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Abstract. In this study, a facile spray pyrolysed hydrophobic robust tungsten oxide (WO3) films were deposited at an
annealing temperature of 400°C on inexpensive glass substrates, using clear and homogeneous precursor solution containing tungsten hexachloride and 2-methoxyethanol. The 10 and 15 times sprayed films were polycrystalline with the
monoclinic crystal structure, uniform with the submicron-sized grain morphology (size *320–420 nm), with an average
surface roughness ranging from 12 to 17 nm and transparent above 60% in the visible region with a thickness of 380 and
550 nm, respectively. Elemental existence of tungsten and oxygen was recognized on the surface of the films possessing
the highest lattice oxygen percentage of 91.1. Increment in the scratch hardness of the films with the number of sprays
compared to uncoated glass was identified. The films were hydrophilic in nature (water contact angle \8°), converted to
hydrophobic ([120°) by treating chemically with octadecyltrichlorosilane to form a self-assembled monolayer on the top
and the hydrophobicity remained same (*120°) even after a year. These films with unique and combined properties of
scratch hardness and hydrophobicity can serve in the potential application as antifouling coatings.
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Introduction

In marine fields worldwide, biofouling is a significant
concern due to an unwanted accumulation of marine species, such as microorganisms, plants and animals on
submerged surfaces [1,2]. Biofouling causes notable
operational problems, such as increment in weight and
decrement in the speed of the ships, frictional resistance and
excess fuel consumption, causing excess emission of
harmful greenhouse gases. It also has adverse effects on
underwater pipelines, desalination plants and industrial
equipment [3]. Tributyltin (TBT) self-polishing copolymer
paints, an antifouling material, is applied widely to combat
biofouling, but these paints incorporated with environmental toxic biocide materials have affected the nontarget
species [2,4]. Other antifouling coatings with triphenyltin
(TPT) and organotin compounds (OTC) are also recognized
as biocides [3]. The usage of TBT, TPT and other tin
contained materials in antifouling coatings is intensively
opposed by the International Maritime Organization (IMO)
and the Marine Environmental Protection Committee
(MEPC) [2,3]. This opposition led to the antifouling paint

