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Two-dimensional metallic vanadium disulfide (VS,) has gained significant attention due to its excellent
electrical and electrochemical properties, making it a promising candidate for energy storage and
electronic applications. Despite the advantages of hydrothermal synthesis in producing VS, nanosheets, the
underlying reaction pathways and critical synthesis parameters remain insufficiently understood. This study
presents a systematic investigation of the key reaction variables influencing the hydrothermal growth of
hierarchical VS, nanosheets on a three-dimensional substrate. By optimizing precursors' (NH4VOs: TAA)
molar ratios, reaction temperature, time, and ammonia concentration, we achieved precise control over
the morphology and phase of VS,. Our findings demonstrate that pure VS, nanosheets can be synthesized
in just 5 hours, significantly reducing the conventional reaction time of 20 hours while maintaining phase
purity and structural integrity. The parametric insights provided in this study establish a robust foundation
for designing tunable VS, architectures with potential applications in catalysis, sensors, hydrogen evolution,

Received 17th November 2024,
Accepted 3rd March 2025

DOI: 10.1039/d4ce01161a

Open Access Article. Published on 08 April 2025. Downloaded on 6/13/2026 8:35:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

rsc.li/crystengcomm

1. Introduction

The manipulation of nanostructures offers transformative
potential across various applications due to their unique

physical, chemical, and electrochemical properties.
Transitioning from microstructures to nanostructures
dramatically increases the interfacial area, which can

significantly enhance electrochemical performance. Precision
control over the size, shape, and composition of these
nanostructures is crucial for optimizing their use in cutting-
edge technologies.'™®

Vanadium disulfide (VS,), a two-dimensional (2D)
transition metal dichalcogenide (TMD), has attracted
significant attention due to its remarkable electrical,
electrochemical, and catalytic properties.” ">  These

characteristics make VS, a strong candidate for applications
in next-generation energy storage devices, catalysis, and
hydrogen evolution reactions (HER)."*™*” However, despite its
potential, achieving high-quality VS, with precise control over
its structure and properties remains challenging.
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and next-generation energy storage devices.

Historically, several methods have been employed for the
synthesis of VS,, ranging from chemical vapor deposition
(CVD) to solution-based techniques. Among these, the
hydrothermal method has emerged as a particularly attractive
route due to its simplicity, cost-effectiveness, and
scalability.’®2° While early work in VS, synthesis primarily
focused on bulk materials, recent advancements in
hydrothermal techniques have enabled better control over the
morphology of the material, allowing for the formation of
nanosheets,  hierarchical  structures, and flower-like
morphologies. Despite these advancements, the underlying
mechanisms driving VS, nucleation and growth, particularly
under hydrothermal conditions, are still not fully understood.

The challenges in VS, synthesis are multifaceted, including
control over phase purity, crystallinity, and morphology.*"**
The ability to tune these characteristics is crucial, as they
directly influence the performance of the material in
applications such as batteries and catalysts. In particular, the
morphology of VS, can significantly affect its electrochemical
behavior. Yet, the precise role of reaction parameters such as
temperature, precursor ratios, and reaction time in
controlling this morphology has been inadequately explored.
Previous studies on the hydrothermal growth of VS, have
provided valuable information but often lack a systematic
investigation of how specific reaction parameters influence
the nucleation and growth processes.

The present study addresses this gap by conducting a
detailed parametric optimization of VS, nanostructures

This journal is © The Royal Society of Chemistry 2025
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synthesized via hydrothermal processes. Using scanning
electron microscopy (SEM) and X-ray diffraction (XRD), we
investigate how variables such as reaction time, temperature,
precursor molar ratios, and ammonia concentration
influence the growth of two-dimensional VS, on a three-
dimensional framework. This research is expected to provide
valuable insights into the synthesis and optimization of VS,
nanomaterials, potentially informing future advancements in
nanotechnology and related fields.

2. Experimental

2.1 Direct growth and characterization of VS, nanosheets on
a stainless-steel mesh substrate

A three-dimensional porous sponge-like self-standing
architecture of flower-like VS, was constructed on a flexible 316
L stainless-steel (SS) substrate (300 mesh). The SS mesh was
selected for its large surface area compared to a flat substrate,
facilitating lateral growth of freestanding nanosheets.

Additionally, it is cost-effective and readily available.

