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ABSTRACT: A novel facile, fast, and efficient microwave-assisted
method was developed to synthesize a number of diverse
nanostructured motifs (ranging from nanorods to nanoflowers) of
VS4 along with its associated composite heterostructures, VS4/
multi-walled carbon nanotube (MWNT; i.e., multi-walled carbon
nanotubes). In particular, we have probed and correlated the effects
of a number of specific experimental variables, including primarily
precursor, solvent, temperature, and time. We noted that nanorods
formed more readily with VO(acac)2 as the vanadium precursor and
n-methyl-2-pyrrolidone (NMP) as a polar reaction solvent. By
contrast, we determined that hierarchical three-dimensional (3D)
nanoflower-like assemblies, ranging in size from 100 to 200 nm in
average diameter, could be controllably synthesized by using
Na3VO4 as the vanadium precursor and an aqueous water: polar solvent mixture as the reaction medium. We also observed that VS4
disintegrates, when in the presence of either air, solution, or a combination of these environments, and established that the extent of
VS4 nanorod decomposition could be almost fully prevented by storage under nitrogen. From an application’s perspective, our VS4 is
electrochemically active and shows behavior, consistent with the literature. In particular, as compared with pristine VS4 nanorods
alone, we observed enhanced electrochemical activity with (i) 3D hierarchical flower-like motifs, (ii) unique necklace-like VS4
nanorod−MWNT composites, and (iii) samples in which as-prepared VS4 nanorods had been annealed. Moreover, we found that
the rational application of specific physical and chemical processing treatments, such as (i) thermal annealing to improve
crystallinity, (ii) the addition of MWNTs to form conductive composites, and (iii) the evolution of morphology from one-
dimensional (1D) nanorods to more complex 3D nanoflowers, was favorable to the resulting electrochemical performance with
respect to increasing stability and reversibility.
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■ INTRODUCTION

The development of effective, efficient, and reliable energy
storage systems has attracted significant attention in recent
years.1,2 Among such energy storage systems, rechargeable
batteries, especially lithium-ion batteries (LIBs), have been
studied as viable and promising alternatives, due to their high
energy density, long cycling life, and excellent portability.3,4

Not surprisingly, LIBs have been incorporated as components
of not only portable electronic devices but also the underlying
powering mechanism behind electric tools and vehicles.
Nevertheless, conventional LIBs incorporating graphite

(theoretical capacity of 372 mAh/g) as the anode and
LiCoO2 (theoretical capacity of 272 mAh/g) as the cathode,
as examples, cannot fully satisfy the increasing demands and
aspirational goals of both a higher energy density and a longer

cycling life.5 Recently, transition-metal sulfides have been
proposed as an intriguing class of electrode materials.
Specifically, due to their (i) reasonable electronic conductivity,
(ii) low cost of production, (iii) enviable capability to assume
diverse structural motifs, as well as (iv) rich redox chemistry,
metal sulfides are appealing, because they can also undergo
multi-electron redox reactions, thereby giving rise to a
potentially high capacity, which is attractive for their
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incorporation within batteries and supercapacitors. As
examples of promising higher-capacity electrode materials
with moderate conductivity, transition-metal sulfides (FeS2,
CoS2, and MoS2) have evinced significant attention for their
excellent battery performance.6−8

In this manuscript, we focus on VS4, which is the major
component of patronite, a monoclinic prismatic mineral with a
linear-chain structure with the space group of C2/c. It is
composed of V4+ ions that are coordinated with sulfur-
containing dimeric S2

2− species.9 Performance-wise, VS4, when
used as an electrode material,10−19 demonstrates an excep-
tionally high theoretical capacity of 1196 mAh/g, a finding
ascribable not only to its rich redox chemistry and high sulfur
content but also to its linear-chain-like structure, which likely
facilitates its favorable charge-transfer kinetics, due to weak
neighboring-chain interactions.13 Specifically, its loose stacking
structure, constructed from atomic chains held together by
weak van der Waals forces and characterized by an interval of
5.83 Å, provides for a number of potential sites for ion
insertion/extraction. In addition, VS4 possesses a narrow band
gap (∼1.0 eV), which accounts for its relatively high electronic
conductivity.9 Not surprisingly, VS4 has been used as a
functional electrode material within lithium−sulfur bat-
teries,20−23 sodium-ion batteries,24−27 magnesium batteries,28

aluminum-ion batteries,29 zinc-ion batteries,30 and super-
capacitors.31−33 Furthermore, from a catalyst perspective, VS4
has been utilized34−37 for both water splitting and dye
photodegradation applications.
Despite these numerous advantages, unlike many other

binary metal sulfides, work on VS4 is still comparatively
limited, perhaps due to the relative scarcity of reported
methods for generating this material. Though VS4 can be
synthesized by heating a mixture of V2S3 and sulfur at 400 °C
for 4 months,38 the complex nature of vanadium−sulfur
interactions renders it more difficult to obtain a pure
stoichiometric product of VS4 using a more facile method.39

As such, there are merely two different types of protocols that
have been used to successfully generate VS4, namely (i) solid-
state reactions and (ii) hydrothermal/solvothermal reactions.
For the solid-state reaction method, heating a mixture of
elemental vanadium and sulfur at 400 °C for 10 days can be
effective at generating pure products. However, this process
still requires a relatively high temperature coupled with long
reaction times. The other main (and more practical) method
for synthesizing VS4 involves the use of hydrothermal and
solvothermal reactions. In a typical manifestation, Na3VO4 and
thioacetamide are used as precursors with water as the solvent
in the presence of a graphitic template, such as graphene,
carbon nanotubes, and so forth.9 Other groups have improved
upon this basic hydrothermal methodology by systematically
modifying and optimizing both reaction conditions (e.g., pH)
and solvents (e.g., methanol, ethanol, isopropanol, ethylene
glycol, etc.) in an attempt to not only devise a template-free
method for making VS4 but also simultaneously create a
controllable series of different morphologies of this material,
including but not limited to microflowers, nanoscale dendrites,
sea-urchin-like structures, and micron-scale spheres.13,18,35

Hence, given these limitations on viable choices for creating
VS4, a key objective of our current manuscript has been to
develop a milder, solution-based, and relatively facile
fabrication alternative. In this regard, microwave-assisted
synthesis can achieve very fast reaction times (i.e., minutes)
as compared with conventional heating protocols (typically

hours), since polar entities (such as solvent water molecules)
can directly absorb microwave radiation.40 Moreover, this
technique has been widely applied to nanomaterials’ synthesis,
such as metals, metal oxides, and metal sulfides. Specifically,
the shape, size, crystal structure, and other properties of the
desired product can be readily tuned by varying the nature of
microwave parameters (i.e., temperature, time, pressure, and
power) and associated solvents.41 As an example, WS2
incorporating different types of morphologies, including
nanocones, nanosheets, and nanoworms, has been obtained
simply by altering reaction temperature and precursor
concentration.42 Hence, this relatively fast reaction process
coupled with the capability of demonstrating reasonable
parameter control renders the microwave-assisted protocol as
a viable means for controlling material properties.
As stated previously, VS4 is a potential electrode material for

different battery systems, due to its high theoretical capacity.
However, one reason limiting the widespread application of
VS4 in the context of LIBs has been the notable volume
expansion observed during Li+ insertion and extraction, which
results in an obvious capacity degradation and a poor rate
capability;13 in fact, severe capacity losses were observed after
50 cycles.13 Different approaches have been attempted to
overcome this problem.
Indeed, as a means of extending the capability and potential

of these materials, one workable strategy is to create
conductive VS4-based composites. For instance, VS4−graphene
nanocomposites are excellent candidates when used as LIB
anodes, since these can deliver capacity readings of 630 and
314 mAh/g at high rates of 10 and 20 A/g, respectively.8 VS4/
rGO (reduced graphene), when incorporated as a sodium-ion
battery anode material, exhibits a reversible capacity of 362
mAh/g at 100 mA/g.24 Moreover, VS4 nanoparticles anchored
onto multi-walled carbon nanotubes (MWNTs) delivered 922
mAh/g after 100 cycles at 0.5 A/g, when utilized as an LIB
anode.16 That is, the combination of VS4 with carbonaceous
substances, such as MWNTs, enables the formation of
heterostructures, which demonstrate enhanced conductivity
for improved charge transfer, desirable mechanical strength to
ensure better structural stability, and hence, overall superior
activity retention. In general, composites incorporating
MWNTs, which are used as an electrode material for
lithium-ion batteries, typically exhibit improved metrics in
terms of measured energy density, power density, and
capacity.43 As an illustrative example, our team has probed
the properties of heterostructures, composed of MWNTs
coupled with “zero-strain” Li4Ti5O12 (LTO) flowers, which
had been synthesized by a number of different strategies; this
study not only revealed a correlation between preparative
treatment and performance but also highlighted the key role of
MWNTs in enhancing battery performance.44 Therefore, to
capitalize upon these favorable advantages, we have created
VS4−MWNT composites through an in situ process, by
modifying our microwave-based approach.
Rationally designing tailored morphologies denotes a second

