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We report the synthesis of tungsten sulfide (WS2) films using
RF-magnetron sputtering at different RF powers. X-ray diffrac-
tion (XRD) data confirm the hexagonal crystal structure of WS2
with an average crystallite size of ~44.54 Å. With increased RF
power, the preferred orientation of WS2 crystallites shifts from
(002) to (100). Linear sweep voltammetry (LSV) was used to
assess the Photoelectrochemical (PEC) activity of WS2 films. The
film deposited at 150 W demonstrated the highest photo-
current density of 5.44 mA/cm2. The 150 W film also showed a
lower Tafel slope of ~0.374 V/decade, indicating superior PEC

activity. Mott Schottky’s (MS) analysis revealed a notable shift in
the flat band potential towards the negative side, suggesting a
shifting of the Fermi level towards the conduction band. WS2
film grown at 150 W demonstrated a majority charge carrier
density of 6.2×1021 cm� 3 and a depletion layer width of
1.54 nm. The observed low charge transfer resistance of 155 Ω
contributed to the enhanced PEC activity with a relaxation time
constant of 37 ms. These properties suggest that WS2 can be
suitable for PEC water splitting.

Introduction

Transition metal dichalcogenides (TMDCs) are promising materi-
als for optoelectronic applications. After the discovery of
Graphene[1] in 2004, researchers developed more interest in this
material due to its unique properties, such as high electrical
conductivity of 1501.7 S/cm[2] and high charge carrier mobility
of 106 cm2/V-s at 2 K and 105 cm2/V-s at room temperature[3]

and extreme optical transparency (97.4%).[4] However, on the
desk of optoelectronic applications, Graphene has limitations,
such as its zero-band gap.[5] Like Graphene, layered TMDCs have
earned substantial attention because of their advantageous
electronic and photonic properties, such as narrow band gap of
~1.5 eV, high charge carrier mobility ~103 cm2V� 1 s� 1 and

relatively high optical sensitivity.[6,7] Due to these properties,
numerous studies have been conducted on TMDCs in optoelec-
tronic applications. These TMDC materials are chemically
presented as MX2, where M is a transition metal such as Mo, W,
V, Nb, Ta, Ti, Zr, Hf, Tc, Re, and X is a chalcogenide element such
as S, Se, and Te. They have sandwiched structures where
transition metals are packed between two interlayer chalcoge-
nide atoms. The chalcogenide atoms are bound with weak van
der Waals forces and covalent bonds between transition metals
to be exfoliated to form monolayer or few-layer structures.[8]

The electrical properties of TMDCs strongly depend on
morphology and synthesis protocol. They have an indirect
bandgap for bulk and a direct bandgap for monolayers. Also,
these 2D semiconducting materials are less toxic than graphene
oxide.[9] Probing electrocatalytic activities in TMDCs, a new
window of photonic materials with various optoelectronic
applications such as hydrogen evolution reaction (HER),[10,11]

humidity sensors,[12] solar cells,[13] etc., has emerged. Among all
TMDCs, molybdenum disulfide (MoS2) and tungsten disulfide
(WS2) have analogous structural, chemical, and physical proper-
ties such as band gap ~1–2 eV and relatively high absorption
coefficient ~105 cm� 1[14,15] and hence gained the attention of
the photovoltaic community.[6,16] Their bandgap potentially
matches the solar energy spectrum. It shows high densities of
active edge sites for photocatalysis.[17,18] These 2D semiconduc-
tors have many sites on the surface, which are helpful for
photocatalytic activities. Also, both materials have layered
structures with hydrogen binding energy close to Platinum (Pt)-
group metals.[19] Therefore, they can be considered an alter-
native for Pt-group metals in hydrogen evolution.[20]

Recently, WS2 has gained attention in the trade of thin film
optoelectronic applications because of its properties.[21] It is an
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efficient photocatalyst for hydrogen evolution reactions com-
pared to MoS2 as it has high electrical conductivity and active
surface area, which is beneficial for photoelectrochemical (PEC)
cells.[22] In addition, WS2 is abundant, low-cost, and less hazard-
ous for human beings than other TMDCs, so the development
of WS2 for optoelectronic applications is more reliable. It is
thermally stable at high temperatures,[23] so it can be used as a
lubricant,[24] and due to its chemical stability, it can serve as a
protective barrier to avoid photo-corrosion of Si-like
semiconductors.[25] Furthermore, due to the large size of the
tungsten (W) atom, the structural properties of WS2 can be
tuned as per the need for optoelectronic applications.[26] Wang
et al.[27] reported the synthesis of NiO@Ni/WS2/CC heterostruc-
ture for water splitting with a current 10 mA/cm2 at a cell
voltage of 1.42 V. Similarly, Zhang et al.[28] synthesized WS2
nano-sheets array on Co3S4 nanowires forming heterostructure
on the carbon cloth towards water splitting reaction. Yang
et al.[29] reported vertically aligned WS2 nano-sheets for water-
splitting applications. In recent years, the preparation of WS2
films has been acquired by the mechanical exfoliation
method,[30] chemical-based synthesis,[31] and chemical vapor
deposition method (CVD).[32] Some researchers have utilized RF
magnetron sputtering to deposit WS2, exploring a range of
deposition pressures and times[33] to observe the transition from
2D to 3D morphology. In another study, the RF power was
varied during the deposition of MoS2 to investigate its
elemental composition and physiochemical properties.[34] Addi-
tionally, room temperature sputtering was employed to deposit
WSe2 for different deposition times to assess its impact on
photocatalytic performance.[35] Moreover, MoS2 was subjected
to sputtering at various RF powers, and this technique was
compared with thermal evaporation to analyze a distinctive
deposition method for chalcogenides.[36] In chemical and
mechanical exfoliation synthesis methods, it is hard to control
the thickness and uniformity of the synthesized thin film. Also,
in CVD, WS2 thin film is ultra-thin and uniform on oxide
substrates, but the surface contains many electrochemically
inactive basal planes,[37] so WS2 has less photoconductivity than
MoS2. The WS2 can also be prepared by sulfurization of tungsten
or tungsten oxide film.[38] However, controlling the sulfur
content in this method is little tedious problematic. The
preparation of WS2 is also reported by the electrodeposition
process,[39] but their tendency towards non-conformal growth
on non-planar surfaces creates a disadvantage.