2.2 Hydrothermal synthesis procedure

Four different molar ratios of the initial precursors (NH,VO;
and TAA) were investigated: 1:2.5, 1:5, 1:7.5, and 3:5.
These were mixed with varying amounts of ammonia
solution (2-6 mL) in 30 mL of deionized water. The mixture
was magnetically stirred for 1 hour at room temperature to
obtain a homogeneous black solution, indicating complete
dissolution of NH,VO;. The homogeneous black solution,
along with a rectangular piece of SS mesh (1.8 x 4.8 cm?),
were transferred into a 50 mL Teflon-lined stainless-steel
autoclave. The autoclave was sealed and heated to different
reaction temperatures (100 °C, 140 °C, 180 °C, and 220 °C)
for various holding times (<1, 2, 3, 5, 10, and 20 hours) to
synthesize VS,. After cooling, the mesh was recovered,
revealing freestanding VS, flakes grown on the SS mesh
(VS,/SS). The mesh was thoroughly washed with deionized
water and ethanol multiple times and dried in a vacuum
oven at 60 °C for 12 hours. The detailed synthesis
parameters are summarized in Table 1.

2.3 Characterization techniques

X-ray Diffraction (XRD): the crystal structures of the samples
were studied using a Rigaku Smart-Lab SE and BRUKER SRD-
D2 Phaser diffractometers with a Cu Ko radiation source (4 =
1.54184 A).*** Morphological Analysis: Field emission

Table 1 Hydrothermal reaction variables employed for the VS, growth
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scanning electron microscopy (FE-SEM) was performed using
a Philips XL30 ESEM-FEG and a JEOL-820 SEM.*’ This
analysis provided morphological data, energy dispersive
spectra (EDS), and elemental mapping. XRD and SEM
analyses enabled the investigation of transitions in crystal
structures and morphologies of VS, as a function of various
processing parameters.

2.4 DFT calculations

We carried out density functional theory (DFT) calculations to
calculate the interlayer distancing of VS, to elucidate the effect
of ammonia, which is generated during TAA decomposition, on
the interlayer spacing of VS,. We applied spin-polarized DFT
calculations in the Vienna ab initio simulation package (VASP
6.1.0).%° The Perdew-Burke-Ernzerhof (PBE) functional, along
with a plane-wave cutoff energy of 500 eV, was employed, and
the VASPsol package was used to incorporate implicit solvation
(water).>” DFT-D3 method was used to consider Van der Waals
dispersion interactions.>®*® As shown in Fig. 9, 3 x 3 supercell
of the VS, (9.56 A x 9.56 A) were constructed, and a vacuum
space of 30 A in the z direction was applied to avoid interactions
between periodic images. Monkhorst-Pack scheme with a 3 x 3
x 1 k-point grid was utilized for structural relaxation. The
convergence criteria for the electronic structure energy and
force on each atom were set to be 107 eV and 0.02 eV A,
respectively.*®

3. Optimization of reaction parameters
to synthesize layered VS,

The analysis began with exploring preexisting literature on
the hydrothermal synthesis of VS, crystals, identifying crucial
parameters, as listed in Table S1.f It was observed that the
parameters used by various researchers to produce layered
VS, nanosheets (NSs) were inconsistent. This study aims to
analyze the inconsistencies in these synthesis parameters. A
radar chart was created, plotting five parameters (volume,
precursor molar ratio, amount of ammonia, reaction
temperature, and time) along the axes to form a pentagon
(Fig. 1a). Six different studies from Table S17 (highlighted in
blue) are represented on the radar chart with different color
shades. To clearly illustrate the parametric inconsistencies,
these overlapping graphs were further split into six separate
pentagonal plots (Fig. 1b).

For instance, Zhu et al?* employed a 1:10 initial
precursor molar ratio (PMR) in 30 mL of solvent with a 6 mL

Precursor molar ratio

Precursor concentration

Reaction Ammonia

Volume (mL) (NH,4VO3:TAA) (multiplying factor) Temperature (°C) time (hours) concentration (mL)
30 1:2.5 (mmol) 2x15 100 <1 0

30 1:5 (mmol) 3 x22.5 140 5 2

30 1:7.5 (mmol) 4 % 30 180 10 4

30 3:5 (mmol) 5x37.5 220 15 6

30 — 6 x 45 — 20 —

This journal is © The Royal Society of Chemistry 2025
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(a) Radar chart showing the reaction variables used in the literature: molar ratio (%), volume (mL), amount of ammonia (mL), reaction

temperature (°C), and time (hours). (b) Expansion of Fig. 1a to represent the individual study.

ammonia concentration. In contrast, Zhang et al.*>* used a 1:
10 PMR with 2 mL of NH; in 40 mL of solvent. Zhong et al.*"
reduced the PMR to 1:5 and the solvent volume to 15 mL,
with 3 mL of NH;. Meanwhile, Chen et al.>> used a lower
molar ratio of 1:5 in a larger solvent volume of 45 mL, with
9 mL of NH;.