viable strategy, aimed at addressing the volume expansion
issue. For example, nanoscale dendrites of VS4 with a uniform
size of about 300 nm assembled by combining aggregated
nanorods with an average individual diameter of about 10
nm28 were incorporated as a magnesium battery cathode
material, and these exhibited an initial discharge capacity of
251 mAh/g at 100 mA/g. In particular, the production of
three-dimensional (3D) structural variants of VS4 nanomateri-
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als is particularly appealing for Li-ion batteries, due to intrinsic
morphology-driven benefits, such as (1) greater electron
diffusion within the thin constituent two-dimensional (2D)
sheets, (2) an increased available surface area allowing for
increased numbers of lithiation sites, and (3) a higher degree
of porosity, which can potentially accommodate for the
characteristic volume change that VS4 nanomaterials exhibit
upon lithiation and delithiation.18

Not surprisingly, novel VS2 nanoflowers have previously
been found to exhibit enhanced cyclic stability and improved
electrical conductivity as compared with bulk.45 To explain
these observations, it was suggested that a hierarchical 3D
nanoscale assembly of constituent VS2 nanosheets likely leads
to better performance by not only reducing overall aggregation
but also enhancing the numbers of available active sites and
compensating for the inevitable volume change occurring
during lithiation.46 Moreover, in other studies, controlled
morphologies of 3D VS4 nanostructures, ranging from
hierarchical micron-scale flowers, octopus-like structures, sea-
grass-like motifs, and sea-urchin-like agglomerates, were
produced through a facile solvothermal method18 by system-
atically varying the nature of the diverse alcohols used in the
synthesis process. Among the different kinds of morphologies
of VS4 generated, the sea-urchin-like variant yielded the best
performance, when used as an LIB component, as it delivered a
capacity of 500 mAh/g at 0.1 A/g. However, comparatively
fewer reports have explored the synthesis of template-free 3D
VS4 nanostructures, i.e., the formation of VS4 in the absence of
a carbon template.18,35 That is, whereas self-assembly26,47 of
smaller component nanostructures, such as nanorods, nano-
belts, and nanocones, has been used to generate micron-scale
spheres under classical hydrothermal conditions (or variations
thereof involving changes in solvent polarity), relatively little if
any effort has been expended on the controlled use of
microwave synthesis to manufacture 3D nanoscale motifs of
VS4 nanostructures.
Therefore, in this paper, we demonstrate a number of key

contributions. First, we developed a new method, i.e.,
microwave-assisted technique, for successfully synthesizing
various VS4 morphologies (including 3D motifs) in the
absence of an underlying template (i.e., carbon). As
mentioned, the microwave-assisted method is effective in
that it requires a much shorter reaction time to produce pure,
monodisperse products with reasonable morphology control as
compared with either a conventional hydrothermal/solvother-
mal method or a solid-state protocol. Key reaction parameters,
such as time, solvent, and precursor, are discussed and
analyzed in the context of their discrete effect on the resulting
morphologies isolated. Second, we have demonstrated that
MWNTs can be attached onto VS4 so as to increase electronic
conductivity and structural stability using this microwave-
mediated approach. The resulting composite heterostructures
incorporating MWNTs consisted of very interesting
“necklace”-like motifs. Third, the stability of VS4 was
systematically analyzed for the first time, thereby yielding
insights into its possible degradation and decomposition
mechanisms with implications for understanding the storage
protocols necessary for ensuring their best performance when
used as components of batteries and other energy storage
media. Fourth, our studies demonstrate favorable structure−
property correlations in which electrochemical performance
can be rationally tuned through a systematic exploration of
both physical and chemical strategies. Specifically, as compared

with pristine VS4 nanorods alone, we observed enhanced
electrochemical activity with (i) 3D hierarchical flower-like
motifs, (ii) unique necklace-like VS4 nanorod−MWNT
composites, and (iii) samples in which as-prepared VS4
nanorods had been annealed.

■ EXPERIMENTAL SECTION
Microwave-Assisted Synthesis of VS4 Nanorods. The syn-

thesis of VS4 nanorods was performed using a microwave synthesizer
(CEM, Discover SP) instrument, operating using the dynamic mode.
First, 0.33 mmol of vanadyl acetylacetonate (VO(acac)2) (Aldrich
Chemical Company, 95%) and 1.66 mmol of thioacetamide (TAA)
(Alfa Aesar, 99%) were dissolved into a mixture of 4 mL of n-methyl-
2-pyrrolidone (NMP) (Sigma-Aldrich, 99%) and water (volume
(NMP)/volume (deionized (DI) H2O) = 99.9:0.1) and subsequently
sonicated to produce a homogeneous mixture. This solution was
subsequently transferred to the microwave reaction vessel (10 mL)
followed by a microwave treatment protocol operating at 180 °C for
10 min within a pressure limit of 200 psi and a power threshold of 200
W with medium stirring. After cooling down to room temperature, a
resulting black powder was collected by centrifugation and washed
with ethanol and water.

Microwave-Assisted Synthesis of 3D Nanostructures of VS4.
The analogous synthesis of VS4 3D nanostructures was similarly
performed using the identical instrument described above, again
operating using the dynamic mode. Apart from the reaction
temperature, the key difference was in the precursors used. First, 5
mmol of thioacetamide (TAA) (Alfa Aesar, 99%) was dissolved in 14
mL of deionized (DI) water in addition to 10 mL of a specific polar
solvent (i.e., water, ethanol, or methanol). Upon complete dissolution,
1 mmol of sodium vanadate (Na3VO4) (Aldrich Chemical Company,
95%) was then introduced with subsequent stirring for 30 min to
produce a reasonably homogeneous mixture. This solution was then
transferred to the microwave reaction vessel (30 mL) for a microwave
treatment procedure at 160 °C for 30 min within a pressure limit of
250 psi and a power threshold of 200 W with medium stirring. After
cooling down to room temperature, an isolated black powder was
collected by centrifugation and washed with ethanol and water.

Synthesis of VS4 Nanorod (NR)−MWNT Composites. To
attach VS4 nanorods onto MWNTs (SES Research, >95 wt %)
through an in situ growth process, a similar method for making
pristine VS4 was utilized. The as-obtained samples of commercial
MWNTs that we worked with were characterized by lengths of several
microns and average outer diameters, measuring in the range of 40−
100 nm. In the first step, set quantities of these MWNTs (∼8 mg to
ensure a final weight percent of 10%) were added into a mixture of
vanadium precursor and sulfur precursor with the assistance of
ultrasonication to render them as well-dissolved species, dispersed in
solution. Subsequent microwave treatment was conducted at 180 °C
for 10 min under identical conditions. Finally, the as-prepared VS4
nanorod/MWNT composites were separated by centrifugation,
following by washing with ethanol and water.

Characterization Methods. X-ray Diffraction (XRD). Powder X-
ray diffraction has been utilized to analyze the crystallographic
information and confirm the chemical composition of as-prepared
samples. To prepare the XRD sample for analysis, the product was
dispersed in ethanol with sonication and then deposited onto a zero-
background holder (MTI Corporation, zero diffraction plate for XRD,
B-doped, p-type Si, 23.6 mm in diameter by 2 mm in thickness); the
relevant material was air-dried, prior to characterization. The Rigaku
Miniflex diffractometer was used to obtain sample powder XRD data,
operating in the Bragg configuration with Cu Kα radiation (λ =
1.5418 Å) over the 2θ range of 10−80°, utilizing a scan rate of 15°/
min.