industries as well as researchers to find the replacement of
tin-based antifouling paints. Many alternative approaches
for designing antifouling coatings, such as coatings with
antimicrobial materials, micro or nanostructured surfaces,
etc. are introduced, which have drawbacks in adhesion,
uniformity, mechanical weakness, stability and biocompatibility [4]. Recently, superhydrophobic coatings mimicking
lotus surface structure, with materials such as carbon nanotubes (CNTs) [5], polystyrene nanoparticles, etc. [6] have
emerged as antifouling materials; however, these materials
lacked in good mechanical stability [4].
To overcome these challenges, rare earth and transition
metal oxides have appeared as an interesting class of
materials due to their versatile mechanical, physical and
chemical properties. Particularly, tungsten oxide (WO3), an
important transition metal oxide [7], is investigated extensively due to its unique electro-photochromic, electrocatalytic properties, high mechanical durability, excellent
corrosive resistance in both acidic, basic conditions [4] and
high chemical stability [8]. Phase transition behaviour of
tungsten oxide is quite complex and it is highly affected by
the synthesis process, initial precursors used [7]. Thin films
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of pure tungsten oxide are deposited by various methods,
such as thermal evaporation [9], pulsed laser deposition
[10], electron beam deposition [11], electrochemical deposition [12], direct current (DC) reactive magnetron sputtering [13], radio frequency (RF) magnetron sputtering [14],
sol–gel [15] and spray pyrolysis [16]. In most of the previous reports, tungsten oxide films are studied for their
electrochromic properties [10,11,16]. In very few reports,
mechanical properties of tungsten oxide films are analysed
in which these films are deposited by electrochemical
deposition and sputtering techniques [4,14,17–19]. The
studies handling the mechanical properties of tungsten
oxide films deposited by spray pyrolysis technique are
found nowhere in the literature, as per our best knowledge.
Among all the deposition techniques mentioned above,
spray pyrolysis is an easy and low-cost technique for
deposition of good quality, homogeneous, crystalline and
transparent thin films, and it is useful for large-area applications [16,20]. This process consists of an atomizer, precursor solution, substrate heater with temperature controller
and it can be performed in a vacuum or under atmospheric
pressure. In this process, substrate temperature plays a vital
role in the deposition of tungsten oxide films. Phase transition, crystallinity, size of the particles and thickness of the
film deposited are highly influenced by it. Amorphous WO3
forms when the substrate temperature is less than 300°C,
above which the monoclinic WO3 phase dominates. Grains
of larger size are obtained when the substrate temperature is
maintained between 400 and 500°C [7].
In antifouling coatings, mechanical properties of the
coatings are considered as an essential aspect for long term
stability, durability against the mechanical damages and the
erosive effects of water movement. Among various
mechanical properties, the hardness of the coatings is one of
the predominant properties. In general, hardness measures
the resistance of coatings to permanent or plastic deformation induced by either abrasion or indentation and
scratches. Scratch hardness measurement is one of the types
of measuring the hardness of the surface of the coatings
against the scratches and abrasion due to friction caused in
fouling environments. Scratch test is a simple and most used
technique to evaluate the scratch hardness of the coatings.
Generally, scratch hardness is defined as load per load
bearing area while scratching. As it is normally difficult to
find the load-bearing area during the experiment, scratch
hardness is calculated from the scratch track width after
performing the scratch test, which is sufficient to determine
the scratch hardness. The advantage of investigating scratch
hardness over the indentation hardness is the viability of
studying the variations in hardness of the coating along the
scratch track. By making a single scratch on the surface,
absolute values of scratch hardness can be determined at
specific positions by measuring the scratch track width [21].
Besides mechanical properties, water repellent properties
are also considered as a salient characteristic of antifouling
coatings. Hydrophobic surfaces offer high water contact
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angles, because of that, water either weakly adhere or do not
adhere to the surface. Theoretical studies have suggested
that rough surface topography is necessary for the creation
of hydrophobic surfaces [22]. High water contact angles are
generally acquired by the combination of surface roughness
and water repellent chemical coatings. For the conversion
from hydrophilic to hydrophobic WO3 coatings in repelling
water, octadecyltrichlorosilane (OTS) is used as a standard
surface modifier to create a self-assembled monolayer
(SAM) [23]. OTS has the ability to form SAMs on various
substrates, such as glass, mica, etc. [22]. There are only a
few studies in which inherent hydrophilic WO3 coatings are
converted to superhydrophobic by surface modification.
Electrodeposited WO3 coatings are converted from hydrophilic to superhydrophobic by treating with perfluoroalkylbearing phosphate by Tesler et al [4].
In the present investigation, WO3 films were deposited on
glass substrates through spray pyrolysis technique using
precursor solution comprising tungsten hexachloride and
2-methoxyethanol by low-cost spray brush in atmospheric
conditions, without capital-intensive equipment and vacuum. The changes in structural, microstructural, topographical, optical, surface properties as a function of the
number of sprays were analysed. Scratch hardness measurements were performed on the spray pyrolysed films
along with uncoated glass for comparison. Wettability
properties were also examined before and after the
chemisorption of OTS on the films. For an antifouling
coating, the combination of good mechanical and water
repellent properties are essential to combat against the
mechanical damages and oppose the adherence of water
simultaneously in the fouling environments. So, in the
present study, the amalgamation was performed to the pure,
uniform and mechanically robust tungsten oxide films with
water repellent surface modifier to create an approach
towards antifouling coating.

2.
2.1

Experimental
Preparation of precursor solution, powders and films

A quantity of 1 g of tungsten hexachloride (WCl6) (SigmaAldrich) was mixed with 20 ml of 2-methoxyethanol
(C3H8O2) (Molychem) and stirred for 30 min to obtain an
optically transparent and compositionally homogeneous
solution. A part of the precursor solution was heated at
different temperatures, 300 and 400°C, respectively, for 2 h
and the synthesized powders were collected. Soda-limesilica glass substrates were properly cleaned with soapy
water followed by distilled water. For further cleaning, the
substrates were immersed in the solution containing 50 ml
distilled water, 10 ml hydrogen peroxide and 10 ml liquid
ammonia, and later the solution was heated at 70°C for
15 min. By spray pyrolysis process, the remaining precursor
solution was sprayed as fine droplets through low-cost spray

Bull Mater Sci (2020)43:281
brush with nitrogen (inert) gas as a medium on the
substrates kept at 400°C on a hot plate. A distance of 10 cm
was maintained between the brush nozzle and the substrate.
The solution was sprayed for 5 s and after each spray, a gap
of 2 min was maintained for the formation of film and
evaporation of by-product gases. In this way, the solution
was sprayed for 5, 10 and 15 times respectively, on three
different substrates. After spraying, the substrates were
annealed at 400°C for 2 h. The fabricated films were
immersed in a solution containing 15 ml of toluene
(Molychem) and 450 ll of OTS (C18H37Cl3Si) (SigmaAldrich) for 3 h at 6°C. Later, the films were thoroughly
cleaned with toluene and dried with nitrogen gas.