To overcome these limitations, RF-magnetron sputtering is
the most suitable method to fabricate the thin film of WS2. RF-
sputtering is an ion-assisted plasma deposition process with
which has many advantages, such as low cost, simple handling,
high production speed, and scalability. The process parameters
significantly influence the structural and chemical bonding of
the material in RF-sputtering. As a result, optimizing the process
parameters is critical to ensure ensuring successful material
growth. Our study aims to investigate the structural, electrical,
optical, and morphological properties of WS2 thin films
deposited via RF magnetron sputtering. Specifically, we varied
the RF power to explore its impact on the films and evaluate
their potential for use in photoelectrochemical water splitting.

We found that the structural, electrical, optical, morphological,
and PEC properties of WS2 critically depend on RF power.

Experimental Section

Preparation of WS2 thin films

Nanostructures of WS2 were grown simultaneously on corning
#7507 glass and fluorine-doped tin oxide (FTO) substrates using RF
magnetron sputtering. The corning glass was pre-cleaned first by
soap solution and then in piranha solution for 5 min and then dried
with N2 gas flow. For the deposition of WS2 nanostructures, a 3-inch
pure target of WS2 (99.99%, Matsurf Technologies, USA) was used.
The target-to-substrate distance is important in RF magnetron
sputtering to eliminate pinholes. Considering the pinhole elimina-
tion strategy, the target-to-substrate distance was kept 12 cm
throughout the deposition. The base pressure was adjusted for the
deposition of WS2 thin films ~3.0×10� 5 Torr. The deposition
pressure was held at 4 Pa, and the substrate temperature was
maintained at 200 °C for better adhesion. The other deposition
parameters are listed in Table 1.

After the deposition of WS2, thin films were annealed at 400 °C for
1 hr in a tubular vacuum furnace for good crystallinity.

Thin film characterization

Structural properties of the as-deposited WS2 thin film were
investigated using a Bruker D8 Advance CuKα (λ=0.15408 nm)
diffractometer in the 2θ range of 10°–80°. A transmission electron
microscope (TEM) (JEOL JEM-2100 PLUS, Japan), operated at a
potential of 200 kV, was used to record TEM and selected area
electron diffraction (SAED) patterns. Raman spectra were recorded
using a Raman spectrometer (Renishaw InVia Raman spectroscopy)
in the range 100–400 300–500 cm� 1, with a resolution of 1 cm� 1. A
laser source with a wavelength of 532 nm with a laser power of
10 mW was used as an excitation source. The composition of
elements was observed with an energy-dispersive spectrometer
(EDS) (Oxford Instruments, USA). Nova NanoSEM 450 FESEM
machine operated at 10 kV potential was used to capture cross-
sectional views and surface morphology. The optical properties
were examined using JASCO V-670, a UV-Visible spectrophotome-
ter. X-ray photoemission spectroscopy (XPS) was used to inves-
tigate the chemical composition and oxidation state of W and S.
For XPS Thermo Scientific, K-Alpha, UK machine with 0.1 eV
resolution was used. PEC characterizations were performed using
Metrohm Autolab Potentiostat: PGSTAT302N and a Xenon Lamp
(PEC-L01) of 100 mW/cm2 intensity.

Table 1. Process parameters used during the deposition of WS2 thin film
using RF-magnetron sputtering.