Electron Microscopy. Electron microscopy techniques, including
scanning electron microscopy (SEM), transmission electron micros-
copy (TEM), and high-resolution transmission electron microscopy
(HRTEM), have been used to characterize and obtain information on
sample morphology, sample size, and crystal lattice identification. The
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SEM data were obtained by a Hitachi 4800S instrument under 5 kV
voltage conditions. To prepare the SEM sample, the VS4 powder was
sonicated in ethanol for ∼30 s to ensure a uniform and homogeneous
dispersion, prior to deposition onto a silicon wafer followed by air
drying for SEM characterization. The TEM and HRTEM samples
were prepared by drop-casting aliquots of a VS4 suspension in ethanol
onto a lacey carbon-coated 300 mesh copper grid. The TEM images
were collected using a JEOL JEM 1400 LaB6 TEM, equipped with a
2048 × 2048 Gatan charge-coupled device (CCD) camera, operating
at an accelerating voltage of 120 kV. HRTEM analysis was performed
on a JEOL 2100F, run with an accelerating voltage of 200 kV.
X-ray Photoelectron Spectroscopy (XPS). X-ray photoelectron

spectroscopy was used to confirm elemental composition and derive
oxidation state information about the various different elements
within our samples. Specifically, XPS sample preparation was similar
to that used for SEM. The samples were dispersed in ethanol by
sonication for some time and then drop-cast onto a Si wafer (1 cm ×
1 cm). The XPS characterization was conducted using a homemade
system, with a model SPECS Phoibos 100 electron energy analyzer for
electron detection. Al Kα radiation (1486.6 eV) (model XR 50) was
used as the X-ray source for the characterization process. Data
collected in the V 2p and S 2p regions were interpreted using
commercial CasaXps software; we used well-established background
correction and curve fitting algorithms for our subsequent data
processing.
Electrochemical Analysis. VS4 electrodes were tape-cast onto

copper foil and were characterized by an overall compositional ratio of
80:10:10 in terms of active material, carbon, and poly(vinylidene
fluoride) (PVDF) binder by mass. Specifically, the coating
composition consisted of 80% active material, 10% Super P carbon,
and 10% PVDF. The concentrations of the ink were as follows, for the
various samples tested in NMP: VS4, ∼83% of the slurry by mass
(remaining 17% is solid) and VS4/MWNT composite, ∼86% of the
slurry by mass. After mixing, the resulting slurry was poured onto the
copper foil. A “doctor blade” was pulled across the paint/foil to ensure
uniformity and the presence of “even” coatings. The material was then
dried at 50 °C for over 12 h to remove excess solvent. The
corresponding mass loadings (per cm2) for the electrodes tested, both
in terms of overall mass and mass of the active material, were
computed to be for (a) VS4: overall mass, 1.34 mg/cm2; active, 1.07
mg/cm2; and (b) VS4/MWNT: overall mass, 1.26 mg/cm2; active,
1.01 mg/cm2.
Stainless steel coin-type cells, possessing a Li foil anode, 1 M LiPF6

in ethylene carbonate/dimethyl carbonate (3:7 vol/vol) electrolyte,
and a polypropylene separator, were assembled in an argon-filled
glovebox. Cyclic voltammetry measurements were collected using a
BioLogic VSP potentiostat over a voltage range of 0.01−3.0 V (note
the lower limit of the specific sample indicated in each figure) versus
Li/Li+ at a scan rate of 0.1 mV/s, wherein the lithium metal served as
both the counter and reference electrodes.
Synchrotron 3D X-ray Nanotomography. 3D tomography was

conducted on as-prepared VS4 and VS4/MWNT samples using
transmission X-ray microscopy (TXM) at the Full-Field X-ray
Imaging Beamline48 (FXI, 18-ID) of the National Synchrotron
Light Source II (NSLS-II) at Brookhaven National Laboratory. To
prepare the various samples for the FXI beamline, small amounts of
as-prepared VS4 and composite VS4/MWNT powders were sealed
within a capillary tube using clay, then glued onto a pin using epoxy,
and later air-dried for at least 24 h before imaging in TXM. The
samples were imaged with an incident X-ray energy of 5.5−6 keV,
which was higher than the absorption K-edge of V to optimize the
image absorption contrast. The 2D projections of the samples were
collected over an angular range of 180° with a total number of
projection images of >1500. The projections were then reconstructed
using Tomopy.49 The 3D visualizations of the reconstructed volume
were carried out by an open-source software platform, known as
Tomviz.50

■ RESULTS AND DISCUSSION

VS4 Nanorods and VS4 Nanorod/MWNT Composites.
The XRD pattern of as-prepared VS4 (Figure 1A) corresponds
well with the standard monoclinic pattern of VS4 (JCPDS no.
87-0603), thereby confirming its relatively high purity with no
obvious impurities. Morphology was assessed using SEM
images of the as-obtained VS4 sample. In particular, a specimen
of VS4, acquired after a 10 min reaction at 180 °C (Figure 1B)
under reaction conditions consisting of a maximum of 200 psi
pressure coupled with a threshold of 200 W operating in the
dynamic mode, was composed of individual nanorods with
average lengths of ∼318 nm and corresponding widths of ∼77
nm. To the best of our knowledge, nanoscale structures of VS4
within this size regime have not been routinely reported.
XPS was used to confirm the chemical signature of as-

prepared VS4 nanorods (Figure 1C,D). Specifically, an XPS
survey spectrum (Figure S1) was collected for the as-obtained
VS4 sample to acquire information about surface composition
and valence states. These data demonstrate the presence of
both V and S elements within the sample, with no evident,
additional elemental impurities appearing. The V 2p region
(Figure 1C) highlights three peaks, located at 515.6, 519.1, and
522.6 eV (Table S1). The peaks situated at 515.6 and 522.6 eV
can be assigned to the V 2p3/2 and V 2p1/2 states, respectively,
suggesting that the oxidation state of V is 4+. In addition, the
peak located at 519.1 eV is most likely a vanadium satellite
peak.51 Moreover, there are two peaks, present in the S 2p
region (Figure 1D and Table S1); these are located at 162.3
and 163.4 eV corresponding to S2

2−, which maintains a higher
binding energy as compared with S2−.28

Considering their high conductivity and outstanding
mechanical strength, MWNTs were introduced into the
reaction mixture under microwave reaction conditions. These
experiments yielded a necklace-like heterostructure of a VS4/
MWNT composite, as shown by SEM and TEM images in
Figure 1E,F, respectively. The precise mechanism by which our
VS4/MWNT composites formed is a matter of hypothesis.
Nonetheless, relevant previous literature has suggested that
during the microwave-assisted process, the vanadium precursor
is oxidized and forms an initial coating of VO2 on the external
surface of the underlying MWNTs. Subsequently, the reaction
of this metal oxide with the sulfur precursor leads to the
generation of the observed VS4 in a stepwise process. It is
therefore proposed that the MWNTs act as an underlying
structural “backbone” with which to facilitate, guide, and
enable the subsequent nucleation and growth of VS4
nanorods.52

According to SEM and TEM images, the VS4 nanorods
within the VS4/MWNT composite possess similar dimensions
to those of isolated, unmodified VS4, thereby suggesting that
the introduction of MWNTs did not perceptibly affect and
impact upon VS4 nanorod growth. High-resolution TEM
(HRTEM) images have also been acquired for the composite
(Figure 1G,H). The crystalline fringes of the isolated nanorods
in Figure 1H are characterized by a lattice plane distance of
0.56 nm, indicative of the (110) planes of monoclinic VS4.
The corresponding powder XRD pattern (Figure S2) of the

VS4/MWNT composite was consistent with the presence of
pure VS4 coupled with the addition of an extra peak at ∼26°,
which could be assigned to MWNTs. XPS has also been
utilized to analyze VS4/MWNT heterostructures, as shown in
Figure S3. XPS data of both V 2p (Figure S3A) and S 2p
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(Figure S3B) signals were similar to those found within the
VS4 sample in the absence of MWNTs, as noted in Table S1.
The data confirm the presence of a V4+ state coupled with the
S2

2− dimer formation. Moreover, after introducing MWNTs
into the system, there were two different peaks within the C 1s
region (Figure S3C). The peak located at 284.3 eV could be
ascribed to a C−C signal, associated with the presence of
MWNTs, whereas the peak positioned at 285.7 eV derived
from C−O interactions.
Effect of Annealing on Crystallinity of VS4/MWNT

Composites. High-temperature annealing represents a com-
mon methodology used for increasing sample crystallinity
while simultaneously retaining chemical composition and

morphology. Therefore, to enhance the crystallinity of the
sample, VS4/MWNT composites were treated under Ar at 300
°C for 1 h at a ramp rate of 2°/min. The resulting XRD
patterns (Figure S4A) of the post-annealed sample evinced
sharper peaks, which also matched up well with the standard
diffraction pattern, suggesting that the annealing treatment did
not introduce any obvious impurities. To investigate if the
annealing process impacted upon morphology, SEM images
were acquired for the post-annealed sample, as shown in Figure
S4B. These data do not reveal any apparent morphological
changes; in fact, isolated structures maintained similar
dimensions.