2.2

Page 3 of 12

281

choosing 200 particles randomly on their corresponding
SEM image. The surface wettability of films before and
after treatment with OTS was evaluated by measuring the
water contact angle with 1 ll of distilled water on different areas on the films using Contact Angle System
(Krüss, Drop Shape Analyzer, DSA 100) under ambient
conditions. The OTS treated films were stored for a year
in an ambient atmosphere. Later, the water contact angles
of these one year stored OTS treated films were re-inspected to examine the stability. All the water contact
angles were measured in sessile drop mode. The OTS
treated films were investigated under an optical microscope (Zeiss Axio Lab.A1) and also re-examined after a
year to identify the changes that occurred.

Characterization of powders and films
3.

For structural characterizations, the synthesized powders
and fabricated films were examined under the X-ray
diffraction technique (XRD, JEOL-JPX 8) using copper,
Cu Ka radiation source (1.54 Å) with a scanning rate of
2° min-1 at an interval of 0.02°. The voltage and current
of the X-ray tube were 30 kV and 20 mA, respectively.
The surface roughness of the films was estimated by using
atomic force microscopy (AFM, Innova SPM). Ultraviolet–visible (UV–Vis) spectrometer (Shimadzu UV-3600
Spectrophotometer) was used to investigate the transparency of the films in the visible region. The thickness of
the films was measured by near normal spectroscopic
reflectometer (HO-NNSR-01). X-ray photoelectron spectroscopic studies (XPS, Kratos Axis Ultra DLD) were
conducted to investigate the chemical state of elements on
the surface of the films. The resultant spectra were calibrated by using the C–H peak of adventitious carbon
centred at a binding energy of 284.6 eV. The fitting of the
spectra was carried out using XPS curve fitting software
(XPSPEAK41) by fixing the full-width half maximum and
the Gaussian–Lorentzian product function (GL) with the
selection of minimum chi-square after Shirley background
subtraction (details of the fitting parameters are presented
in supplementary figure S1, tables S1 and S2). The scratch
test was performed on the films and the uncoated glass by
using scratch hardness tester (LINEARTESTER-249,
Erichsen). In this test, a stylus tip indenter of tungsten
carbide with 1 mm tip diameter was drawn on the films at
a constant speed of 25 mm s-1 with varying normal loads
of 5, 10 and 15 N side by side with a gap of 0.5 cm.
Scratch width on the films, surface morphology of films
and powders were analysed under scanning electron
microscopy (SEM, JSM 6380, JEOL). All the SEM images were captured in the secondary electron detection
mode. The SEM images of powder, films were taken at a
magnification of 95000, 910000 respectively and the
images of scratch width on films were taken at a magnification of 9250. The average particle size of the
powders was measured using ImageJ software by

Results

3.1 Structural and microstructural analysis
of the powders
The XRD patterns of powders synthesized at 300 and
400°C, respectively, are shown in figure 1a. It is observed
that the powder synthesized at 300°C is in near amorphous
nature with the absence of intense and strong diffraction
peaks, but it is tending to crystallize. Whereas the powder
synthesized at 400°C is crystalline with the diffraction
planes (002), (020), (200), (120), (–112), (022), (202),
(122), (–222), (004), (040), (140), (024), (204), (240) and
(420), and it exactly coincides with monoclinic structured
phase of WO3 (International Centre for Diffraction Data,
ICDD: 00-043-1035), confirming the formation of pure
WO3 phase at 400°C without any secondary phase formation [24]. A schematic of the monoclinic structure of
WO3 is represented in figure 1b. The near amorphous
nature of powder at 300°C is attributed to the lack of
sufficient thermal energy for conversion to the crystalline
WO3 phase. However, when the temperature is raised to
400°C, the formation of the crystalline WO3 phase is
enhanced. The gradual conversion from near amorphous to
crystalline phase has happened within the temperature
range of 300–400°C. Zheng et al [7] have mentioned in
their report that amorphous or polycrystalline WO3 is
formed at a temperature less than 300°C, whereas the
monoclinic WO3 phase has started to dominate when the
temperature is raised above 300°C. In addition, Rougier
et al [10] have stated that WO3 crystallization usually
reported in the temperature range between 350 and 400°C.
Similarly, Ozkan et al [25] have stated in their study that
at the temperature of 390°C, monoclinic WO3 has begun
to crystallize from the amorphous phase. The crystallization of the monoclinic WO3 phase at 400°C achieved in
this study is in decent agreement with the above-mentioned reports and therefore, the same temperature is further maintained for the fabrication of the films. The
average crystallite size for the powder synthesized at
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Figure 1. (a) X-ray diffraction patterns of powders synthesized at 300 and 400°C, respectively.
(b) Schematic representation of the monoclinic crystal structure of WO3. Scanning electron
microscopy images of powder synthesized at (c) 300°C and (d) 400°C, their corresponding histogram
representing particle size distribution (inset).