Process Parameters Value/Condition

Base Pressure 3.0×10� 5 Torr

Working Pressure 4 Pascal

Substrate Temperature 200 °C

RF Power 80–180 W

Post annealed Temperature 400 °C

Deposition time 20 min
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Photoelectrochemical (PEC) measurements

Photoelectrochemical characterizations were conducted in three-
electrode cells where the WS2 deposited on FTO was a working
electrode, saturated calomel electrode (SCE) was a reference
electrode, and Platinum was a counter electrode. The metal sulfides
are stable in acidic electrolytes with a pH of less than 2. In this case,
reducing agents HS� , SO3

2� , and S2O3
2� have stabilized metal

sulfide-based semiconductors. Therefore, we have used the 0.5 M
H2SO4 aqueous solution as an electrolyte. The surface area of the
working electrode was 1.0 cm2. Chronoamperometry was per-
formed by illumination of visible light having a power density of
100 mW/cm2 at a bias of 0.5 V. Electrochemical impedance spectro-
scopy (EIS) was applied to determine the carrier charge transfer
characteristics at the semiconductor-electrolyte interface. Linear
sweep voltammetry (LSV) of the WS2 thin films was recorded by the
same potentiostat at a scan rate of 20 mV/s. The chronoamperom-
etry curves were recorded at a bias of 0.5 V. The relationship
between potential (vs. RHE) and potential (vs. SCE) is expressed
as,[40]

V ðVs:RHEÞ ¼ V ðVs: SCEÞ þ ð0:059� pHÞ þ 0:244 (1)

Where V (vs. SCE) is working potential.

Results and Discussion

X-ray Diffraction Analysis

Figure 1 shows the low-angle XRD of as-synthesized WS2 thin
films using the RF-magnetron sputtering method at different
sputtering powers. The diffraction peak at 2θ ~13.90°, 33.24°,
58.88°, and 69.20° are assigned to (002), (100), (110), and (200)
crystal planes of WS2, respectively (JCPDS Card #08-0237). These
diffraction peaks are indexed to the hexagonal structure of WS2
(P63/mmc space group, 2H-WS2). No other impurity peaks were
found in the XRD pattern, indicating the pure phase of WS2. As
seen, the WS2 film deposited at 80 W has the preferred
orientation of crystallites along the (002) plane. With an

increase in RF power, the intensity of the (002) plane decreases,
and at the same time, the intensity of the (100) diffraction plane
increases. These results indicate that with increased RF power,
the preferred orientation of WS2 crystallites shifts from (002) to
(100).

The interplanar spacing (dhkl) of the WS2 is estimated using
Bragg’s equation,

dhkl ¼
n l

2 Sin qð Þ
(2)

The calculated d100 and d002 values of WS2 films ~0.27 nm
and 0.6 nm, respectively, match the previously reported
value,[41] which confirms the hexagonal WS2 phase formation.

The lattice parameters of hexagonal WS2 were calculated
using the following equation,

1
d2hkl
¼
4
3

h2 þ hkþ k2

a2

� �

þ
l2

c2 (3)

The calculated values of the lattice constants are a=3.154,
b=3.154 Å, and c=12.362 Å. The lattice values match the
previously reported data.[42,43]

The peak‘s full width at half maximum (FWHM) is inversely
proportional to the crystallite size (Dhkl) of the crystallites. It can
be calculated by applying the Debye-Scherrer formula,[44]

Dhkl ¼
0:9 l

bD Cosq (4)

Where θ is the angle between the incident and diffracted
planes, βD is the full width at half maximum (FWHM) of the peak
in radians, and λ is the wavelength of the x-ray source.

The broadening of the diffraction peak is due to the micro
strains present in the material. The lattice distortion and defect
states are responsible for the microstrain. Thus, the total
broadening is,[45]

bhkl ¼ bD þ be (5)

Here, βhkl is the total broadening, and βD and βɛ are the
broadenings due to crystallite size and microstrain, respectively.
The broadening and microstrain are related by,[46]

e ¼
be

4 Tanq
(6)

Where θ is the peak position, and ɛ is the microstrain. The
broadening values can be calculated by rearranging eqs (4) and
(6). Equation (5) becomes

bhkl ¼
K l

DhklCosq
þ 4 e Tanq (7)

bhklCosq ¼
K l

Dhkl
þ 4 e Sinq (8)

Figure 1. Low-angle XRD pattern of WS2 films using RF-magnetron sputter-
ing at different sputtering powers.
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It represents a linear equation with Kλ/Dhkl as the intercept.
Plotting a graph of βhkl cosθ vs. 4 sinθ the slope and microstrain
can be measured. The intercept value is inversely proportional
to the crystallite size (Dhkl), and the slope is termed the
microstrain. These plots are known as Williamson-Hall (W-H)
plots. Figure 2 represents the W-H plots for WS2 films prepared
using the RF-magnetron sputtering method at different sputter-
ing powers. Estimated values of crystallite size (Dhkl) and
microstrain (ɛ) of all the variations are listed in Table 2. The
calculated crystallite size found in the 33.68 Å to 65.25 Å over
the entire range of RF power studied. The negative values of
the microstrain revealed stacking faults in the WS2 structure.

[47]

Negative values of W-H plots exhibit compressive strain in the
materials, and the positive slope shows the tensile strain. As the
RF power increases, the sputtered atoms are bombarded on the
substrate with high energy. This highly energetic collision
deforms the crystal structure, resulting in strain in the film. An
increase in the strain value raises the dislocation density (δ).[48] It

is the length of dislocation lines per unit volume of the crystal
and was calculated using,[49]

d ¼
n
D2
hkl

(9)

Where n is the unity for the minimum number of densities.
The values of dislocation density for all WS2 are listed in Table 2.