Most of the reported research used 30 mL of solution in a
50 mL container (Table S1f). For consistency and easy

2860 | CrystEngComm, 2025, 27, 2858-2871

comparison with previous studies, 50 mL Teflon-lined
autoclaves were employed in this investigation. A piece of
stainless-steel mesh (1.8 x 4.8 cm?) was inserted into the
container with 30 mL of the homogeneous mixture, ensuring
the SS mesh was completely immersed as a substrate for
growing VS,. It is essential to ensure the SS mesh is fully
submerged in the solution to facilitate uniform deposition.
This study aimed to examine how various processing

This journal is © The Royal Society of Chemistry 2025
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variables, such as the molar ratio of the starting precursors,
their concentrations, reaction temperature, reaction time,
and the amount of ammonia, influence the deposition of VS,
on the SS mesh, as listed in Table 1.

3.1 Effect of precursors’ molar ratio

The analysis began by investigating the effect of molar ratios of
the initial precursors (NH,VO; and TAA) on the formation
process of VS, nanosheets, as described in Table 1. The masses
of NH,VO; and TAA were calculated in millimoles (mmol). The
molecular weight of NH,VO; is ~117 ¢ mol ™ (NH4VO3: 14 +
4(1) + 51 + 3(16) = ~117 g mol '), and the molecular weight of
TAA (C,H,;SNH,) is ~75 g mol ™ (C,H;SNH,: 2(12) + 3(1) + 32 +
14 + 2(1) = ~75 g mol™). Therefore, 1 mmol of NH,VO;
corresponds to 0.117 g and 1 mmol of TAA to 0.075 g.

All other processing parameters were fixed based on the
most frequently used ones from Table S1:{ temperature =
180 °C, reaction time = 20 hours, and ammonia solution
(NH3) = 2 mL. In addition to the molar ratio, the quantity
or concentration of the precursors also significantly impacts
the final yield. In this study, the amount of the precursors
used was five times (5%) their molar ratio.

Fig. 2(a-d) presents SEM images of four samples prepared
with different molar ratios (1:2.5, 1:5, 1:7.5, and 3:5). The
1:2.5 sample (in which 1 mmol of NH,VOj; (corresponding to
1 x 0.117 g) was combined with 2.5 mmol of TAA (2.5 x 0.075
2)), represents a lower TAA concentration compared to prior
studies (see Table S1t). This ratio exhibited a mixed
morphology of flake-like VS, nanosheets and granular
particles, as seen in SEM images (Fig. 2a). These granules
ranged from 1 to 5 um in diameter, dispersed in the interstitial

View Article Online
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spaces of the mesh. XRD analysis (green pattern in Fig. 3)
confirmed the presence of VS,, with characteristic peaks
matching JCPDS no. 89-1640. However, a noticeable reduction
in the (001) peak intensity was observed, suggesting a deviation
from the well-ordered layered structure typically associated
with VS,. Simultaneously, a minor peak corresponding to
vanadium oxide appeared at 26 = 42° (denoted by an asterisk),
indicating the formation of secondary oxide phases at this
molar ratio. EDX analysis (Fig. Slaf) revealed a V:S atomic
ratio of approximately 1:2 in the nanosheet-like regions,
consistent with VS, stoichiometry, while the granular
structures exhibited a vanadium-rich composition.

Increasing the TAA concentration to 5 mmol and 7.5
mmol (1:5 and 1:7.5 ratios) resulted in a significant
morphological transformation, with the emergence of
uniform, flower-like VS, nanosheets (Fig. 2b and c). The
absence of whitish granules in these samples indicates that
higher TAA concentrations favor the formation of well-
defined layered VS, structures. Correspondingly, XRD
patterns (red and magenta lines in Fig. 3) exhibited enhanced
(001) peak intensity, reinforcing the association between TAA
concentration and layered morphology.

To further assess the effect of NH,VO; concentration, we
synthesized a 3:5 sample, maintaining the TAA
concentration at 5 mmol while increasing NH,VO; to 3
mmol. As shown in Fig. 2d, this sample predominantly
comprised agglomerated, dense granules with minimal
presence of well-defined nanosheets. High-resolution SEM
images (Fig. S1bt) revealed thin, hair-like flakes within these
granules, along with randomly oriented, square-shaped
crystalline structures. EDX analysis confirmed that these
structures were vanadium-rich, and XRD analysis (blue

Fig. 2 SEM micrographs of VS,/SS prepared with different molar ratios of NH,VO3z:TAA (a) 1:2.5 (b) 1:5 (c) 1:7.5 (d) 3:5 (the scale bar in the

inset images is 5 um).