400°C is calculated using the Debye-Scherrer formula, as
shown in equation (1):
D ¼ 0:9k  ðb cos hÞ1 ;

ð1Þ

where D is the crystallite size (nm), k the wavelength of Cu
Ka radiation (k = 0.154 nm), b the full width at half
maximum of diffraction peak (radians) (considered from the
high-intensity crystallographic plane (200)) and h the Bragg
diffraction angle (°) [26]. The average crystallite size is
found to be 29.9 nm.
Scanning electron micrographs of powders synthesized at
300 and 400°C, respectively, are presented in figure 1c and d,
and their corresponding histograms representing particle size
distribution are shown in the inset. It is noticed that the
powder particles are agglomerated, and the average particle
size of powder synthesized at 300°C is found to be 0.37 ±
0.08 lm. Whereas with increasing the temperature to 400°C,
the average particle size is enlarged to 0.64 ± 0.25 lm, which
is due to the migration and more tendency of agglomeration of
smaller particles at a higher temperature compared to 300°C.

3.2 Structural, microstructural and morphological
analysis of the films
In spray pyrolysis, the precursor solution is sprayed on the
hot substrates as a fine mist containing very tiny droplets
through carrier gas. These droplets go through solvent
evaporation followed by solute condensation and thermal

decomposition resulting in thin film formation. A schematic
representation of the spray pyrolysis process used for the
fabrication of films in the current study is shown in figure 2a.
The XRD patterns of uncoated glass with 5, 10 and 15 sprays
films are presented in figure 2b. It is noticed that all the films
exhibited crystallinity with the diffraction peaks exactly
matching with diffraction peaks of monoclinic structured
phase of WO3 (ICDD: 00-043-1035), whereas the uncoated
glass is amorphous. The absence of secondary phases confirmed the formation of a pure WO3 phase with a sharp (002)
peak of preferred orientation. It is observed that 5 sprays film
exhibited low crystallinity compared to 10 and 15 sprays
films, attributed to less number of sprays which led to form the
film with low thickness. As the number of sprays increased
from 5 to 15, the crystallinity of the films is improved due to
more deposition of the precursor solution and its conversion
into desired metal oxide (WO3). So, as the volume of the
metal oxide formation increases with the number of sprays,
the films get more densified and the thickness of the films
increase, which in turn improves the crystallinity. The average crystallite size of the films is determined from the DebyeScherrer method (considered from the high-intensity crystallographic plane (002)), and it is found to be 23.0, 28.7 and
37.9 nm for 5, 10 and 15 sprays films.
The surface morphological features of all the films are
presented in figure 3. It is observed that 5 sprays film is
non-uniform due to lack of more number of sprays, but with
increment in the number of sprays from 5 to 15, the films
have attained more uniformity and densification. The
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Figure 2. (a) Schematic representation of the spray pyrolysis process used for the fabrication of films. (b) X-ray
diffraction patterns of uncoated glass, 5, 10 and 15 sprays films.

Figure 3.

