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Flower-like tungsten disulfide (WS;) with a diameter of 5-10 pm is prepared by chemical vapor deposition (CVD).
Scanning electron microscopy (SEM), energy dispersive spectrometer (EDS), Raman spectroscopy, and ultraviolet-visible
(UV-vis) spectroscopy are used to characterize its morphological and optical properties, and its growth mechanism is dis-
cussed. The key factors for the formation of flower-like WS, are determined. Firstly, the cooling process causes the
generation of nucleation dislocations, and then the “leaf” growth of flower-like WS, is achieved by increasing the temper-

ature.

Keywords: flower-like WS, chemical vapor deposition (CVD), optical property, growth mechanism

PACS: 62.23.Kn, 81.15.Gh, 68.55.—a, 78.20.Ci

1. Introduction

Tungsten disulfide (WS;) is a transition metal chalco-
genide compound composed of some layers, in which each
layer is formed by periodic S—W-S atomic structure. The
atoms in each layer are bonded by strong covalent bonds, and
the layers are bonded by van der Waals forces.!"?] WS, ex-
hibits excellent optical, electrical and chemical sensing prop-
erties, making it promising for a wide range of applications
like catalysis, laser modulation, batteries, and lubricants. 35!
Such excellent properties of WS, are closely related to the
number of layers and the geometrical morphology. As a result,
the processing control over the synthesis of WS, materials to
yield materials with better geometrical morphologies and good
physical/chemical properties has attracted widespread atten-
tion.

WS, with various geometrical morphologies have been
reported by different synthesis procedures. The hydrother-
mal method and chemical vapor deposition (CVD) method are
among these techniques. For instance, Cao et al.!®! reported
four different morphologies of WS, by the hydrothermal
method (nanoparticles, nanorods, nanosheets, and nanofibers).
Besides, numerous studies have been devoted to the CVD
method to prepare the single-layer or multilayer WS, films
in the horizontal direction. In recent years, CVD has been
employed to prepare WS, with different morphologies. For
example, Sharma et al.l’! used CVD to synthesize indepen-
dent dendritic and fibrous WS, on gold foil. In 2019, Ah-
madi er al.!®) obtained WS, nanosheets in the vertical direc-
tion by the low-temperature CVD method. However, the syn-
thesis of flower-like WS is rarely reported by using the atmo-
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spheric pressure CVD. Due to its large specific surface area,
the flower-like WS, may be used as a promising catalyst in
hydrogen evolution reaction catalysis.

In this study, flower-like WS, are grown by using the
CVD method, and the morphological formation mechanism
of WS, is revealed.

2. Experimental details

WO3 powder (Aladdin, particle size < 200 nm, purity
99.9%) and sulphur (S) powder (ZhongNuo Advanced Mate-
rial, particle size < 100 mesh, purity 99.9%) were used as raw
materials. The substrates were made of two pieces of quartz
plates (size 1 x 1 cm?, thickness 500 um). These substrates
were sonicated in acetone, alcohol, and deionized water for
15 min to yield the clean surfaces.

The samples were grown in a tube furnace (model OTF-
1200X, HF Ke Jing company). Firstly, put 0.09 g of WO3
nano-powder in 10 ml ethanol to form a tungsten alcohol sus-
pension, and keep it under magnetic stirring for 10 min to
make the particles evenly distributed. Before the reaction, a
droplet (10 pL) of the suspension was taken by a pipette and
dropped on a clean quartz substrate (bottom substrate). After
evaporation of ethanol, a relatively uniform-distributed WO3
powder was obtained on the substrate surface. Next, another
quartz substrate (top) with the same size was placed face-down
just on the bottom substrate dripped with WO3 suspension to
form a sandwich structure. To stabilize the reaction gas flow,
a one-end-closed quartz tube with a smaller diameter (diam-
eter of 1.5 cm) was horizontally put inside the large quartz
tube (diameter of 2.4 cm). S powder (600 g) was placed in
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the bottom of the sealed end of the small quartz tube. The
sandwich-structured substrates were also carefully placed in-
side the small quartz tube at a position of 12 cm away from the
S powder. The sandwich-structured system also provides an
additional gas-flow-stabilizing environment for the growth of
WS,. Finally, the position of the smaller quartz tube contain-
ing the precursor and the substrates were adjusted to the center
of the larger quartz tube of the furnace to allow the growth of
2D materials. The detailed experimental diagram is provided
in Fig. 1(a). Before reaching the reaction temperature, the sub-
strate of the sandwich structure was 4 cm from the center of
the heating zone, and the S powder was 16 cm from the center
of the heating zone (Fig. 1(b)(1)). Afterwards, the furnace was
pumped to the low pressure of 10 Pa, and then purged at the
atmospheric pressure with 100 sccm argon gas. These steps
were repeated three times to allow a roughly cleaning of the
furnace pipe. The experimental reaction process was carried
out under an argon pressure of 50 sccm. After the prepara-
tion work was done, the heating program of the tube furnace
was started. It should be noted that before reaching the preset
growth temperature, the sandwich-type substrate was located

