
(Sigma-Aldrich, >95%, particle size: 20 nm), and 25 mL of Au
nanoparticles (Sigma-Aldrich, particle size: 10 nm, stabilized
suspension in citrate buffer).

Characterization. The samples were characterized with X-ray
diffraction ((Rigaku RU-200 diffractometer) equipped with Ni-filtered
Cu Kα radiation (40 kV, 100 mA, λ = 0.15418 nm), high-resolution
transmission electron microscopy (HRTEM, JEOL JEM-2100 F with
probe-Cs corrector, 200 kV), field emission scanning electron
microscopy (Hitachi, S4800), micro Raman spectrometer (Alpha
300s, WITec GmbH) with a laser excitation wavelength of 532 nm,
UV−vis micro-spectrophotometer (Agilent, Cary 5000), FTIR
(Varian, 670-IR), and X-ray photoelectron spectroscopy (K-alpha,
Thermo Fisher) with monochromatic Al Kα radiation as the X-ray
source.

Electrochemical Measurements. The anodes were made of VS4/
rGO, rGO, or VS2, Ketjen Black, and polyvinylidone fluoride (PVDF)
binder (LG Chem) in a weight ratio of 80:10:10. The coin-type half
cells (2016R) were assembled in an Ar-filled glovebox, using lithium
metal foil as the counterelectrode, microporous polyethylene as the
separator, and 1.1 M LiPF6 in ethylene carbonate/diethylene
carbonate (EC/DEC, 1:1 in volume ratio, Panax Starlyte, Korea) as
the electrolyte. The loading amount of the electrode material was
measured as >1 mg cm−2. The cell tests were performed with a
WBCS3000 automatic battery cycler system, and the capacity was
estimated only on the basis of the active materials. All measurements
were carried out at room temperature.
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