Scanning electron microscopy images of (a) 5, (b) 10 and (c) 15 sprays films.

complete coverage with a regular distribution of submicronsized grains all over the substrate with increment in spray
number is attributed to more precursor solution deposition
and its transformation to tungsten oxide. It is also noticed
that films are completely free from cracks. Due to low
crystallinity and non-uniformity in 5 sprays film compared
to 10 and 15 sprays films, further characterization studies
are performed only for 10 and 15 sprays films.
The topographical features of 10 and 15 sprays films
through AFM (3D micrographs of 5 9 5 lm2) are shown in
figure 4. From AFM micrographs, it is noticed that grains
are sticking out homogeneously from the surface of the
substrate-film interface. It is also observed that the size of
individual surface grains has increased slightly from 10 to

15 sprays films. The average grain size of 10 and 15 sprays
films is found to be 320 ± 20 nm and 418 ± 40 nm,
respectively. The average surface roughness of the 10 and
15 sprays films is found to be 12.5 and 17.1 nm, respectively and this increase in surface roughness from 10 to 15
sprays film is due to an increase in the crystallinity of the
films [27]. The thickness of the 10 and 15 sprays films is
found to be 380 and 550 nm, respectively.

3.3

Optical properties of the films

Further, the films are examined under UV–Vis spectrometry
to investigate the transparency level in the visible region.
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Page 6 of 12

Bull Mater Sci (2020)43:281

Figure 4. Surface morphology by Matomic force microscopy 3D imaging of (a) 10 and (b) 15
sprays films.

The normalized optical transmittance spectra in the wavelength range of 300–800 nm for 10 and 15 sprays films
along with the uncoated glass are shown in figure 5a. It is
observed that the transparency of both the films is less than
60% at shorter wavelengths, whereas it has enhanced above
60% at higher wavelengths. The slight decrease in transparency of 15 sprays film compared to 10 sprays film is
attributed to the increase in the number of sprays, in turn,
enhancing the density of the film. The other reason for the
reduction in transparency is due to the increase in surface
roughness. The high surface roughness on the film scatters
the incoming light leading to absorption of it [28]. The
optical energy bandgap of the films is estimated using
Tauc’s relation as shown in the equation (2):
1=2
ahm ¼ a0 hm  Eg
;
ð2Þ
where a is the optical absorption coefficient, hm the photon
energy, a0 the proportionality constant and Eg the optical
energy bandgap [29]. The optical energy bandgap from
Tauc’s plot represented in figure 5b is estimated to be 3.35
and 3.26 eV for 10 and 15 sprays film, respectively, and
these values fit well with the previously reported values
[10,16]. As the 10 sprays film has a higher Eg compared to

the 15 sprays film, it allows more visible light to pass
through without absorption, making it comparatively
transparent than the 15 sprays film.

3.4

Elemental analysis of the films

To assay the surface elemental composition and chemical
state of the elements present on the films, X-ray photoelectron spectroscopy (XPS) is used. Figure 6a shows the
XPS survey spectra of 10 and 15 sprays films in the binding
energy range between 0 and 1050 eV, and it revealed the
existence of tungsten, oxygen and carbon elements. The
presence of carbon in the films is due to unintentional
surface adsorption in the form of CO, CO2 and hydrocarbons, etc. from the air atmosphere [16]. In both the films,
charge corrected binding energy levels of W 4f, W 4d, W
4p, W 1s and O 1s are achieved at exact binding energy
locations, as mentioned in earlier reports [30–32]. No traces
of chlorine are detected in the survey spectra of both the
films. The high-resolution XPS spectra of Cl 2p of both the
films are represented in supplementary figure S2. It proves
the complete transformation of WCl6 to WO3 with the

Figure 5. (a) Transmittance plot of uncoated glass, 10 and 15 sprays films. (b) Optical energy
bandgap estimation from Tauc’s plot of 10 and 15 sprays films.
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Figure 6. (a) XPS survey spectra, (b) deconvoluted high-resolution XPS spectra of W 4f core levels of 10 sprays
and 15 sprays films respectively, and deconvoluted high-resolution XPS spectra of O 1s core levels of (c) 10 sprays
and (d) 15 sprays films.

evaporation of Cl2 gas during the fabrication of the films at
the temperature of 400°C.
Furthermore, the high-resolution XPS spectra of W 4f
core levels of 10 and 15 sprays films are deconvoluted and
they are shown in figure 6b. The deconvolution of W 4f
peak exhibited two symmetric peaks, W 4f7/2 at 35.3 ± 0.5
and W 4f5/2 at 37.4 ± 0.5, which represents the W atoms of
oxidation state ?6 (as expected for stoichiometric WO3)
[4]. The splitting of spin-orbital between W 4f7/2 and
W 4f5/2 level is 2.13 eV with a peak ratio of 4:3, which
exactly coincides with the previous report [33]. The details