Figure 1. (A) XRD patterns of VS4 nanorods (black) along with the standard diffraction pattern, i.e., JCPDS no. 87-0603 (purple). (B) SEM image
of as-prepared VS4 nanorods. XPS spectra of as-obtained VS4 nanorods of (C) the V 2p region and (D) the S 2p region. (E) SEM image, (F) TEM
image, and (G, H) HRTEM images of various as-prepared VS4 nanorod/MWNT composites.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c03785
ACS Sustainable Chem. Eng. 2020, 8, 16397−16412

16401

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c03785/suppl_file/sc0c03785_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c03785/suppl_file/sc0c03785_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c03785/suppl_file/sc0c03785_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c03785/suppl_file/sc0c03785_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c03785/suppl_file/sc0c03785_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c03785/suppl_file/sc0c03785_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c03785?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c03785?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c03785?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c03785?fig=fig1&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c03785?ref=pdf


Synthesis Parameter Study and Morphology Control
of VS4. As previously discussed, specific parameters associated
with the microwave synthesis process are known to give rise to
important consequences with respect to product crystal
structures and isolated morphologies. Therefore, to acquire a
better understanding of this synthetic algorithm and the
underlying mechanism behind this process, the influence of
different reaction parameters upon the products formed has
been investigated, including but not limited to reaction time
and reaction temperature. Indeed, the as-obtained VS4
morphology could be tuned by simply controllably adjusting
these reaction conditions, often at the same time.
Synthesis of VS4 Nanorods: Varying Reaction Tem-

perature and Reaction Time. Reaction temperature affects
the observed crystallinity to a large extent. Therefore, to
properly probe the effect of reaction temperature, with other
reaction conditions kept constant, the reaction time was set at
10 min. The thermal decomposition temperature of
thioacetamide is ∼120 °C, a point at which H2S is released
and is able to react with the vanadium precursor to form VS4
above this temperature.53 Hence, to analyze the effect of
varying reaction temperatures, three different readings above
120 °C were chosen to understand this phenomenon. For
example, when the reaction temperature was 140 °C, the
product was amorphous with no sharp peaks, observed in the
XRD pattern in Figure S5A. It is worth mentioning that non-
uniform nanorods were obtained at this temperature, as shown
in Figure 2C. With an increase in temperature to 200 °C, peaks

attributable to VS4 appeared, indicative of higher crystallinity,
and these not only corresponded well with the standard
pattern but also were coupled with the observation of a more
uniform product morphology (Figure 2D).
To study the temporal evolution of VS4 growth, other

reaction conditions were kept the same with the reaction
temperature set at 180 °C. The microwave treatment was then
conducted for relatively short (but practical) periods of
reaction time, i.e., 5, 10, and 15 min in separate experiments.
Based on almost identical XRD patterns isolated after these
different reaction times (Figure S5B), it was concluded that the
reaction time does not dramatically affect chemical composi-
tion and degree of crystallinity, presumably because the unique
and fast-heating mechanism associated with microwave
chemistry invariably leads to the rapid formation of the VS4
phase within a relatively short time period. However, with
respect to the morphology, the 5 min sample (Figure 2A) and
15 min sample (Figure 2B) appeared to be less uniform as
compared with the 10 min sample. We hypothesize that under
these conditions, the nucleation time for VS4 formation is too
“short” at 5 min but conversely too “long” at 15 min.
Nevertheless, as compared with previous synthetic protocols
for VS4, the microwave treatment used herein significantly
shortens the necessary reaction time from several hours (and
even days) to an interval of mere minutes. All of these runs
were performed, without compromising upon either the
expected chemical composition or the formation of a
homogeneous and uniform product morphology, thereby
rendering the entire process both more facile and faster as
compared with conventional solid-state and hydrothermal/
solvothermal reactions.

Synthesis of VS4 Nanorods: Varying Sulfur Precursors
and Solvents. With respect to the production of hierarchical
motifs building on a “starting point” of anisotropic one-
dimensional (1D) VS4 nanorods, we found that a closely
integrated convolution of different reaction variables working
synergistically together enabled the formation of the desired,
high-surface-area structures. Specifically, in addition to the (i)
reaction time and (ii) reaction temperature, parameters
including (iii) reaction precursors and (iv) solvents were also
systematically altered, as well. Nevertheless, it was obvious that
the choice of solvent is particularly critical, since the
microwave radiation absorbing efficiency and concomitant
capability of converting microwave energy into heat are
contingent upon the loss tangent of the reaction medium. The
higher the loss tangent, the more easily the solvent can absorb
microwave energy and convert it into heat.54 As such, solvents
characterized by different loss tangents were tested, and these
were shown to have an impact upon not only composition but
also morphology.

Varying Sulfur Precursor. As reported previously, the
identity of the sulfur source plays an equally important role
in sulfide formation, which in and of itself could impact upon
the observed morphology and crystallinity, because of
correspondingly different decomposition behaviors and
sulfur-releasing rates.55,56 Therefore, we tried out a separate
sulfur precursor to analyze its effect upon VS4 synthesis. For
example, in one series of experiments, we replaced TAA
(CH3CSNH2) with L-cysteine (HSCH2CH(NH2)COOH),
which is also a common sulfur-containing source for
synthesizing various types of sulfides. We found that VS4
could be produced without any obvious impurities, although
with much lower crystallinity, as shown in Figure S6Aii.

Figure 2. Probing the effect of reaction temperature, reaction time,
and solvent of VS4 nanorod synthesis. SEM images of VS4 nanorods
prepared at 180 °C for (A) 5 min and (B) 15 min and for 10 min at
(C) 140 °C and (D) 200 °C. SEM images of VS4 nanorods, prepared
by varying solvent composition: (E) pure NMP; NMP/H2O (by
volume) solution mixtures of (F) 99.9:0.1 and (G) 99.5:0.5; and (H)
pure dimethylformamide (DMF).
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Interestingly, the morphology altered from nanorods to
amorphous-looking, hierarchical wispy “sheet-like” structural
motifs, an observation noted in Figure S6B.
This morphological variant might be attributed to the

different decomposition rates of thioacetamide and L-cysteine.
Specifically, thioacetamide degrades close to 120 °C, whereas
L-cysteine maintains a higher decomposition temperature of
around 220 °C.57 This much higher decomposition temper-
ature for L-cysteine likely leads to a much slower H2S releasing
rate. Our isolated product possessed a lower degree of
crystallinity, as evinced by associated XRD data (Figure
S6A). In principle, these observations are consistent with a
relatively slow nucleation process. We should note that we also
tried out thiourea as another potential viable sulfur-containing
precursor. However, we were unable to generate the correct
composition, likely due to its lower solubility within NMP as
compared with either TAA or L-cysteine (Figure S6Ai).
Varying Solvent. The solvent effect with respect to the

impact of NMP is summarized in Figure 2E−H. The
importance of NMP for the synthesis of VS2 and VSe2 cannot
be overstated from the literature. Specifically, the high polarity
of NMP is necessary to dissolve precursors, and moreover, the
surface energy value of NMP is conducive to the formation of
“flower-like” structures of VS2 and VSe2.