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 XRD patterns of VS,/SS prepared with different molar ratios of
NH4VOs: TAA.

pattern in Fig. 3) provided further insights into their
composition. The (001) peak was absent in the 3:5 sample,
confirming a complete suppression of the layered VS, phase,
while the vanadium oxide peak at 26 = 42° became more
pronounced.®® These results indicate that an excess of NH,-
VO; disrupts the formation of VS, nanosheets and instead
promotes the precipitation of vanadium-rich phases.

In summary, our findings highlight the critical role of
precursor molar ratios in tailoring VS, morphology and
crystallinity. Higher TAA concentrations promote the formation
of well-defined layered VS,, as evidenced by the pronounced
(001) peak. In contrast, higher NH,VO; concentrations lead to
granular morphologies, dwindled (001) peak intensity, and the
emergence of vanadium oxide phases. While conventional XRD
provides insight into phase evolution, advanced techniques
such as XRD pole figure analysis would be required to fully
resolve the preferential orientation and interlayer characteristics
of VS, synthesized under different precursor conditions.**

3.2 Effect of precursors’ mass loading

The mass loading of the preliminary precursors (NH,VOs;:
TAA) determines the final yield of VS, on the substrate. This

40
(a) [ Individual hydrothermal reaction for 20 hours
Linear Fit
Precursors' molar ratio for each sample (1:7.5)
304 Reaction Temp. 180 °C

204

VS, yield on SS-mesh (mg cm?)

0 T T T T T T T

1 2 3 4 5 6 7
mass loading multiplying factor

Fig. 4
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study investigated the effect of varying the precursor mass
loading while maintaining a constant molar ratio of NH,VO;
to TAA (1 mmol:7.5 mmol). The mass loading was adjusted
by multiplying this ratio by a integer (multiplying factor). For
example, to increase the mass loading fourfold (4x), the ratio
1:7.5 was scaled to 4:30. This experiment explored five
different mass loadings (from 2x to 6x), as detailed in
Table 1. All samples were heated at 180 °C for 20 hours, with
the ammonia concentration fixed at 2 ml.

As shown in Fig. 4a, increasing the precursor mass
loading from 2x to 6x resulted in a steady increase in VS,
yield on the SS-mesh substrate, following a near-linear
trend. At a 2x loading (2 mmol: 15 mmol), the VS, yield was
8.8 mg cm?, increasing to 14.5 mg cm > for 3x loading (3
mmol:22.5 mmol). Further increases to 4x and 5% loadings
led to yields of 18.7 mg cm™> and 242 mg cm?,
respectively. Beyond 6x loading, the VS, layer became
excessively thick, leading to potential mechanical instability
during handling.

To compare this single-step hydrothermal approach with a
repeated hydrothermal method,*® we conducted additional
rounds of synthesis using the same precursor molar ratio (1:
7.5) and a concentration of 2x for each round. The results in
Fig. 4b show that the repeated hydrothermal reaction also
follows a linear yield increase. Interestingly, in the second
round of synthesis, the yield approached values similar to
those achieved using 6x precursor loading in a single step.
This suggests that while repeated hydrothermal rounds can
produce high yields with lower precursor amounts per step
(1:7.5 mmol x 2), the single-step process significantly
reduces synthesis time by achieving comparable yields in a
single reaction cycle.

Given the balance between yield efficiency and material
stability, we selected the 3x precursor loading (highlighted

in green in Fig. 4a) as the optimal condition for
subsequent experiments. This loading was deemed
sufficient for ensuring structural integrity = while

maintaining a high VS, yield for our cathode preparation.
Detailed electrochemical performance will be discussed in a
subsequent study. For further insights into the

(b)"

60

O Repeated rounds of hydrothermal reactions
—— Linear Fit T

Reaction Temp. 180 °C

Precursors' molar ratio (1:7.5)

504 Precursors' conc. (2x)

40

30

20

VS, yield on SS-mesh (mg cm

0 T T T T
20 40 60 80

Hydrothermal reaction time (hours)

(a) Bar chart displaying the effect of initial precursors' (NH,VOs3: TAA) mass loadings (each bar has fix molar ratio of 1:7.5 times multiplying

factor) on the VS, yield after a single-step hydrothermal process for 20 hours of reaction time. (b) Scattered chart of a sample (1:7.5 mmol x 2)
showing the effect of repeated rounds of hydrothermal reactions, of 20 hours each, on the VS, yield.
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morphological  evolution associated with increasing
precursor mass loading, refer to Fig. S2 in the ESLf

3.3 Effect of reaction temperature

In light of the aforementioned experimental observations, we
fixed the precursors’ molar ratio at 1:7.5 and concentrations
at 3x for further investigation. In the next stage, we examined
the impact of reaction temperature on the synthesis of VS,
nanosheets using SEM and XRD analyses. Fig. 5(a-d) presents
the SEM images of VS, morphologies obtained at different
heating temperatures: 100 °C, 140 °C, 180 °C, and 220 °C,
respectively. All samples (VS,/SS) contained 2 mL of the
ammonia solution and were heated for 20 hours.