Table 1.
Film

of deconvoluted W 4f synthetic peaks of both the films are
presented in table 1.
Also, O 1s peak in XPS spectrum of 10 and 15 sprays
films is further deconvoluted into three significant components located at approximate binding energies of 530.3 ±
0.5 eV, 531.3 ± 0.5 eV and 532.3 ± 0.5 eV ascribed to
lattice oxygen (M–O–M, here WO3), surface metal
hydroxide groups (M–OH) and weakly bound O-adsorbates
(H2O) respectively [4,30,34]. The deconvoluted high-resolution XPS spectra of O 1s core levels of 10 and 15 sprays
films are shown in figure 6c and d respectively, and the

Details of deconvoluted W 4f synthetic peaks of 10 and 15 sprays films.
Core level

Binding energy (eV)

Area (cps eV)

10 sprays

W 4f7/2
W 4f5/2

15 sprays

W 4f7/2
W 4f5/2

35.34
37.48
(Spin orbit splitting = 2.14)
35.33
37.46
(Spin orbit splitting = 2.13)

10,006.35
7534.59
(Peak ratio = *4:3)
28,201.82
20,993.33
(Peak ratio = *4:3)
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Details of deconvoluted O 1s synthetic peaks of 10 and 15 sprays films.

Film
10 sprays

15 sprays

Deconvoluted peaks

Binding energy (eV)

Relative area fraction (%)

M–O–M
M–OH
O-adsorbates
M–O–M
M–OH
O-adsorbates

530.38
531.71
532.33
530.01
531.02
532.26

80.77
12.06
7.17
91.1
6.58
2.32

information such as binding energies, peak areas and relative area fractions are detailed in table 2. It is apparent from
figure 6c and d that the lattice oxygen percentage has
increased with the increase in the number of sprays from 10
to 15. The increment in lattice oxygen is attributed to the
densification and crystallization of the 15 sprays film. Also,
the relative peak areas of W 4f core levels (shown in
table 1) show an increment with the number of sprays,
further assured the film densification supporting SEM
images of the films.

3.5

Scratch hardness analysis of the films

Scratch hardness is the resistance offered by the surface of
the coating to the dynamic surface deformation by moving a
hard scratching element called indenter of a given tip radius
under a constant load and velocity (American Society for
Testing and Materials, ASTM G171-03). Scratch test produces a scratch on the surface by the indenter along a
specified path; the scratch width is measured and the value
is used to determine the scratch hardness of the coatings.
For the indenter tip with a circular area of cross-section, the
value of the scratch hardness (Hs) is calculated from
equation (3):
Hs ¼ 8FN  pb2

1

;

ð3Þ

where FN is the normal force used and b the average scratch
width [35]. From equation (3) it is inferred that the scratch
hardness value is directly proportional to the applied normal
force and inversely proportional to the scratch width. On
decreasing the scratch width, the load-bearing area
decreases, and further results in a higher value of scratch
hardness at a particular normal force.
Figure 7a–i shows the SEM micrographs of the top view
of uncoated glass, 10 and 15 sprays films on which scratches are made by different normal forces, 5, 10 and 15 N,
respectively. In this study, the scratch hardness of 10 and 15
sprays films are compared with uncoated glass by maintaining the same scratch testing parameters. Also, in the
current investigation, the scratch width is measured at four
different positions on the scratch track and the average