46,58 However, we
found that the use of pure NMP in solution in this synthesis
was not able to generate a uniform morphology of VS4;
instead, a mixture of nanoscale spheres and nanorods was
isolated, as shown in Figure 2E. For these as-obtained
nanoscale spheres, they appeared to be composed of individual
nanorods, agglomerated together, as shown in Figure S7.
By contrast, when NMP containing a small amount of water

was used as the reaction medium, the amount of nanoscale
spheres dramatically lessened, whereas the proportion of
uniform, discrete nanorods clearly predominated, as shown
in Figure 2F. We hypothesize that the presence of water tends
to not only promote and favor individual nanorod formation
but also prevent their aggregation into sphere-like clusters.
Indeed, with increasing water content, it turned out that little if
any spherical motifs were generated. Rather, a mixture of
nanorods and nanosheets was isolated, as shown in Figure 2G.
Nevertheless, it should be noted that when the reaction
medium consisted exclusively of water in the presence of
VO(acac)2 as the vanadium precursor, no VS4 crystallized at
all, as noted by the corresponding experimental XRD pattern
(Figure S8ii). One possible reason for these observations is
that the use of water alone cannot completely dissolve the
vanadium precursor and, furthermore, water is characterized by
a relatively low loss tangent. Hence, running the reaction in
water by itself results not only in a slower heating rate but also
in a poorer precursor solubility as compared with an NMP/
water mixture; these factors can perceptibly affect the dynamics
of the microwave reaction itself.
To probe the effect of NMP upon VS4 synthesis, different

polar solvents, namely, N,N-dimethylformamide (DMF),
methanol, and ethanol, were attempted in the synthesis
process. The use of DMF resulted in the production of pure
VS4, according to the as-generated XRD pattern (Figure S8i).
The associated morphology of VS4 produced from DMF
similarly yielded a mixture of nanoscale spheres and nanorods
(Figure 2H). As mentioned previously, the addition of water to
the reaction medium may be conducive to the formation of
VS4 nanorods, since as we have seen, the presence of small
amounts of water can increase the solubility of the vanadium

precursor within the overall solvent environment (such as
NMP); consequentially, this scenario would favor not only an
increase in the purity of the resulting product but also the
generation of a more uniform product morphology. It should
be noted, however, that the choice of DMF did not neatly
abide by this logic. That is, whereas DMF could create VS4 in
the absence of water, interestingly, DMF in the presence of
water yielded little if any product of significance.
The roles of additional polar solvents, such as methanol and

anhydrous ethanol, were also investigated with respect to their
ability to form VS4 nanorods. However, it was observed that
the vanadyl acetylacetonate precursor did not fully dissolve
under these solvent conditions. Indeed, the associated XRD
patterns highlight the presence of an impurity peak, suggestive
of undissolved precursors (Figure S9i,ii). Upon trying out a

Figure 3. Probing the effect of reaction time in VS4 nanoflower
synthesis. (A) XRD patterns associated with the synthesis of VS4
using Na3VO4 as the vanadium precursor and water as the solvent.
Data were collected as a function of increasing reaction time (bottom
to top). Representative SEM images of samples at (B) 10 min, (C) 30
min, and (D) 90 min are shown.
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mixture of H2O and either ethanol or methanol (Figure
S9iii,iv, respectively), the amounts of dissolved precursors did
perceptibly increase but not to a complete extent. In particular,
the XRD data indicate that, for the “methanol-and-water”
combination, a small but non-negligible amount of remnant
precursor lingered, whereas with the “ethanol-and-water”
mixture, smaller impurity peaks remained.
Synthesis of 3D Nanostructures of VS4: Probing the

Effects of Reaction Time, Solvent Choice, Sulfur
Precursor Concentration, and Order of Reagent
Addition. Varying Reaction Times. As mentioned in the
Introduction section, an example of a typical prior synthesis of
3D nanoflower-like structures of VS4

18 involved TAA and
Na3VO4 as the relevant elemental precursors, dissolved in
water, in the context of a hydrothermal reaction protocol; at
times, these reactions also precipitated unwanted VS2 as a
byproduct. However, the parallel formation of 3D nanostruc-
tures of VS4 within the framework of microwave-assisted
reactions is relatively unstudied. Herein, as a key modification
of our microwave-assisted reaction conditions described above,
we replaced vanadyl acetylacetonate, which we had specifically
utilized to promote 1D VS4 nanorod formation, with sodium
orthovanadate (Na3VO4), since the latter had previously been
reported to be an appropriate and widely utilized source of
vanadium for preparing different types of analogous 3D metal
sulfides.51,59,60

Specifically, we initially analyzed the behavior of sodium
orthovanadate in water at varying reaction time periods, i.e., 10
min intervals from 10 to 90 min (Figure 3). In particular, we
observed a distinctive increase in crystallinity from 10 to 30
min (Figure 3Ai,ii). However, as the reaction time was further
increased from 30 to 60 min and onwards to 90 min, the
corresponding improvement in crystallinity was minimal at
best (Figure 3Aii,iii). Representative SEM images were taken
of samples isolated after 10 min (Figure 3B), 30 min (Figure

3C), and 90 min (Figure 3D) of reaction time, respectively. As
noted at 10 min, the sample possessed areas characterized by
structures with a needle-like morphology but overall, it lacked
uniformity since some of these needle-like motifs were
aggregated together, whereas others remained as scattered,
discrete entities. At 30 min, the as-synthesized sample was
consistent with the formation of reasonably uniform and highly
crystalline 3D nanoflowers, measuring ∼100 nm in average
diameter (Figure 3C). After 90 min of reaction (Figure 3D),
we observed the formation of somewhat uniform 3D nanoscale
spheres, but these appeared to have an amorphous coating on
their external surface. Because we were able to isolate
reasonably more homogeneous and crystalline needle-like
structures possessing the desired chemical composition after as
little as 30 min of reaction, we chose this reaction time as an
“optimized” time interval for the formation of 3D nanostruc-
tures of VS4 using sodium orthovanadate in water.
Obviously, this reaction period was longer than that needed

to produce 1D VS4 nanorods with NMP, but this was
understandable, considering that intuitively, it would take an
increased reaction period to generate an inherently more
complex and more sophisticated 3D hierarchical architecture.
In addition, the use of water as a reaction solvent most likely
lengthened the reaction time as compared with NMP itself. As
mentioned previously, NMP with its larger dielectric constant
is more polar than water and, therefore, possesses a relatively
larger tangent factor as compared with water, meaning that
NMP likely absorbed microwave energy much more readily
than water61 and therefore took less time to induce the desired
reaction.
We should note that the isolated XRD pattern was

somewhat ambiguous, since the singular peak could be
ascribed to either VS2 or VS4; hence, further investigation
was necessary (Figure 4A, black) to ascertain the chemical
identity of our products. Acquired SEM-EDS data yielded a 1:4

Figure 4. Probing the effect of solvent in VS4 nanoflower synthesis. (A) XRD patterns of VS4 3D nanostructures, synthesized using Na3VO4 as the
vanadium precursor in the presence of water (black), a water/ethanol mixture (red), and a water/methanol mixture (blue), along with a database
standard (purple). (B) Representative SEM-EDS spectrum of the VS4 NF-W sample. Characteristic TEM images of VS4 3D nanoflowers
synthesized in the presence of (C, D) water (NF-W), (E, F) a water/ethanol mixture (NF-E), and (G, H) a water/methanol mixture (NF-M).
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V/S elemental ratio, consistent with the presence of VS4
(Figure 4B). Further electron microscopy characterization
enabled visualization of the resulting morphology. In effect, the
isolated 3D morphology consisted of hierarchical flower-like
assemblies with an average diameter of 125 ± 22 nm; this
sample is highlighted as VS4 NF-W (Figure 4C,D and Table
1).