(a)

exhaust gas small

quartz
tube

WO3 SiO; S

at 4 cm away from the heating zone center. This method can
avoid the chemical reaction of the reactants in advance (the
temperature of the WO3 powder is several degrees lower to the
preset growth temperature in order to avoid WO3 evaporation).
After heating the furnace to the preset temperature of 850 °C,
pushed the large quartz tube 4 cm to the left in order to ensure
that the sandwich substrate structure was accurately placed to
the center of the heating zone (condition 1: push tube). The
position of the small quartz tube is shown in Fig. 1(b)(2)). Af-
terwards, a large amount of S powder and WO3 source started
to be evaporated and the redox reaction started to take place.
The reaction can be summarized as below:

2WO03 +7S — 2WS, 4+ 3S0,. 1)

Subsequently, the temperature was lowered to 800 °C
(condition 2: cooling process), and then increased to 850 °C at
a rate of 10 °C per minute (condition 3: heating process), and
reacted for 10 min until the temperature naturally dropped to
room temperature. Finally, the samples were taken out of the
quartz tube for subsequent characterization.
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Fig. 1. (a) A diagram of the experimental device used for the synthesis of the flower-like WS, in a single-temperature zone furnace;
(b) a schematic diagram showing the position change of the small quartz tube during the growth process.

The morphologies of the flower-like WS, materials
were viewed by scanning electron microscopy (SEM, Hitachi
FlexSEM 1000). The surface compositions were analyzed by
energy dispersive spectrometer (EDS). Raman spectroscopy
(Raman, Finder Vista, Zolix) in a back-scattering configura-
tion (20 MW output power, 532 nm wavelength incidence light
as the excitation source) was used to determine the bonding
in WS, materials. The optical properties of the samples were
studied by ultraviolet-visible spectrophotometry (UV-Vis, UV-
3600 plus, Shimadzu, Japan).

3. Results and discussion
3.1. Morphology and structure

SEM images of the flower-like WS, products are pre-
sented in Fig. 2. Here, several aggregated flower-like WS,
were obtained by adjusting the growth parameters. Since the
bottom substrate contains more WOj3, the nucleation points are
denser. In the growth period of 10 minutes, WO3 on the bot-
tom substrate reacts with a continuous stream of S vapor, and
finally gathers and connects the flower-like WS, into dense
clusters. In the top substrate, the formation of more single
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flower-like WS, is due to the gap between the top substrate
and the bottom one, which makes WO3 at the bottom evapo-
rate at high temperature and combine with S vapor to form a
nucleation point on the top substrate, thus generates more sin-
gle flower-like WS,. Among them, the size of single flower-
like WS, is about 5-10 um. In Fig. 2(d), due to the different
WO3 content supplied by the bottom substrate, different mor-
phologies of WS, like layers, pyramids, flowers, and flower-
on-pyramids were formed. The single flower-like or sheet-like
WS, prepared by hydrothermal method has the largest size

19101 put the size of the single flower-like WS, pre-

of 5 um,
pared by the CVD can reach 10 pm, and the single petal is
larger. The flower-like WS, assembled from these petals has
a larger specific surface area. This experiment also explored
the influence of growth time and growth temperature on the
preparation of flower-like WS,, and the SEM image is shown

in Fig. S1. The experimental results are shown in Table 1.

)

5 pm 10 pm

Fig. 2. SEM images of flower-like WS;: (a), (b) images of the bottom
substrate and (c), (d) images of the top substrate.

EDS energy spectrum analysis was performed on the red
cross in the SEM image of the flower-like structure of the top
and bottom substrates (Figs. 3(a) and 3(b)), only W and S sig-
nals were recorded, and the O signal was extremely weak. Ba-
sically, it can be concluded that WS, with a flower-like struc-
ture was formed. The element mapping analysis of the top and
bottom substrates is shown in Figs. 4 and 5. The test location
is also located in the SEM images in Figs. 3(a) and 3(b). Fig-
ure 4 shows the element distribution of a single flower-shaped
WS,. Figure 5 shows that the flower-like WS, under the bot-
tom is relatively evenly distributed on the quartz substrate, and
the W and S elements are densely distributed in the center of
the flower.

w

w W
W_WW W W WW

. . ‘ ‘ ‘ . ‘

5 10 keV

Fig. 3. EDS spectrum of flower-like WS»: (a) the top substrate; (b) the
bottom substrate.