At 100 °C, the morphology was characterized by micro-
spherical  bead-like  structures, emerging from a
homogeneous layer that covered the individual wires of the
SS mesh. Each bead measured approximately 5-8 pm and
consisted of loosely stacked false sheets or plate-like

Accv | Spot M
20.0kv 4.0 20
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structures, suggesting an incomplete crystallization process
at this temperature. However, XRD analysis confirmed that
the phase at this temperature was not pure VS, (Fig. 5e),
further supporting the observation that insufficient thermal
energy hindered the nucleation and growth of well-defined
VS, nanosheets.

As the reaction temperature increased to 140 °C, 180 °C,
and 220 °C, morphology evolved into a highly hierarchical
framework of hexagonal micro-flowers (Fig. 5b-d). These
lamellar structures comprised an interconnected network of
2D nanosheets, with each micro-flower consisting of curved,
ultrathin flakes oriented at various angles, resembling
blooming petals. The morphology was consistent across this
temperature range and similar to those observed in the 1:5
and 1:7.5 molar ratio samples (Fig. 2b and c), demonstrating
the temperature-induced growth of well-ordered VS, crystals.
The XRD patterns confirmed that these phases were pure
VS,, with all peaks well-indexed to JCPDS database no. 89—
1640 (Fig. 5e), implying that higher reaction temperatures
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Fig. 5

(a—-d) SEM images and (e) XRD patterns of VS,/SS samples synthesized at different reaction temperatures of 100 °C, 140 °C, 180 °C, and 220

°C for 20 hours of heating time. The molar ratio of NH,VO3 and TAA was 1:7.5 in mmol, while their mass loading was 3x.
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facilitated enhanced crystallization and structural order.
Furthermore, the hierarchical architecture observed at this
temperature range is advantageous for applications requiring
high surface area and ion accessibility. The consistent
presence of highly ordered VS, nanosheets within this
temperature range suggests that the nucleation and growth
processes are optimized between 140 °C and 220 °C,
preventing excessive aggregation or disorder.

Our experiments indicate that flower-like VS, structures
can be synthesized on a substrate within a temperature
range of 140-220 °C via a hydrothermal process, provided
careful attention is given to the molar ratios of the
preliminary precursors. Among the tested temperatures, 180
°C was selected for further experiments, as it yielded well-
defined hierarchical microstructures with high crystallinity
and uniform nanosheet formation. Furthermore, an
extensive review of the literature (Table S1f) confirms that
180 °C has been widely employed in previous hydrothermal
syntheses of VS,, supporting its suitability as an optimal
reaction temperature.

3.4 Effect of reaction time

Our prior investigation enabled the optimization of three key
reaction variables (reaction temperature, precursors’ molar
ratio, and mass loading) for synthesizing VS, via the
hydrothermal method. To further understand the
morphological evolution of VS, growth, we conducted time-
dependent reaction experiments. Intermediate products at
various stages were collected and analyzed using SEM, EDX,
and XRD.

Fig. 6(a-d) shows the SEM images of samples prepared at
reaction times of 1, 5, 10, and 20 hours. After 1 hour,
microspheres with yarn-ball-like morphology and diameters

View Article Online
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of approximately 10 pm were observed. These densely packed
balls were composed of fused circular nanoflakes resembling
threads (Fig. 6a). XRD analysis suggested that this yarn-ball-
like phase was not pure VS, at this early stage of the reaction
(Fig. S4af).

The yarn-ball-like microspheres began to transform as the
reaction progressed to 5 hours. The structures appeared to
open up, allowing individual nanosheets to be distinguished,
although no significant change in the overall size of the
spheres was observed. The individual flowers were fully
developed, consisting of hexagonal nanosheets. Additionally,
the space between the nanoflakes expanded, transforming
the microspheres into blooming flowers composed of
lamellar nanosheets (Fig. 6b). Variations in VS, crystal shape,
from irregular to hexagonal, have been observed previously.*®
The XRD pattern of the sample at 5 hours confirmed the
formation of pure VS,, indicating that pure VS, was
synthesized by this time (Fig. S4at). Interestingly, no
significant differences in size or morphology were detected
between the 10-hour and 20-hour samples (Fig. 6¢ and d)
also, suggesting that the flower-like morphology of the VS,
phase was established by 5 hours of reaction time. The
diffraction peaks of these samples were sharp, indicating
good crystalline quality, and matched perfectly with the
standard VS, phase (JCPDS no. 89-1640).