Additional chemical characterization was achieved on VS4
NF-W samples using XPS (Figure 5 and Table S1).
Specifically, the VS4 NF-W sample evinced V 2p peaks (Figure
5B) with a major V4+ signal consistent with the VS4 formation;
the presence of small V3+ peaks may have originated from
sample drying in ethanol. Since as XPS only has a limited
surface range of 10 nm, the presence of V3+ may have
correlated with slight surface oxygenation, due to the
formation of VOOH at the outer surface of the VS4
nanoflowers.62 The V 2p3/2 peak was observed at 516.5 eV
along with a V 2p1/2 peak at 522.3 eV, correlating with data
previously noted not only with the aforementioned VS4
nanorods but also with prior literature (Figure 5B and Table
S1). The S 2p region (Figure 5A) for the VS4 NF-W sample
yielded two 2p3/2 and 2p1/2 peaks at 162.4 and 164.0 eV,
respectively (Table S1), consistent with the S2

2− dimer
formation and in line with the corresponding measurements
of VS4 nanorods. Collectively, we can assert the formation of

Table 1. Summary of Average Diameters and Chemical
Composition Data Derived from SEM-EDS Spectra of VS4
3D Nanoflower Samples

sample
average diameter (in

nm)
sulfur
atom %

vanadium
atom %

total
atom %

NF-W 125 ± 22 78.9 21.0 100.0
NF-E 142 ± 33 83.6 16.4 100.0
NF-M 164 ± 28 77.7 22.3 100.0

Figure 5. XPS spectra of as-obtained VS4 3D nanoflowers: (A, B) NF-W, (C, D) NF-E, and (E, F) NF-M for (A, C, E) the S 2p region and (B, D,
F) the V 2p region.
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VS4 through the confirmation of not only the correct V4+

oxidation state but also the presence of the predicted S2
2−

dimeric species.
Varying Solvent Conditions. Because solvent choice proved

to be an effective contributor to successful VS4 nanorod
generation (Figure 2), by analogy, we also tested the role of
solvent with respect to VS4 nanoflower generation. Since the
use of water worked effectively to induce the formation of a
distinctive 3D nanostructure, we then tried out an ethylene−
water mixture (volume ratio of 1:1) as the solvent with
Na3VO4 and TAA as the vanadium and sulfur sources,
respectively; all of the reactants were thoroughly mixed
together with sonication. In a series of experiments, we ran
the microwave treatment at 160 °C with different reaction
times (i.e., 10, 30, and 60 min). The XRD data, as shown in
Figure S10A, suggested an increasing degree of crystallinity in
the as-obtained VS4 with longer reaction times. The isolated
product morphologies of VS4 included nanoscale flowers
(possessing a diameter range of less than 200 nm) and
submicron-scale spherical motifs (with an average diameter of
∼600 nm), as presented in Figure S10B−D.
To explore the discrete effect of the polar solvent upon the

observed crystallinity of these 3D nanoscale flower-like
structures, in general, we investigated the use of other solvents,
such as ethanol and methanol, in combination with water. The
resulting XRD pattern obtained from synthesis with an
ethanol/water mixture (sample NF-E) also matches that of
pure VS4 with the presence of two discrete peaks, and it is
consistent with the prior literature (Figure 4A, red).18

Structurally, we were able to create the desired 3D flower-
like nanostructures (Figure 4E,F). Specifically, it was observed
that a distinctive ethanol/water combination mixture (1.4 mL
water/1 mL ethanol) resulted in the production of highly
crystalline 3D nanosheet aggregates (Figure 4E,F), averaging
142 ± 33 nm in diameter per cluster (Table 1). Furthermore,
HRTEM images highlight the creation of 3D nanosheet
clusters; measured lattice parameters of 0.56 nm within these
structures matched the (110) plane, denoting data character-
istic of an expected VS4 chemical composition (Figure S12).
Further investigation was performed using SEM-EDS to ensure
that VS4 could indeed be generated without the mediation of a
carbon-based template. In addition, a representative SEM-EDS
spectrum (Figure S11A) established the presence of a 1:4 V to
S ratio, derived from the atomic weight results obtained from
the collected spectra (Table 1), thereby providing for
additional corroboration that VS4 is indeed the correct isolated
composition.
We also explored a polar solvent combination involving

water and methanol (sample NF-M). Using identical
conditions to those utilized to fabricate VS4 NF-E with only
methanol substituted for ethanol, our analogous VS4 NF-M
samples consisted of slightly larger nanoflowers with an
average diameter range of 164 ± 28 nm, as confirmed by
TEM data (Figure 4G,H and Table 1). Furthermore, the
chemical composition of the resulting VS4 NF-M was
corroborated by XRD (Figure 4A, blue) and verified using
SEM-EDS (Figure S11B). Upon comparing the various as-
synthesized 3D VS4 nanostructures (NF-W, NF-E, and NF-
M), we noted the influence and close connection of solvent
choice with the resulting product size. For example, the
smallest VS4 nanoflowers were obtained from the use of water
alone (NF-W), whereas the largest structures isolated derived
from the utilization of a methanol: water combination (NF-M)

(Table 1). This observation could correlate with the relatively
higher polarity and tangent factor of methanol as compared
with ethanol and water; in essence, methanol would have
undergone the most rapid heating protocol. Hence, its
improved reactivity would have allowed for the creation of
sizeable VS4 structures.
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Further characterization data were obtained on the VS4 NF-
E and NF-M samples using XPS (Figure 5C−F and Table S1).
The VS4 NF-E and NF-M samples for the V 2p region were
consistent with the formation of V4+ associated with VS4; as
previously discussed with the VS4 NF-W sample, slight V3+

impurity peaks would have been consistent with the creation of
VOOH species at the external surfaces of the VS4 nanoflowers,
due to drying in air.62 The positions of the V 2p3/2 and V 2p1/2
peaks centered at ∼516 eV (Table S1) and ∼522 eV (Figure
5D,F and Table S1), respectively, were within the experimental
range of both the prior literature and our own as-prepared 1D
VS4 nanorods. In addition, the S 2p region (Figure 5C,E) for
the VS4 NF-E and NF-M nanoflowers gave rise to two peaks
(i.e., 2p3/2 and 2p1/2) at ∼162.5 and 164 eV, respectively
(Table S1), consistent with the S2

2− dimer formation. Again,
the combination of V and S XPS data supported our
presumption of successful VS4 nanoflower synthesis.

Varying Sulfur Precursor Concentration and Order of
Precursor Addition. Since many of the VS4 syntheses use a
nonstoichiometric amount (i.e., an excess) of sulfur pre-
cursor,18 specifically in the context of a molar 1 V:5 S ratio,
instead of the stoichiometric molar 1 V:4 S ratio, the effect of
varying sulfur concentration was also explored. Specifically,
when decreasing the molar amount of thioacetamide from 5 to
4 mmol (i.e., the correct stoichiometric amount for VS4), the
resulting XRD pattern (Figure 6C, red) showed that pure VS4
had indeed been generated. However, the corresponding
experimental SEM images provided evidence for a different,
unexpected morphological motif, i.e., larger VS4 spheres (as
opposed to high-surface-area, spiky flower-like assemblies)
with much less apparent crystallinity (Figure 6A). These
findings are consistent with those noted with other metal
sulfides, wherein the impact of increasing thioacetamide
(TAA) concentrations was not only to facilitate the formation
of the desired nanoflower morphology but also to increase the
crystallinity of the resulting product.63 Therefore, the use of a
nonstoichiometric 1 V:5 S molar ratio (i.e., excess sulfur) was
necessarily essential to achieving both the preferred crystal-
linity and morphology.
Moreover, the order of addition of the VS4 precursors was

also explored. Many reported syntheses dissolve the sulfur
precursor prior to that of the vanadium precursor. For most of
our experiments, the sulfur precursor (thioacetamide) was
initially dissolved in a water/ethanol solution to which the
vanadium precursor (Na3VO4) was then added and sub-
sequently dissolved. We tried to reverse this order. Specifically,
since the vanadium precursor is readily soluble in water, we
dissolved the vanadium precursor in water first and then added
in ethanol to enable the subsequent dissolution of the sulfur
precursor. While this procedure decreased the overall sample
preparation time, the resulting experimental XRD pattern
(Figure 6C, black) was not consistent with pure VS4; in fact,
visible VO2 impurity peaks (JCPDS no. 65-7960) appeared at
∼15°. Moreover, the associated SEM image showed the
presence of large micron-sized impurities, most likely
correlated with the VO2 impurity (Figure 6B).
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What our findings therefore imply is that the precursor
addition sequence definitely matters. Specifically, the initial
dissolution of the sulfur precursor is necessary to prevent any
subsequent, unwanted coordination of vanadium ions onto
oxygen species present within aqueous media such as water,
which would have accounted for the formation of the
undesirable vanadium oxide impurities. That is, dissolving
the sulfur precursor prior to adding in the vanadium precursor
ensured that most, if not all, of the vanadium ions in solution
coordinated with the targeted sulfur anions. Hence, the initial
addition of the sulfur precursor to the water/ethanol solution
was crucial in terms of not only inhibiting the production of
VxOy impurities but also promoting the desired formation of
VS4.
Summary of Mechanistic Insights. To summarize our

work on parameter control, we found that we could “optimize”
our synthesis of VS4 nanorods with respect to crystallinity and
chemical composition by using a reaction temperature of 180
°C with a reaction time of 10 min. Regarding our ability to
tune morphology, we noted that changing the nature of
solvents and vanadium precursors yielded reproducible
variations in the production of 1D VS4 nanorod motifs.
Specifically, nanorods were initially synthesized by using NMP

and water mixture as the solvent; however, a mixture of
nanoscale spheres and nanorods was produced when using
either pure NMP or pure DMF. Further improvements, as
manifested by the substitution of the vanadium precursor with
Na3VO4 coupled with the use of a specific H2O, H2O/ethanol,
or H2O/methanol volume mixture, enabled the production of
high-quality 3D VS4 nanoflowers with tunable sizes from 100
to 200 nm.