Transmission Electron Microscopy Analysis

Further, to confirm the formation of WS2, transmission electron
microscopy (TEM) analysis was performed. Figures 3(a) and 3(b)
depict the low and high-magnification bright-field TEM images
of the WS2, revealing the formation of numerous randomly
oriented nanostructures such as nano ovals and nano-sheets.
Figure 3(c) represents the magnified view of the selected area
’A’ denoted by the dotted square in Figure 3(b). It shows that
the interplanar spacing is ~0.27 nm, which agrees with the
spacing of the (100) plane of hexagonal WS2.

[41] The observed
results are consistent with XRD analysis (Figure 1) and confirm
the formation of hexagonal WS2 with randomly oriented nano
ovals and nano-sheets. Figure 3(d) is the selected area electron
diffraction (SAED) pattern of hexagonal WS2. It shows the
diffraction rings associated with the (002), (100) and (110) (200)
planes of hexagonal WS2.

[50]

Figure 2.W-H plots for as-synthesized WS2 films using RF-magnetron sputtering at different sputtering powers.

Table 2. Calculated structural parameters of RF-magnetron sputtered WS2
films at various RF powers.

RF Power
(W)

Thickness
(nm)

Dhkl

(Å)
Microstrain ɛ
(10� 3)

δ×1016
(lines/m2)

80 65 33.68 � 15.22 8.81

100 95 37.09 � 13.89 7.26

120 130 40.18 � 2.50 6.91

150 240 46.51 � 1.33 4.62

180 270 65.25 5.73 2.34

Wiley VCH Montag, 19.02.2024

2499 / 340413 [S. 4/14] 1

ChemElectroChem 2024, e202400002 (4 of 13) © 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

ChemElectroChem
Research Article
doi.org/10.1002/celc.202400002

 21960216, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.202400002 by T
he L

ibrarian, W
iley O

nline L
ibrary on [22/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Raman Spectroscopy Analysis

Active phonon modes and phase transition were examined by
Raman spectroscopy. It is a powerful tool for characterizing
materials’ structural and vibrational properties. The intensity of
the Raman peak is related to the strength of the interaction

between the light and the material at that particular
frequency.[51] The shape of the peak can provide information
about the symmetry and anisotropy of the material. Figure 4
shows the Raman spectra of WS2 films deposited at different RF
power. It has been reported that for WS2 compounds, there are
generally four Raman-active modes viz; A1g, E1g, E

1
2g, and E22g

modes.[52] However, in the present work, A1g and E12g active
modes were present. The absence of E12g and E22g modes can be
due to the forbidden selection rule in the back-scattering
geometry and the limited rejection against Rayleigh scattering.
The Raman active A1g E

1
2g mode occurs at ~351 cm� 1, whereas

the A1g E
1
2g active mode occurs at ~419 cm� 1. The peak differ-

ence between these two peaks is 69 cm� 1, which is in agree-
ment agrees with the work reported by Huang et al.[53] and
Jeffery et al.[54] No other impurity peaks were found, indicating
the formation of a pure phase of WS2.

X-ray photoelectron (XPS) analysis

XPS is a surface-sensitive analytical technique commonly used
to characterize materials’ chemical composition and electronic
state. The XPS spectrum consists of peaks corresponding to the
core-level binding energies of the different elements present in
the film and the material‘s valence band. Figure 5(a) shows the

Figure 3. (a) and (b) Bright field TEM images of WS2 film deposited at 150 W using RF magnetron sputtering, (c) Enlarged view of the marked area of ‘A’ in (b)
showing the interplanar spacing between two lattice planes (~0.27 nm), and (d) SAED pattern.

Figure 4. Raman spectra of WS2 films deposited at different RF powers by
the RF sputtering method.

Figure 5. XPS spectra of WS2 (a) Survey scan in the range 0– 800 600 eV (b) Narrow scan XPS spectra of W-4f and (c) Narrow scan XPS spectra of S-2p.
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survey spectrum of the WS2 thin films, indicating the presence
of tungsten (W), sulfur (S), oxygen (O), and carbon (C) elements
in it. The XPS spectra were corrected using C 1s (284.6 eV) as a
reference for correction. Figures 5(b) and (c) are the narrow
scan XPS spectra for W-4f and S-2p elements, respectively.
Figure 5(b) describes the narrow scan XPS spectra of the W 4f
state of the WS2 thin film grown at 150 W RF sputtering power.
It shows two peaks, first at ~32.5 eV and second at ~34.6 eV,
associated with W 4f7/2 and W 4f5/2, respectively, indicating that
W exists mainly in the W4+ states of highly crystalline 2H-WS2.

[55]

The energy separation between these two peaks was ~2.17 eV,
a characteristic signal from the W4+ species due to spin-orbit
interaction. The observed tiny peak at ~37.9 eV may be due to
W 5p3/2 and W 4f5/2 in WOx species arising from surface
oxidation. The peak observed at ~162.15 eV and ~163.3 eV for
the same film is due to S 2p3/2 and S 2p1/2, respectively, with
spin-orbit splitting separation of ~1.10 eV [Figure 5(c)]. It
indicates the exitance of S2� in the grown WS2 thin films.[56] The
data in the present work matches with the previously reported
data in the literature,[57] confirming the formation of WS2 thin
films using the RF-magnetron sputtering method.