To better understand the formation mechanism of VS,, we
conducted time-resolved hydrothermal reactions and

interrupted the process at 15-minutes, 30-minutes, and 45-
minutes intervals (Fig. S4bf). In the first 15 minutes, two
distinct intermediate phases were observed: large dendritic
vanadium-oxide-based crystals (<1 mm) and an amorphous
sulfur-rich phase surrounding the SS mesh (Fig. 7a and b).
These intermediates were
through EDX and XRD

confirmed not to be pure VS,
analyses (Fig. S5a and bf).

Fig. 6

2864 | CrystEngComm, 2025, 27, 2858-2871

(a—d) SEM images showing microstructural evolution with different hydrothermal reaction times of 1, 5, 10, and 20 hours, respectively.
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Fig. 7 SEM micrographs of VS,/SS samples prepared at (a and b) 15 min, (c-f) 30 min, and (g and h) 45 min of hydrothermal reaction times.

Additionally, a translucent phase, marked by an arrow in the
zoomed image (Fig. 7b), was found surrounding the SS mesh.
This phase was sulfur-rich according to the EDX analysis
(Fig. S5bf).

After 30 minutes (Fig. 7c¢), VS, microspheres (~4-6 pm)
began to form, composed of circular nanosheets, as
evidenced in Fig. 7d. This indicates that nucleation and
crystal growth occurred between 15 and 30 minutes.
Interestingly, the dendritic vanadium-oxide crystals
appeared to dissolve during this stage, contributing to the
formation of VS, microspheres, which reduced in size by
nearly half compared to the 15-minute sample (Fig. 7e).
At the 45-minute mark, the dendrites had completely
disappeared, leaving only larger microspheres (8-10 um)
formed by further growth between 30 and 45 minutes
(Fig. 7f and g).

This journal is © The Royal Society of Chemistry 2025

The VS, mass loading at 45 minutes was notably higher
than in the 15 and 30-minute samples, suggesting that the
majority of crystal growth occurred within the first hour of
the reaction. After this initial phase, the mass loading
remained nearly constant for up to 20 hours (Fig. S4bt). The
individual nanosheets of a microstructure gradually evolve
from circular to hexagonal shapes along the ab-plane via
Ostwald ripening,**®’ as illustrated in Fig. S6.f This type of
circular-to-hexagonal transformation is a time-dependent
process, previously reported in the literature.®®

XRD analysis at this stage indicated that the phase present
was ammonia-intercalated VS, (VS,-NHj;), as shown by the
characteristic peaks in the 45-minute sample. As the reaction
progressed to 5 hours, the peaks associated with VS,-NH;
(003 and 006) gradually weakened, while a new peak
corresponding to the pure VS, (001) plane emerged (Fig. 8).
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Fig. 8 XRD patterns of VS,/SS hydrothermally synthesized with
different reaction times (45 min, 1, 2, 3, and 5 hours).

This transformation indicates that the ammonia molecules,
initially trapped between VS, layers, were gradually expelled
during the reaction, resulting in the formation of pure,
layered VS,.

Density functional theory (DFT) calculations
employed to support the experimental findings on ammonia
removal and its effect on the VS, structure. Our DFT
simulations revealed that the interlayer spacing decreased
from 8.4 A to 5.8 A upon the removal of ammonia (Fig. 9), a
result that closely matched the experimentally observed shift
in the XRD patterns. This densification of the VS, layers,
reflected in the shift of the (001) peak, underscores the

were

-NIls
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significant role of ammonia in the early stabilization of the
interlayer structure.

The DFT results also elucidate the electronic and
structural changes accompanying ammonia removal. Not
only does the removal reduce the interlayer distance, but it
also enhances the electronic coupling between VS, layers,
leading to a more thermodynamically stable structure. This is
consistent with the sharp diffraction peaks observed in the
XRD data, confirming the high crystallinity of the final VS,
product. Integrating DFT calculations with experimental data
provides a comprehensive view of the nucleation and growth
process. By combining theoretical and experimental
approaches, we elucidate how ammonia intercalation
facilitates early-stage VS, formation and how its removal
drives the formation of the layered VS, structure. This
approach validates our experimental findings and also offers
predictive insights into optimizing reaction parameters to
control VS, morphology. SEM images further support this
densification process (Fig. 6a and b), demonstrating that the
removal of ammonia molecules results in the compaction of
VS, and the formation of well-defined
microstructures.