Table 1. Summary of flower-like WS, prepared under different growth conditions.

Variable Growth conditions Sizes Shape or morphology
G b6 10 min 5-10 pm Sparse flower-like structure
rowth time The flower-like structure of WS, has
20 min obvious drop marks, and only some A small amount of lamellar structure
small flake-like structures remain
850°C 5-10 pm Sparse flower-like structure
Growth temperature .
900 °C 5-15 um Flower-like cluster structure

(dy SEM

Fig. 4. EDS mapping diagram of flower-like WS, on top substrate: (a)—(c) elemental distributions of W, S, and O; (d) mixed diagram.
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(d) SEM.

Fig. 5. EDS mapping diagram of flower-like WS, on bottom substrate: (a)—(c) elemental distributions of W, S, and O; (d) mixed diagram.

3.2. Optical properties of flower-like WS,

To identify whether the flower-like structured material
was made of WS,, a 532 nm laser was used for Raman spec-
troscopy excitation. As shown in Fig. 6, two strong peaks were
noticed at 348 cm~! and 420 cm™! and attributed to the Eég
and Ag modes of WS,, respectively. The peak positions were
consistent with the previous reports. %]

Bl
348

Intensity

200 250 300 350 400 450 500
Raman shift (cm~—1)

Fig. 6. Raman spectrum of flower-like WS, excited by 532 nm laser.

The UV-Vis absorption spectrum of the sample with
flower-like WS, is illustrated in Fig. 7(a). The absorp-
tion wavelength belonged to the visible light range of 450—
650 nm. A total of three peaks were observed and labeled
as A (640 nm), B (532 nm), and C (463 nm). The A and
B were characterized as the absorption peaks caused by the
direct transition of point K from the valence band to the con-
duction band in the Brillouin zone.!'!] Two peaks were formed
when the spin orbits of the valence band split. The two absorp-
tion peaks were essentially identified as exciton peaks.!'?! The
peak C was associated with the optical transition between the
valence state and density of states in the conduction band.!'’]

The Tauc formula was utilized to calculate the optical en-
ergy band-gap (E,) of the flower-like WS, 14

(0hv)" = A(hVEy), )

where &, h, v and A are the absorption coefficient, Planck’s
constant, frequency and a constant, respectively.

In general, n = 2 was employed to calculate the direct
band-gap, and n = 0.5 was used to calculate the indirect band
gap.!!3! By drawing the relationship between (athv)" and hv,

the linear part of the curve was used to extrapolate the optical
energy band-gap. The flower-like WS, curves were obtained
atn = 2. As can be seen, a linear part was noticed in the curve
at n =2 (Fig. 7(b)). The optical band gap of flower-like WS,
was about 1.67 eV.

0.170

(a)
A (640 nm)

0.168

C(463 nm) B(532 nm)

0.166

0.164

Absorption (arb. units)

0. 162 1 1 1 1 1
400 450 500 550 600 650

Wavelength (nm)

0.25}
& 020F
5
L
o
2 0.15f
S
0.10}
0.05 .
1.6 2.0 2.4 2.8 3.2

hv (eV)

Fig. 7. (a) UV-Vis absorption spectrum of WS»; (b) calculated Tauc
diagram.

3.3. Key steps of forming flower-like WS,

Compared with Fig. 2(a), the WS, structure in Fig. 2(d)
is sparsely distributed. This is because the volatilization of the
tungsten alcohol suspension dropped on the substrate surface
led to incompletely distributed WO3 powder, yielding differ-
ent WO3 contents in each nucleation point. Hence, appropri-
ate amounts of WOj3 were required for sufficient reaction and
guaranteed residual WO3 was not left on the lower substrate.
Appropriate amounts of WO3 were mandatory to the forma-
tion of flower-like WS,. After pushing in the small quartz
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tube, WO3 and S powder was quickly and sufficiently subli-
mated and reacted. During this procedure, both WO3 and S
powders were in a state of supersaturation, thereby increas-
ing the initial nucleation rate and forming defects, especially
dislocations. According to the layer-by-layer and dislocation-
driven growth model, a tapered WS, film was quickly formed
(Fig. 2(d)). 116,171 1y addition to different WO3 contents at each
nucleation core, some flower-like structures were found to di-
rectly grow on top of the pyramidal WS, base, suggesting the
consequent growth of the ‘flower’ on ‘pyramid’ structure.