scratch width value is considered. The values of the average
scratch width (lm) of both the films, along with uncoated
glass resulted from applying different normal forces, are
presented in supplementary table S3. From supplementary
table S3, it is noticed that at a particular normal force, the
scratch width is decreased with increasing the number of
sprays from the uncoated glass. With an increment in the
number of sprays, more amount of tungsten oxide is
deposited on the glass substrate resulting in an increment of
thickness, densification of the film and establishing a hindrance to the scratch penetration by the indenter, and
therefore the scratch width is decreased. As there is no
tungsten oxide film over the uncoated glass, the resistance
to the scratch penetration by the uncoated glass is low and
consequently, it showed high values of scratch width
compared to both the films, irrespective of normal force
applied. Figure 8 shows a pictorial representation of scratch
width variation on uncoated glass, 10 and 15 sprays films,
respectively, when a normal force of 10 N is applied.
The calculated scratch hardness (GPa) from scratch width
using equation (3) at different normal forces and the percentage of increment in the scratch hardness of the films
with respect to uncoated glass are detailed in table 3. It is
observed that, in all the cases, at a particular normal force,
the uncoated glass showed low values of scratch hardness,
whereas the scratch hardness increased with the number of
sprays. For example, at applied 10 N normal force, the
calculated scratch hardness of uncoated glass is 2.23 GPa,
whereas for 15 sprays film, it increased to 3.65 GPa. Due to
the increase in the number of sprays, at a constant force,
material failure due to dynamic surface deformation is less
resulting in the decrement of scratch width, i.e., increment
in scratch hardness. Within the experimental range, the
increment noticed in scratch hardness for both the films on
decreasing scratch width followed a similar trend at every
normal force. Thus, it can be deduced that scratch resistance
is improved at a higher number of sprays. In addition,
Hasan et al [14] reported in their investigation that the
resistance to wear is improved with the crystallinity of the
films. In the current study, a similar trend can be collated as
the crystallinity of the films increased with the number of
sprays, ensuing the advancement in scratch resistance. So,
in the present exploration, the overall enhancement in
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Figure 7. SEM micrographs of scratches on (a) uncoated glass, (b) 10, (c) 15 sprays films by 5 N
normal force; (d) uncoated glass, (e) 10, (f) 15 sprays films by 10 N normal force and (g) uncoated
glass, (h) 10, (i) 15 sprays films by 15 N normal force.

Figure 8. Pictorial representation of scratch width variation on (a) uncoated glass, (b) 10 and (c) 15
sprays films when a constant normal force of 10 N is applied.

scratch hardness for 15 sprays film is attributed due to
combined benefaction of improvement in crystallinity,
densification and thickness of the films compared to 10
sprays film, determined by XRD, SEM and XPS analysis of
the films.
In figure 7a, d and g, some sharp cuts are noticed on the
surface of the uncoated glass which are formed due to

scratching by the indenter with different normal forces and
the intensity of cuts enhanced with normal force. However,
the formation of such sharp cuts is absent on both the films
irrespective of the normal force, due to the existence of
tungsten oxide and its resistance to the scratching indenter.
The modes of failure during the scratch test of coatings are
broadly classified into three categories: cracking through

281

Page 10 of 12

Bull Mater Sci (2020)43:281

Table 3. Scratch hardness ‘Hs’ (GPa) of uncoated glass, 10, 15 sprays films at different normal forces ‘FN’ and percentage of increment
in scratch hardness with respect to uncoated glass.
Film
Force, ‘FN’
(N)
5
10
15

Scratch hardness, ‘Hs’ (GPa)

% of increment in scratch hardness w.r.t. uncoated glass

Uncoated glass

10 sprays

15 sprays

10 sprays

15 sprays

1.85
2.23
3.27

2.91
2.93
4.14

3.62
3.65
4.27

58
32
27

96
64
31

the thickness, spallation ahead or beyond the indenter tip
and chipping in coatings [36]. From figure 7, it is observed
that both the films exhibited similar mode of failure during
the scratching and the mode of failure can be attributed to
the thickness cracking and wedge spallation ahead of
indenter along the scratch track due to brittleness of tungsten oxide.

3.6

Surface wetting properties of the films

The water contact angle measurements are performed for
10 and 15 sprays films to examine the surface wetting
properties. Figure 9a and b shows the photographs of 10
and 15 sprays films, respectively, after dropping a water
droplet on the surface. It is noticed that the water droplet

instantaneously spread on the surface of the films with a
water contact angle \8°, confirming the hydrophilic nature
of the films. The hydrophilic wetting state before the surface
treatment is attributed to the presence of hydroxide groups
and adsorbed water on the WO3 films, which are detected
through XPS analysis [23]. Later, the films are chemically
treated with OTS to create a covalent bonded SAM which is
applied for the modification of hydrophilic to hydrophobic
surfaces [22]. After the chemisorption of the films with
OTS, the films are re-examined for measuring the water
contact angle. It is revealed that 10 and 15 sprays films are
hydrophobic with a water contact angle [120°, as shown in
figure 9c and d, respectively, which exhibited the functionality of OTS as a SAM on top of the films. To inspect
the stability of both OTS treated 10 and 15 sprays films, the
water contact angle is measured after a year. Both the films

Figure 9. Photographs of 1 ll water droplets on (a) 10 and (b) 15 sprays films before OTS
treatment, (c) 10 and (d) 15 sprays films after OTS treatment, (e) and (f) OTS treated 10 and 15
sprays films respectively after a year.
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Figure 10. (a) The schematic illustration of water droplet before and after OTS treatment, (b) OTS SAM formation
mechanism on WO3 films.