Moreover, we identified well-defined hexagonal individual
VS, flakes atop the thick layer of the initially synthesized
hierarchical VS, microspheres (Fig. S7t). These hexagonal flakes
are indicative of a spiral growth mechanism, likely driven by
screw dislocations—a process observed in the literature.*®
However, unlike the idealized continuous spiral growth, the
development of these flakes is periodically interrupted by
dislocations along the ab-plane. These dislocations act as
nucleation sites for the initiation of new planes, as highlighted
by the dotted circles in Fig. S7.f This disruption in the spiral

nanosheets

Fig. 9 Top and side view of two VS, sheets in the (a) presence and (b) absence of two intercalated ammonia molecules, indicating that the

presence of ammonia increases the d spacing between VS, sheets.
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growth path leads to the formation of additional layers,
resulting in a random orientation of nanosheets.*

3.5 Effect of ammonia concentration

The morphology of the VS, microstructure was found to be
highly sensitive to the amount of ammonia solution, which
acts as a mineralization agent and significantly influences
the quality and growth rate of the crystals.”™** Fig. 10(a—d)
displays SEM images of VS,/SS samples obtained after
hydrothermal treatment  with varying ammonia
concentrations of 0, 2, 4, and 6 mL, respectively. All samples
were heated at 180 °C for 10 hours. Notably, all previous
experiments consistently employed 2 mL of ammonia.

By maintaining a constant volume of deionized water (30
mL) and incrementally increasing the volume of the ammonia
solution from 2 to 6 mL, we observed a promotion of
anisotropic growth in the VS, hexagonal sheets (Fig. 10b-d).
Specifically, with 2 mL of ammonia, flower-like microspheres
composed of hexagonal nanosheets were prominently
developed (Fig. 10b). The corresponding XRD pattern aligned
perfectly with the standard VS, spectrum (JCPDS: 89-1640), as
shown in Fig. S8a.f In contrast, this flowerlike morphology
was considerably suppressed when no ammonia solution (0
mL) was used. VS, primarily formed solid spherical balls,
although some flakes were also present (Fig. 10a), possibly
due to ammonia (NH;) generated by TAA (CH3;CSNH, + 20H "
— CHCOO™ + HS™ + NHj3). The weaker intensity of the (001)
lattice plane in the XRD pattern further indicates a reduction
in the sheet-like morphology of VS, (Fig. S8at).

As the ammonia concentration increased to 4 and 6 mL,
the lengths and thicknesses of some hexagonal sheets further

View Article Online
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increased (Fig. 10c and d). However, low VS, yields were
obtained for these samples, likely due to large-scale
exfoliation or separation of the nanosheets promoted by
ammonia, causing most of them to fall into the reaction
container. The XRD patterns of these samples also showed
additional peaks at 44° related to the exposed SS mesh.

Higher concentrations of NH; solution (4 and 6 mL)
appeared to influence the exfoliation of nanosheets from
the micro-flowers and promote their anisotropic growth.
Ammonia is known for its significant physical and chemical
activity and ability to exfoliate bulk VS, into ultrathin
nanosheets due to its volatile nature. Conversely, the growth
predominantly exhibited isotropic characteristics in the
absence of ammonia. Thus, both very low and very high
NH; concentrations negatively impacted the flowerlike
morphology of VS,. Without ammonia, VS, primarily formed
spherical structures, while adding ammonia resulted in
large, flat hexagonal crystals. This suggests that NH;
addition promotes anisotropic growth in VS,. Additionally,
ammonia addition may be associated with changes in the
pH of the solution. An exponential relationship between
ammonia concentration and pH was observed, as shown in
Fig. S8b.t While in the absence of NH; the pH was
approximately 7, adding just 1 mL of ammonia raised the
pH to 10.

4. Selection of optimal conditions

The synthesis of high-quality layered VS, nanosheets requires
precise control over multiple reaction parameters to achieve
the desired morphology, phase purity, and structural
integrity. This study systematically investigated a broad range

Fig. 10
hydrothermal reaction.

This journal is © The Royal Society of Chemistry 2025

(a-d) SEM micrographs of VS,/SS synthesized by adding 0 mL, 2 mL, 4 mL, and 6 mL of ammonia solution in the reaction vessel during the
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of reaction conditions, including precursor molar ratios,
reaction time, temperature, precursor mass loadings, and
ammonia concentration, while maintaining a constant
solvent volume (30 mL) in a 50-mL autoclave to ensure
experimental consistency. Fig. 11 summarizes the full range
of investigated parameters (dashed black line) and highlights
the selected synthesis conditions (red dashed line) that were
exhibited to be optimal for producing well-defined layered
VS, nanosheets. Our parametric analysis revealed the
following key trends:

Precursor molar ratio: the molar ratio of NH,VO;:TAA
strongly influenced the morphology and crystallinity of VS,.
Lower TAA concentrations led to granular and vanadium-rich
phases, while higher TAA ratios promoted the formation of
nanosheets with well-defined layered structures.