Table 2. Main experimental conditions of 3 verification experiments.

Experiment Push Cooling Heating Reaction
No. tube process process time
1 Yes No No 17 min
2 No Yes No 15 min
3 No Yes Yes 10 min

According to the experimental results, we can firstly de-
termine that the prerequisite for the formation of flower-like
WS, includes sufficient S powder content and an appropriate
amount of WO3. Secondly, it is speculated that the growth
mechanism of flower-like WS, is mainly caused by the cool-
ing process to cause the generation of nucleation dislocations,
and then the “leaf” growth of flower-like WS, is achieved by
increasing the temperature. In this part, in order to further
reveal the evolution of the morphological structure of WS,
three experiments with different processing procedures were
designed (see Table 2 for the main experimental conditions
without changing the other conditions). The specific process-
ing steps of the experiments have been described in the Exper-
imental section. Experiment 1 was designed to reveal the ef-
fects of pushing the quartz tube without temperature variation.
Experiment 2 was to reveal the effects of the cooling process.
Experiment 3 was to reveal the total effects of the cooling plus
heating process on the WS, structures. The cooling process
spent about 2 min, the heating process spent about 5 min, and
the stable growth time was 10 min. To ensure the comparabil-
ity of these experiments, the growth time of the three experi-
ments were adjusted correspondingly, as shown in Table 1.

Figure 8 exhibits the samples’ surface morphology of
these experiments. Based on Fig. 8, the key feature of form-
ing flower-like WS, is to firstly reduce the growth tempera-
ture from 850 °C to the predetermined 800 °C, then rapidly
increase it to 850 °C, and finally keep stable temperature for
10 minutes. And the WS, growth can be divided into three
phases: 1) cooling process; 2) heating process; and 3) sta-
ble growth. The cooling process will cause the newly formed
triangle WS, surface to quickly produce large number of de-
fects/dislocations with different directions. The consequent
prompt heating process costs the low-temperature-induced de-
fects/dislocation no time to be repaired. In the stable growth
step, the low-temperature-induced defects become new nucle-
ation sites so that large number of WS, flakes grow up along

different angles to the substrate with sufficient reaction source.
In Fig. 8(a) where the growth temperature is 850 °C, only pla-
nar triangle structures are seen. This phenomenon indicates
that the triangle edges are active sites for material growth. The
WS, can only grow at the layer-by-layer mode. This explains
the finding of layers and pyramids in Fig. 2(d). In Fig. 8(b)
where the sample growth temperature firstly rises to 850 °C
and then decreases to 800 °C for 15 min, there finds many
layered triangular WS, on the substrate surface, and many
flake clusters grow on the layered triangular WS,. Possibly
due to the low growth temperature, the growth speed of WS,
flakes is slow, and the sizes of these flake clusters are gen-
erally small. In Fig. 8(c) where the sample growth tempera-
ture firstly rises to 850 °C, decreases to 800 °C, then rises to
850 °C again (it spends about 5 min for the temperature ris-
ing to 850 °C), and finally keeps the temperature stable for
10 min. Due to the higher growth temperature, WS, forms
larger flakes. Since there is no bedding for the tube pushing
step, the nucleation points are randomly distributed, and most
of them form nanosheets of about 1 pm, and the flower-like
structure is not obvious. Therefore, pushing the tube is only
a step to optimize the flower-like structure of WS,, and the
temperature variation is the key to determining the flower-like
morphology of WS,.

Fig. 8. SEM images of WS, samples obtained in three verification ex-
periments. (a) Experiment 1. (b) Experiment 2. (c) Experiment 3.

4. Conclusions

Flower-like WS, with diameters of 5 to 10 wm were suc-
cessfully formed through a simple atmospheric pressure CVD
method. The experimental process was simple, low-cost, and
required no doping of other elements. The flower-like WS,
exhibited a wide range of visible light absorption property and
was a promising catalyst in hydrogen evolution reaction catal-
ysis. The main growth mode of WS, at 850 °C is at a planar
layer-by-layer mode. When the growth temperature decreases
from 850 °C to 800 °C, the defects/dislocations are induced on
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top of the initially formed WS, layers and thereby WS, flakes

can grow out of the horizontal plane and form the morphology

of flower.
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