remained non-wetting and displayed almost the same water
contact angle (*120°) as previous measurements (shown in
figure 9e and f, respectively), proving that OTS has no sign
of deterioration on the films even after a year.
The pictorial representation of water droplet before and
after OTS treatment, and the formation mechanism of OTS
SAM on WO3 films, are shown in figure 10a and b,
respectively. The covalently bound OTS SAM formation on
the surface of WO3 films is presumed to occur in three
steps. The first step is the hydrolysis of chloromoieties of
OTS, resulting in a silanetriol (hydroxyl group of OTS) at
the hydrophilic surfaces of the films. In the second step, the
generated silanetriol subsequently physisorbs via hydrogen
bonding with surface hydroxyl groups of WO3 films. And
ultimately, in the third step, the covalent bonds of both
W–O–Sisilane and Sisilane–O–Sisilane establish on the surface
of the films by the condensation reaction, which act as a
SAM [22,37,38]. The established OTS SAM on the surface
aided in the hydrophobic behaviour of WO3 films and also
due to the covalent bond formation, no much degradation
occurred in the hydrophobicity even after a year.
The OTS treated 10 and 15 sprays films are investigated
under an optical microscope. It is noticed that both the films
are crack-free and also these films remained almost the
same without any crack propagation even after a year,
confirming the longevity of these films over the given time
frame. The optical microscope images of OTS treated 10
and 15 sprays films, before and after a year are shown in
supplementary figure S3.
The spray pyrolysed tungsten oxide films fabricated on
glass substrates with combined scratch-resistant and
hydrophobic properties can be applicable in submarine
window glasses, marine optical devices like cameras,

sensors and torch lights, which are used to acquire data for
the underwater research in modern oceanology.

4.

Conclusion

In the present work, using a facile, inexpensive and simple
spray pyrolysis technique, uniform, rough, pure and crackfree WO3 films were deposited on glass substrates at a
temperature of 400°C, using a precursor solution of tungsten hexachloride dissolved in 2-methoxyethanol. Also,
tungsten oxide powders were synthesized using the same
solution at 300 and 400°C. Both synthesized powder and
films had shown crystallinity with monoclinic crystal
structure at 400°C, and in the case of the films, the crystallinity had increased with the number of sprays. SEM
micrographs exhibited the agglomeration of particles with
particle size *0.37 and 0.64 lm at 300 and 400°C,
respectively, in synthesized powders, whereas uniform,
dense with a regular distribution of submicron grains over
the surface of 10 and 15 sprays films was observed. The 10
and 15 sprays films were rough with an average surface
roughness of 12.5 and 17.1 nm and with an average grain
size of *320 and 420 nm, respectively. Optical properties
revealed the transparency level of the films ranging above
60% and the respective estimated optical energy bandgap
values were 3.35 and 3.26 eV for 10 and 15 sprays films.
Photoelectron spectroscopic study through survey of spectra
of the films, disclosed the presence of tungsten and oxygen
elements without any traces of chlorine. Enhancement in
lattice oxygen percentage to a maximum value of 91.1 was
perceived with accretion in the number of sprays to 15 by
deconvoluting O 1s signature. Scratch hardness analysis
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assured that films were scratch-resistant in comparison with
uncoated glass and the value of scratch hardness had
increased with the number of sprays. Water contact angle
measurements confirmed that both the films were highly
hydrophilic in nature with water contact angle\8°, whereas
after chemical treatment with OTS, the films were converted into hydrophobic with water contact angle[120° and
these OTS treated films maintained their hydrophobicity
with water contact angle *120° even after a year confirming the stability of the films. Both films were found to
be crack free after treating with OTS and they remained
unchanged even a year later. The results give the impression
that these fabricated WO3 films with amalgamated properties of scratch resistance and water repellence can be
admired as an approach towards antifouling coatings that
are helpful in applications that need mechanical performance under fouling conditions.
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E, Benseddik E et al 2000 Thin Solid Films 358 40
[17] Parreira N M G, Carvalho N J M and Cavaleiro A 2006 Thin
Solid Films 510 191
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26 578
[37] Sagiv J 1980 J. Am. Chem. Soc. 102 92
[38] Hui B, Wu D, Huang Q, Cai L, Li G, Li J et al 2015 RSC
Adv. 5 73566