Morphological Surface Analysis

The surface morphology of as-deposited WS2 thin films at
different RF power is shown in Figure 6. The film has nano-
flakes, nano-sheets, nano-oval chains, and nano-spheres-like
morphology, confirming its critical dependency on RF power. At
low RF powers (<150 W), the surface morphology of as-
deposited WS2 films is like nano-flakes and nano-sheets.
Furthermore, as-deposited WS2 thin films have porous micro-
structures at low RF powers. At low RF power, the number of
sputtered molecules arriving at the growing surface is less,
resulting in porous morphology. As the RF power increases, the
surface morphology of as-deposited WS2 films becomes a nano-
oval chain shape-like microstructure. The possible explanation
for this could be the result of highly energetic atoms from the
surface of the target bouncing bounce back and returning
return to the substrate at high RF power.

Furthermore, as-deposited WS2 thin films are compact and
dense at high RF powers. All films are uniform and free from
flaws and cracks. The WS2 nano-flakes have an average length
of hundreds of nanometers with an average thickness of
~20 nm. As power increases, enough atoms are ejected from
the target and deposited on the substrate with the required
formation energy, growing and the growth of the nano-sheets.
As the morphology changes to sheets, the length increases to
200 nm, reducing the thickness to half of the nano-flakes. For
chain-oval structures, sizes range from ~30–40 nm to that of
nano-spheres ~60 nm. At the highest RF power, the oval chains
merge into nano-spheres. These results confirm that RF power
has a significant effect on grain size. The elemental composi-
tions of the WS2 films were determined using an Energy
Dispersive X-ray Spectrometer (EDAX) coupled with a FESEM
setup. Figure 7 shows the sulfur-to-tungsten (S/W) ratio varia-
tion as a function of RF sputtering power. The EDAX analysis of

WS2 films shows sulfur deficiency for all powers excluding
150 W. Consequently, the sulfur-to-tungsten ratio is nearly
stoichiometric (1.97 :1) for WS2 film deposited at an RF power of
150 W. Due to sulfur deficiency, WS2 grown at other RF powers
has stiffness in the morphology. Thus, WS2 film deposited at RF
power of 150 W has a dense and compact structure due to the
high energetic bombardment of atoms, which changes its
morphology to ovular nano chains.

Optical analysis

The optical properties of as-deposited WS2 films were studied
using UV-Visible spectroscopy. Figure 8(a) shows the broad
absorption spectra for WS2 thin films in the 300–1400 nm range
over the entire range of RF power varied. As seen, except for
the WS2 thin film deposited at an RF power of 100 W, the
absorbance of the film increases with an increase in RF
sputtering power. The observed red shift in the absorption can
be due to the increase in crystallite size with an increase in RF
power. The XRD analysis supports this conjuncture conjecture.

The absorption coefficient (α) is calculated using,

a ¼ 2:303 x
A
t (10)

Where α is the absorption coefficient of the material in
cm� 1, A is the absorbance, and t is the thickness of the film. The
absorption coefficient of the material is the penetration depth
of the material to its thickness, estimated to be ~104 cm� 1. The
values of absorption coefficients for different RF powers are
listed in Table 3. The optical band gap was calculated by using
the absorption coefficient using the relation,[58]

ahn ¼ Aðh# � EgÞ
n

(11)

Where hν is the incident light energy in eV, Eg is the
material‘s band gap in eV, and A is the constant. The value of n
depends on the optical transition. It takes value 2 or 3 for
indirect allowed or indirect forbidden transition, respectively,
while for direct allowed and forbidden transition, it takes value
1/2 or 3/2, respectively. For indirect direct allowed transition,
the optical band gap is obtained by extrapolating the tangential
line to the photon energy (E=hυ) axis in the plot of (αhυ)1/2 as a
function of hυ (Tauc plot). Table 3 shows the calculated optical
band gap values for different RF powers. The estimated values

Table 3. Calculated optical parameters of RF-magnetron sputtered WS2
films at various RF powers.

RF Power (W) Bandgap (eV) Absorption coefficient ×104 (cm� 1)

80 1.07 2.30

100 1.48 1.80

120 1.37 3.1

150 1.30 6.20

180 0.87 2.40
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of the optical band gap increased till 100 W RF power further
decreased from 1.48 eV to 0.87 eV when RF power increased
from 100 W to 180 W. The estimated values of optical band
gaps were well-matched with previously reported data.[59]

Photoelectrochemical analysis

Linear sweep voltammetry (LSV) is a commonly used electro-
chemical technique for investigating the charge carrier charac-
teristics at the semiconductor-electrolyte interface. When the
voltage is applied to the WS2 film, the electrons are excited to
higher energy states, which increases the flow of electrons from
the material to the electrode. LSV spectra were recorded by