Reaction temperature: a broad temperature range (100-
220 °C) was explored, and it was found that temperatures
between 140-220 °C favored the formation of hexagonal VS,
sheets. The most commonly reported temperature in the
literature is 180 °C (Table S1f), and our experiments
confirmed that this temperature yielded uniform nanosheets.

Reaction time: although 20 hours is the conventional time
for hydrothermal synthesis, our study demonstrated that
pure layered VS, nanosheets can be synthesized within 5
hours, significantly reducing reaction time without
compromising structural integrity or phase purity. Growth
kinetics studies indicated that VS, formation begins within
the first 20-30 minutes as dense yarn-ball-shaped
microspheres form (~5 pm in diameter) and evolve into
larger microstructures (~10-12 um) over the next 30 minutes.
The transformation from ammonia-intercalated VS, to pure
VS, was observed within 5 hours, making this reaction time
an optimal choice.

View Article Online
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Ammonia concentration: the amount of ammonia added
to the reaction vessel significantly affected the interlayer
spacing of VS,. Controlled ammonia levels (2 + 0.5 mL)
facilitated layered nanosheet formation, whereas higher
concentrations (=4 mL) induced excessive interlayer
expansion, leading to structural instability.

Precursor mass loading: a systematic increase in precursor
mass loading lead to a linear increase in VS, yield on the
substrate, with an upper limit imposed by layer adhesion and
mechanical stability. Excessive loading led to thicker films,
which could delaminate during handling.

We established an optimized synthesis window by
integrating  these  experimental insights, balancing
crystallinity, morphology, and process efficiency. The
conditions highlighted in red in Fig. 11 denote the ideal
parameters for achieving a uniform layered VS, nanosheet
architecture, ensuring the reproducibility and scalability of
the synthesis approach.

This parametric optimization serves as a practical
guideline  for  designing  VS,-based  architectures,
demonstrating that reaction time can be significantly
reduced to 5 hours without sacrificing nanosheet quality.
These findings provide a solid foundation for future
advancements in hydrothermal synthesis strategies for 2D
transition metal dichalcogenides (TMDs).

5. Summary

A freestanding, porous, sponge-like vanadium disulfide (VS,)
nanosheet architecture was successfully synthesized on a
stainless-steel mesh via a hydrothermal method. The
morphology and yield of VS, were effectively controlled by
systematically modulating key reaction parameters—including

Precursors' molar ratio (mmol)

1.14L
e
-

Time (hours)
25

Temperature (°C) 20 S

Ammonia (mL)

10 Precursors' mass loadings (x)

Volume (mL)

- o- Max. range of investigated parameters
- o- Selected parameters to synthesize layered VS,

Fig. 11 Radar chart summarizing the investigated reaction parameters and the optimized conditions for layered VS, synthesis.
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precursor molar ratios and their mass loadings, reaction time,
temperature, and ammonia concentration—leading to optimized
growth on a three-dimensional substrate. Our study revealed that
all investigated reaction parameters had a substantial influence
on the final VS, morphology and phase. The molar ratio of NH,-
VO, to TAA played a crucial role in determining the structural
evolution of VS, nanosheets, with higher TAA concentrations
(=5 mmol) promoting the formation of well-defined, layered
architectures, while lower concentrations resulted in granular or
agglomerated morphologies. The reaction temperature was
another key factor, with an optimal range identified between
140-220 °C, where hierarchical flower-like nanosheets with well-
ordered hexagonal structures were obtained. Furthermore, a
comparative analysis between single-step and repeated
hydrothermal reaction cycles indicated that both methods
followed a linear growth trend. While the single-step approach
offered a time-efficient synthesis route, repeated cycles provided
a strategy to achieve higher yields with lower precursor
consumption. Notably, time-dependent studies demonstrated
that pure VS, could be synthesized within 5 hours, marking a
significant reduction from the conventional 20-hours reaction
time. The role of ammonia concentration was also found to be
critical in tailoring the morphology of VS,. A moderate ammonia
level (2 + 0.5 mL) was essential for maintaining the layered
nanosheet structure, whereas higher concentrations (=4 mL)
promoted anisotropic growth and interlayer expansion, leading
to exfoliation and increased spacing between the sheets. Overall,
this systematic parametric analysis provides new insights into
optimizing hydrothermal VS, growth on a 3D substrate. The
findings establish a strong foundation for tailoring VS,
architectures for future applications where controlled
morphology and optimized yield are crucial.
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