Decomposition Study of VS4 Nanorods. To probe VS4
stability under functional conditions, we exposed our samples
to environments, rich in either oxygen, water moisture, or
visible light, so as to understand the underlying rationale for
possible degradation routes. In Figure S13A, the sample,
obtained after storing in air for several days, evinced a different
coloration (“greenish” hue) as compared with a fresh sample
(black powder). We can most likely attribute this change to the
formation of V4+- and V5+-based oxides since VO2 is blue and
V2O5 is yellow, as suggested by the XRD pattern (Figure
S13B) of the “degraded” sample. To analyze the stability of the
VS4 samples, dried VS4 nanorod samples were stored in air
under either visible irradiation (test “A”) or dark conditions
(test “B”). Both samples gave rise to similar color changes,
even after ambient storage for about 3 weeks, suggestive of
similar degradation patterns regardless of the presence of light.
We found that the presence of water (and solution in general)
also impacted upon the observed stability. Specifically, when
VS4 nanorods are purposely stored under moist conditions,
they decayed much faster as compared with “dry” samples. As
examples, we probed samples that were stored in either water
or ethanol for either 1 week (test “C”) or 2−3 days (test “D”),
respectively. As demonstrated by XRD, these samples did not
“survive” since the degree of purity lowered for both cases. By
contrast, for the sample stored in a glovebox (test “E”) in the
absence of air and water, the VS4 sample lasted a notably long
period of time without any detectable degradation. Hence, we
hypothesize that ambient storage in moist air (i.e., not in a
glovebox environment) may oxidize and hydrate the exposed
VS4 over time in a process that is accelerated by the presence
of either water or ethanol. These data are summarized in Table
S2.

Electrochemistry. As a means of characterization for
battery feasibility, electrochemical cyclic voltammetry (CV)
data were obtained on various VS4 samples. The initial pristine,
as-prepared VS4 nanorods (Figure 7A) displayed cathodic
peaks at 1.95, 1.71, and 1.51 V, which can be attributed to the
formation of Li3+xVS4. There is no apparent peak at 0.64 V to
indicate the generation of an SEI layer, which we observed
with our other test samples. Upon oxidation, there is a sharp
anodic peak at 1.89 V and a larger peak at 2.39 V, which can be
identified with the delithiation of Li2S coupled with the
formation of VS4 or Li3+xVS4, respectively.

18 In the second
cycle, there is only one apparent cathodic peak at 1.47 V that
has shifted to a more negative potential. The evident difference
between the CV and voltage profiles between the first and
second cycles may be indicative of an irreversible phase
transition occurring during the first reduction−oxidation
process, an observation previously noted with other
transition-metal sulfides.10 Specifically, the anodic peaks in
the second cycle are greatly diminished in intensity, thereby
suggesting irreversibility of the process in the second cycle.
By contrast, upon annealing, the VS4 nanorods exhibited

three main cathodic peaks in the first cathodic scan (Figure
7B), situated at 1.78, 1.65, and 1.5 V. The peaks in this region

Figure 6. Probing the effect of sulfur-to-vanadium precursor ratio and
order of addition. Experimental SEM images of VS4 nanoflower-like
aggregates created with (A) 1:4 molar ratio of sulfur precursor to the
vanadium precursor and (B) dissolution of sodium orthovanadate in
water, prior to the analogous dissolution of the sulfur precursor in the
presence of a water/ethanol mixture. (C) XRD patterns of samples
produced in (A) and (B), as compared with a standard VS4 diffraction
pattern.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c03785
ACS Sustainable Chem. Eng. 2020, 8, 16397−16412

16407

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c03785/suppl_file/sc0c03785_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c03785/suppl_file/sc0c03785_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c03785/suppl_file/sc0c03785_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c03785/suppl_file/sc0c03785_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c03785/suppl_file/sc0c03785_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c03785?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c03785?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c03785?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c03785?fig=fig6&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c03785?ref=pdf


can be attributed to a likely multi-step lithiation of VS4 to form
Li3+xVS4. A smaller peak appears at ∼0.64 V, which had not
been noted with pristine VS4 nanorods (Figure 7A), and can
be viably ascribed to a combination of (i) SEI formation, (ii)
the decomposition of the electrolyte, and (iii) the reduction of
Li3+xVS4 to Li2S and V.18 During the first anodic scan, peaks
are present at 1.83 and 2.43 V, consistent with not only
delithiation of the Li2S at 1.83 V but also the formation of
either VS4 or Li3+xVS4 at 2.43 V.

18 In the second cycle, there is
a cathodic peak at 1.59 V with a shoulder located at ∼1.42 V.
The peak at 0.64 V disappears, consistent with the irreversible
formation of the SEI layer. The observed change in the peak
potential from the first scan may be explained by either a
compositional change or a structural rearrangement from the
previous cycle. The second anodic scan reveals a decrease in
the peak current at 1.83 V, coupled with a major intensity
decrease and broadening of the peak at 2.43 V. What we can
state is that the addition of a physical annealing step between
Figure 7A,B implies an increased sample crystallinity. It has
been previously reported that higher crystallinity is conducive
to a larger capacity and a more stable cycling, not only because
of the likelihood of fewer defects within a thermally treated
sample but also because amorphous phases tend to induce
disorder and render it more difficult for Li-ion diffusion.18

Hence, it is not surprising that there is an enhanced
reversibility and stability of annealed versus pristine VS4
nanorods.
By comparison, the CV data of the annealed VS4 nanorod/

MWNT sample (Figure 7C) show similar behavior with that of
annealed VS4 nanorods. In particular, the main cathodic peak
appears at 1.81 V with smaller peaks situated at 1.48 and 1.98
V, with the SEI peak positioned at 0.64 V. Anodic peaks appear
at 1.83 and 2.41 V. In the second cycle, instead of shifting to a
lower potential, the cathodic peak moves to a higher potential
at around 1.98 V. Zhou et al. described a similar type of
behavior with their analogous VS4 nanoparticle/MWNT
structure during CV, wherein they attributed this shift to
either a structural rearrangement or a chemical compositional
change within their test material.16 As had been discussed in
the Introduction section, in an optimal scenario, the presence

of MWNTs likely improved the conductivity, charge-transfer
kinetics, and cycling stability of the resulting electrode, all of
which would have led to a better cycling stability and rate
capability.24 Not surprisingly, the shift to a more positive
potential may be ascribed to increased kinetics from the
presence of MWNTs, which would have facilitated charge
transfer to the adjoining VS4 nanorods. In the second anodic
scan, the peaks are similar to that of the first cycle, with a slight
broadening in the peak at 2.41 V.
To further account for the unique electrochemical behavior

of our composites, we probed their spatial organization by
comparing the 3D arrangement of pristine VS4 nanorods
versus VS4/MWNT composites through an analysis of their X-
ray nanotomography scans, as shown in Figure 8. The

reconstructed 3D sample morphologies are shown within
spatially designated regions in the shape of square boxes.
According to the 3D tomography data, the VS4/MWNT
composite (Figure 8B) yielded a more homogeneous
distribution as compared with pristine VS4 alone (Figure
8A), which appeared to have evinced large aggregates within
the analyzed volume. After attaching the VS4 nanorods onto
the MWNTs, VS4 tended to grow on its underlying surface and
formed a loose, winding, necklace-like structure, reflecting the
directionality of the MWNT backbone. As for the pristine VS4
nanorods, since there was no template “spine” with which to
“channel” their growth, then the net result was a high degree of

Figure 7. CVs of (A) pristine VS4 nanorods, (B) annealed VS4
nanorods, (C) annealed VS4 nanorod/MWNT composites, and (D)
VS4 nanoflowers. These data sets were obtained at a 0.1 mV/s scan
rate between 0.01−0.05 and 3.0 V vs Li/Li+.