Figure 6. FESEM images and cross-section FESEM images of WS2 thin films deposited by RF sputtering deposition technique at different deposition powers a1)
and a2) 80 W, b1) and b2) 100 W, c1) and c2) 120 W, d1) and d2) 150 W, e1) and e2) 180 W respectively. inset in figures a1), b1, c1), d1) and e1) shows the
corresponding magnified FESEM images.
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applying a potential to the working electrode, which was
anodically swept between � 0.3 V to +0.7 V versus a saturated
calomel electrode (SCE) under dark and illumination conditions.
The LSV plot can also be interpreted mathematically using the
Butler-Volmer equation, which relates the current density to the
potential difference and the electrochemical properties of the
material expressed as,[60]

j ¼ j0½e
ðaA�f�hÞ � eðac�f�hÞ� (12)

Where j0 is the exchange current density, αA is the anodic
transfer coefficient and αC is the cathodic transfer coefficient
corresponding to multiple or single reactions, and η is over
potential, which is given by,

h ¼ V vs: RHEð Þ � Eeq (13)

Here, V and Eeq are the operating potential and equilibrium
potential, respectively, while

f ¼
F
RT (14)

Where F is Faraday’s constant, R is the universal constant,
and T is temperature.

When overpotential is high (>0.005 V), the Butler-Volmer
equation becomes the Tafel equation,[61] which gives the
relationship between the logarithm of current density and the
overpotential as,

log jð Þ ¼ log j0ð Þ þ
b

n

� �

� h� Log jð Þ (15)

On the other hand, if the overpotential is low (<0.005 V),
then the Butler-Volmer equation becomes,

j ¼ j0 � n� h� f (16)

Where j is the current density and j0 is the exchange current
density, β is the Tafel slope, n is the number of electrons
transferred in the redox reaction, and η is the overpotential.

Figure 9(a) shows the Linear Sweep Voltammetry (LSV) plot
for WS2 thin films deposited at different RF powers. It is
observed that 150 W is the optimized RF power for WS2 growth,
which shows the highest current density of 5.44 mA/cm2. The
FE-SEM surface morphology analysis further supports this. The
improvement in the photocurrent density can be accredited to
the increased surface area for film grown at 150 W, which
absorbs many photons to generate electron-hole pairs. The
Mott-Schottky and electrochemical impedance spectroscopy
measurements also support the statement (discussed later).
Overpotential is the excess potential required in an electro-
chemical reaction beyond the possibility of thermodynamic
electrochemical reaction potential and can be calculated by LSV
plot. This excess potential is necessary as many intermediates in
the reaction require higher activation energy, particularly in
catalytic processes. This results in an increased kinetic energy
barrier that must be overcome. Therefore, to perform electro-
catalytic water splitting, a potential greater than the equilibrium
potential must be supplied to the system for accounting
overpotential.[62] The relationship between overpotential and
current density can be expressed as,

h ¼ aþ b log jð Þ (17)

Where b is the Tafel slope, and j is the current density.

Figure 7. Variation of the sulfur-to-tungsten (S/W) ratio as a function of RF
sputtering power.

Figure 8. (a) UV-Visible absorption spectra of WS2 films deposited at different
RF powers (b) Tauc’s plot of the same films.
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Figure 9(b) shows the plot of overpotential versus logarith-
mic current density. The Tafel slopes are 1.21 V/decade, 0.927
V/decade, 0.581 V/decade, 0.374 V/decade, and 4.41 V/decade
for 80 W, 100 W, 120 W, 150 W, and 180 W, respectively. The
Tafel slope needs to be low for better photoelectrochemical
activities. Thus, WS2 grown at 150 W RF power is suitable for
better results.

Current density (J) versus time (t) was measured to
investigate the photo response by applying a constant potential
of +0.5 V at the working electrode with the chopping light
conditions. Under light illumination, the WS2 thin film grown at
150 W shows a photocurrent ~I ~22 μA, the highest among all.
This photo response is relatively high compared with the
previously reported data.[63–65] The values for change in photo-
current for other power variations are shown in Figure 10. In
these chronoamperometry profiles, a shallow slope was present
that slowly decays the photocurrent, attributed to the slow
recombination of charge carriers. The slow recombination
happens due to a deficiency of S atoms in WS2 thin films that
generate trap states.[66]

Mott Schottky (MS) analysis is essential for investigating
charge carrier transfer and separation mechanisms. It gives
information about flat band potential and charges carrier
density. The scans were carried out in the potential range of

� 0.8 V to +0.8 V at 1000 Hz. The MS plot illustrates the
relationship between capacitance value and the potential
difference between bulk semiconductors and electrolytes. By
analyzing the MS plot, one can get information regarding the
type of semiconductor and carrier concentration of a particular
semiconductor.[67] The Mott-Schottky equation can be expressed
as,

1
C2
¼

2
ere0A2e ND

ðV � VFB �
KT
e Þ (18)

Where C is the capacitance due to space charge, e is the
charge on the electron, A is the surface area of the working
electrode, ɛr is the relative permittivity of WS2, ɛ0 is the
permittivity in vacuum (8.85×10� 12 F/m), ND is the density of
donor charge carriers, V is applied potential, VFB is the flat band
potential, K is Boltzmann constant, and T is temperature. Charge
carrier density was calculated from the slope of the plot of 1/C2

versus applied potential (V). Figure 11(a) shows the Mott-
Schottky plot of grown WS2 thin film at different RF power. The
Mott-Schottky plot shows a positive slope, which indicates the
n-type nature of WS2 thin films. From the slope, the width of
the depletion layer was calculated using,

Slope ¼
2

ere0A2e ND
(19)

Figure 9. (a) Linear Sweep Voltammetry (LSV) measurements (b) Over-
potential versus logarithmic current.

Figure 10. Current density versus time for WS2 thin films deposited at
different RF powers measured by applying a constant potential of +0.5 V at
the working electrode with the chopping light conditions.

Wiley VCH Montag, 19.02.2024

2499 / 340413 [S. 9/14] 1

ChemElectroChem 2024, e202400002 (9 of 13) © 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

ChemElectroChem
Research Article
doi.org/10.1002/celc.202400002

 21960216, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.202400002 by T
he L

ibrarian, W
iley O

nline L
ibrary on [22/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Wd ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ere0
e ND

ðV � VFBÞ

r

(20)

Where Wd is the width of the depletion layer. From the
Mott-Schottky plot, flat band potential, the most important

parameter for the working electrode (photoanode), was calcu-
lated. It gives the quantitative representation of the degree of
band bending at the semiconductor-electrolyte interface.[68]

When there is a greater degree of band bending, the interface
will experience a reduction in electron-hole pair recombination,
enhancing the efficiency of PEC and the excellent stability of
the photoanodes. As a working electrode, when the WS2 film is
dipped into 0.5 M H2SO4 electrolyte solution, it consists of a sea
of redox couple like O2 and H2O, and charge carrier transfer is
carried out between the working electrode and electrolyte
solution to attain equilibrium condition. When charged particles
in an electrolyte solution interact with charged particles in the
working electrode, it causes charges to build up and a depletion
width to form. The flat band potential for film grown at 150 W
shifted towards the more negative side, indicating the shifting
of the Fermi level towards the conduction band. Lower
depletion width provides an easy way to transfer the photo-
generated charge carriers. Table 4 shows the values of Charge
carrier density (ND), flat band potential (VFB), and depletion
width (Wd) for WS2 films deposited at different RF powers.

Electrochemical impedance spectroscopy was executed
under light illumination conditions to understand the qualita-
tive insights of charge transfer kinetics in bulk and at the
semiconductor-electrolyte interface. The EIS measurements
were carried out in the 0.01 Hz to 100 kHz frequency range by
applying the constant potential of 0.5 V (Nyquist plot). The
conductivity and charge transfer resistance can be determined
by analyzing the Nyquist plot. The data obtained from EIS for
WS2 films was fitted by a simulated Randles equivalent electric
circuit shown in the inset of Figure 11(b), and the fitted
parameters are tabulated in Table 5. At high frequencies,
information about the influence of the bulk matrix on the
electrochemical reaction can be obtained, while at low
frequencies, measurement provides information about the
double-layer capacitance.[69] From the Nyquist plot, it is
observed that the WS2 film grown at 180 W shows the
semicircle of greater radius, indicating high charge carrier
resistance with low charge carrier separation efficiency. How-
ever, the WS2 film deposited for RF power at 150 W shows the
smallest semicircle radius, indicating the lowest charge transfer
resistance and high charge carrier separation efficiency.

The Bode phase is a graphical representation of the phase
response of a system as a function of frequency. Figure 12(a)
shows the bode plot for RF power-varied WS2 films. At higher
frequencies, the phase shift becomes more significant, indicat-
ing a more prolonged time needed to respond to input signal

Figure 11. (a) Mott-Schottky plot (b) EIS spectra of as-deposited WS2 thin
film at different RF powers.

Table 4. Charge carrier density (ND), flat band potential (VFB), and depletion
width (Wd) for WS2 films deposited at different RF powers.

RF Power
(W)

Charge carrier
density (cm� 3)

Flat band
potential (V)

Depletion
width (nm)

80 3.16×1021 � 0.19 3.54

100 1.12×1021 � 0.71 8.01

120 2.73×1021 � 0.42 3.45

150 6.20×1021 � 0.80 1.54

180 8.78×1020 � 0.12 5.01

Table 5. Values for charge transfer resistance (Rct), capacitance (Cp), relaxation frequency, relaxation time constant (τe), and diffusion length (Ld).

RF power
(W)

Charge transfer resistance
(Ω)

Capacitance
(F)

Relaxation frequency
(Hz)

Relaxation time constant
(ms)

Diffusion length
(mm)

80 499 3.35×10� 4 5.72 27.83 5.67

100 346 4.40×10� 4 4.32 36.86 6.62

120 387 2.89×10� 4 5.73 27.78 5.75

150 155 7.74×10� 4 4.30 37.03 6.64

180 675 2.64×10� 4 7.56 21.06 5.01
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changes. On the other hand, the slight phase shift at low
frequencies means a quick responding nature.