Figure 8. Reconstructed 3D X-ray nanotomography images of (A)
VS4 nanorods and (B) VS4 nanorod/MWNT composites.
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apparent and diffuse aggregation. Therefore, at a larger
macroscopic level, the presence of MWNTs appears to have
enabled a relatively uniform and even dispersion/packing of
VS4 nanorods, thereby limiting their aggregation and creating
an overall better interconnected network, which might have
more readily accommodated for volume expansion upon
lithiation. Hence, these direct observations of structure may
explain the improved electrochemical performance of VS4/
MWNT composites as compared with that of their pristine VS4
analogues.
In the final set of experiments involving VS4 nanoflowers

(NF-E) (Figure 7D), we observed three distinctive cathodic
peaks in the first cycle (2.02, 1.87, and 1.62 V) as opposed to
the close grouping of peaks that had appeared in the other
samples. These data can be attributed to VS4 lithiation. No
peak was visible at 0.64 V to indicate SEI formation, by
contrast with results found with other VS4 nanoflower
samples.18 Nonetheless, we found that peaks at 2.02 and
1.87 V disappeared completely in the second cycle, which was
consistent with the performance of other VS4 materials,10

whereas the peak at 1.62 V shifted slightly to 1.52 V. In the first
anodic scan, there are three separate peaks located at 1.90,
2.14, and 2.36 V, corresponding to the delithiation of the
products, formed during the reduction. The second anodic
scan highlights a decrease in the peak current with peak
broadening located at 2.36 V. Again, the apparent difference
between the CV first and second reduction cycles likely
signified an irreversible phase transition occurring during the
first reduction−oxidation process, denoting similar behavior
with that of other transition-metal sulfides.10 Nonetheless, it
should be noted that the pristine nanoflowers (Figure 7D)
evinced greater reversibility and electrochemical function as
compared with that of pristine nanorods (Figure 7A), likely
because of the increased surface area and higher porosity of the
hierarchical 3D structure, which would have facilitated Li+-ion
transport and accommodated for volume changes upon
charge/discharge.18

Summary of Electrochemical Testing. Overall, our as-
prepared and unique VS4 morphologies and compositions
displayed similar groupings of peaks upon the first cathodic
scan. In the literature, similar sets of peaks have been ascribed
to the formation of a lithiated Li3+x phase, followed by the
formation of Li2S and V.18 Pristine nanorods (Figure 7A) and

nanoflowers (Figure 7D) did not give rise to any SEI
formation, whereas annealed VS4 nanorods (Figure 7B)
yielded a small peak at 0.64 V, which had been previously
attributed to SEI formation. Whereas the VS4 nanorod/
MWNT composites did not experience a negative shift in
potential (Figure 7C), the analogous unattached, bare VS4
samples experienced a shift to more negative potentials during
the second cathodic scan. Moreover, two prominent anodic
peaks were present in all samples, coupled with a minor third
peak associated with the CV of VS4 nanoflowers (Figure 7D),
all of which could be attributed to the delithiation of Li2S and
the reformation of Li3+xVS4. It is possible that the material does
not fully revert to VS4, thereby accounting for the difference in
peaks during the second cathodic scan. We hypothesize that
the compositional change discussed in the literature may be a
partially lithiated version of the original VS4 material.16 Future
work will include experiments such as but not limited to (i)
annealing of VS4 nanoflowers in addition to (ii) composite
formation involving these 3D VS4 motifs with MWNTs to
further probe the resulting electrochemical behavior.

■ CONCLUSIONS
In this work, a facile and fast microwave-assisted method was
developed to synthesize VS4 and its associated composite
heterostructures, VS4/MWNT. We noted that pure and highly
crystalline VS4 nanorods could be generated via a 10 min
reaction at 180 °C, followed by annealing at 300 °C under
inert Ar conditions for 1 h. Moreover, the VS4 morphology
itself could be easily tuned by simply changing specific reaction
parameters. In particular, VS4 nanorods with average lengths of
∼318 nm and average widths of ∼77 nm could be synthesized
by using a mixture of NMP and water as the solvent, whereas a
combination of nanorods and nanoscale spheres could be
produced by using either pure NMP or pure DMF alone.
By changing the vanadium precursor to sodium vanadate,

3D nanoflowers were synthesized using selected water: polar
solvent ratios, ranging from an all-water solution (NF-W),
onwards to a water: ethanol mixture (NF-E) and finally to a
water/methanol combination (NF-M). These nanoflowers
were noted to be highly crystalline and were found to increase
in size in a deterministic fashion with increasing polarity of the
solvent mixture. Further experimentation yielded insights into
the mechanistic growth of the VS4 nanoflower-like structures,

Table 2. Summary of Different Morphologies of VS4 Produced in This Work, Created Using Different Sets of Reaction
Conditions

vanadium
precursor sulfur precursor solvent

reaction time
(min)

reaction temperature
(°C)

chemical
composition morphology

VO(acac)
2

thioacetamide NMP/H
2
O 10 180 VS

4
uniform nanorods

VO(acac)
2

thioacetamide NMP 10 180 VS
4

mixture of nanowires and spheres

VO(acac)
2

thioacetamide DMF 10 180 VS
4

mixture of nanowires and spheres

VO(acac)
2

L-cysteine NMP/H
2
O 10 180 VS

4
flower-like structures

VO(acac)
2

thioacetamide MeOH 30 160 VS
4
with VO(acac)

2
n/a

VO(acac)
2

thioacetamide EtOH 30 160 VS
4
with VO(acac)

2
n/a

VO(acac)
2

thioacetamide MeOH/H
2
O 30 160 VS

4
with VO(acac)

2
n/a

VO(acac)
2

thioacetamide EtOH/H
2
O 30 160 VS

4
with VO(acac)

2
n/a

Na
3
VO

4
thioacetamide H

2
O 30 160 VS

4
nanoflower-like aggregates

Na
3
VO

4
thioacetamide EG/H

2
O 10 160 VS

4
flower-like structures

Na
3
VO

4
thioacetamide EtOH/H

2
O 30 160 VS

4
nanoflower-like aggregates

Na
3
VO

4
thioacetamide MeOH/H

2
O 30 160 VS

4
nanoflower-like aggregates

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c03785
ACS Sustainable Chem. Eng. 2020, 8, 16397−16412

16409

pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c03785?ref=pdf


wherein both the molar ratio of V to S content and the order of
addition of the precursors were found to play significant roles.
In particular, decreasing the initial molar ratios of V to S
content from a nonstoichiometric value of 1:5 to a
stoichiometric molar ratio of 1:4 yielded pure VS4. However,
that protocol produced a less crystalline, spherical-like
morphology. By contrast, altering the order of addition by
initially adding in the vanadium precursor prior to inserting in
the sulfur precursor resulted in the formation of undesirable
vanadium oxide impurities. All of these different isolated
morphologies coupled with their associated synthetic protocols
are summarized in Table 2.
Hence, this simple microwave method not only is a new,

simple, and fast method for preparing VS4 but also is
potentially generalizable as a facile means with which to
modify morphology by controllably altering specific reaction
parameters, which can be subsequently correlated with their
associated electrochemical performance as electrode materials.
In addition, the degradation of VS4 nanorods was analyzed for
the first time as well, with results suggesting that VS4
disintegrates, when in the presence of either air, solution, or
a combination of these environments. These data imply the
inherent sensitivity of VS4 with implications for their practical
applicability within commercial device configurations.
From an electrochemical perspective, our VS4 is electro-

chemically active and shows behavior consistent with the
literature. Moreover, we found that the rational application of
specific physical and chemical processing treatments, such as
(i) thermal annealing to increase crystallinity, (ii) the addition
of MWNTs to form conductive composites, and (iii) the
evolution of morphology from 1D nanorods to more complex
3D nanoflowers, yielded distinctive effects upon the resulting
electrochemistry. All of these deliberative interventions led to
clear improvements, especially with respect to reversibility, as
compared with pristine VS4 nanorods alone. It is difficult if not
impossible to clearly differentiate and ascertain the relative
importance and/or benefits of any one mutually independent
reaction variable in dictating the observed performance. No
one variable is most decisive. Rather, our results are consistent
with emphasizing the significance of each of these synthetic
strategies, in particular, in terms of holistically assessing and
improving upon the resulting stability and measured capacity
of as-prepared VS4 motifs, with implications for increasing the
observed battery performance.
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