The majority charge carrier lifetime can be calculated by
using a Bode plot. The equation for relaxation time constant
can be expressed as,

te ¼
1

2pfmax
(21)

Where fmax is the peak frequency at the maximum phase,
and te is the relaxation time. The majority charge carrier lifetime
for all WS2 films is listed in Table 5. The relaxation time constant
(τe) is higher, which means the recombination rate of photo-
generated charge carriers is low. Among all the WS2 films,

nanostructures grown at 150 W show a greater relaxation time
constant, which implies a lower rate of charge carrier recombi-
nation.

Figure 12(b) shows the bode modulus plot for the WS2 films
deposited at different RF powers. The modulus plot gives
information about the change in charge transfer resistance
concerning frequency. It was observed from Figure 12(b) that
thin film grown at 150 W has very low impedance for low
frequency but as deposition power increases, the impedance
increases. The WS2 thin film grown at 150 W performs better
throughout the application and agrees well with the structural
and optical properties.

Diffusion length is vital in analyzing interfacial processes,
such as photoelectrochemical activities. EIS measurements can
also be used to determine the diffusion length. This method
assumes that the relaxation time constant is equivalent to the
time holes take to oxidize a water molecule.[70] The diffusion
length can be expressed as,[71]

Ld ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðD� teÞ

p
(22)

Where D is the diffusion coefficient of the photogenerated
hole.

The calculated diffusion length is greater than the thickness
of the films. It includes diffusion within the solid catalysts and
at the interface, suggesting that the transport of minority
charge carriers outside the electrochemical interface is most
probable. When the diffusion length is longer than the
depletion width, the minority carriers can diffuse far away from
the p-n junction before recombining, resulting in higher device
efficiency. It is desirable in photoelectrochemical activities,
where a long diffusion length is essential for efficient carrier
collection and conversion of light into electricity.

Table 6 gives the different TMDC materials, their preparative
methods, and morphology for PEC water splitting. The results
obtained in the present study are also included in the table for
comparison. The RF-magnetron sputtering-grown WS2 exhibited
enhanced PEC activities for water splitting compared with those
prepared by different methods and morphologies. Thus, the
present work provides a straightforward and effective approach
for constructing and designing WS2 photoanodes with high PEC
performance for water splitting.

Figure 12. (a) Bode phase plot and (b) Bode modulus plot of as-deposited
WS2 thin film at different RF powers.

Table 6. Comparison of PEC water splitting performance of various TMDCs with different preparation methods and morphology.

Material Preparative method Morphology Outcomes Reference

γ-In2Se3 RF sputtering Nano grains 0.9 mA m� 2 [72]

MoS2/WSe2 Liquid-phase exfoliation and vacuum filtration Nanosheets 0.4 mAcm� 2 (V Vs SCE) [73]

MoS2 Chemical Exfoliation Rolled up edges 0.2 μA cm� 2 (0 V) [74]

γ-In2Se3 Hot injection method Clustered nanoflakes 88.5 μA cm� 2 [75]

N-doped ZnO Hydrothermal Nanowires 400 μA cm� 2 (1 V vs SCE) [76]

WS2 RF sputtering Nanosheets and Nano ovals 5 mAcm� 2 (V Vs SCE) Present Work
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Conclusions

We had synthesized WS2 films using RF magnetron sputtering
at different RF powers for PEC water splitting. We found that RF
power directly impacts the structural, optical, morphological,
and PEC properties of WS2 films. XRD and Raman spectroscopy
confirmed the formation of the pure and hexagonal 2H phase
of WS2, with an average crystallite size of ~44.54 Å. Furthermore,
as the RF power increased, the preferred orientation of WS2
crystallites shifted from (002) to (100). TEM analysis further
confirms and reveals that the interlayer spacing around 0.27 nm
corresponding to (100) plane XPS analysis revealed spin-orbit
splitting values of ~2.17 eV for W and ~1.10 eV for S, providing
further evidence of the presence of the 2H phase of WS2. FESEM
analysis demonstrated that the surface morphology of WS2 was
significantly influenced by the RF power, resulting in various
nanostructures such as nano-flakes, nano-sheets, nano-oval
chains, and nano-sphere-like formations. The film exhibited
broad absorption with a band gap ranging from 0.87 eV to
1.48 eV and an average absorption coefficient of ~104 cm� 1,
suggesting the suitability of WS2 for optoelectronic applications.
The LSV analysis revealed that the WS2 film deposited at 150 W
has the highest photocurrent density of ~5.44 mA/cm2. Addi-
tionally, it exhibited a lower Tafel slope of ~0.374 V/decade,
indicating superior PEC activity. Mott-Schottky analysis showed
a shift of the flat band potential towards the negative side,
suggesting a shift of the Fermi level towards the conduction
band. The WS2 film grown at 150 W had a charge carrier density
of ~6.2×1021 cm� 3 and a depletion layer width of ~1.54 nm. The
enhanced PEC activity observed in the 150 W film was
attributed to its low charge transfer resistance (~155 Ω) and a
relaxation time constant of ~37.03 ms. These results suggest
that WS2 films, particularly those grown at 150 W, hold promise
for PEC water-splitting applications.
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