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ABSTRACT 

Vacuum kinetic spray method is a dry particle deposition method, also 

known as the nano-particle deposition system (NPDS), to deposit metals and 

ceramics onto different substrates at room temperature without using any toxic 

chemicals. Nowadays, photocatalysis has been using as a green and clean process 

for renewable energy and environmental remediation. Various semiconductor 

materials like TiO2, WO3, Fe2O3 and so on are utilized in the photocatalysis field. 

Individual semiconductor materials can show poor photocatalytic efficiency 

because of high recombination effect of electron and holes. Therefore, no 

individual semiconductor can meet the required goal of photocatalysis. 

Consequently, the design of visible-light-driven semiconductor photocatalysts is a 

very important issue in terms of harvesting photon energy in the visible range. 

Recently, graphene has gained an enormous research interest due to its high 

specific surface area and electron mobility.  In this study, NPDS is utilized to make 

WO3 and its composite with (0-30) wt.% graphite thin films on polypropylene 

substrate. 

To evaluate the photocatalytic activity of the fabricated thin films, 

degradation of methylene blue dye under illumination of light for 2 hours was 

observed. Degradation of the methylene blue dye was evaluated using absorbance 

values measured by UV/Vis spectroscopy at the wavelength of 665 nm. The results 

showed that the photocatalytic performance was significantly enhanced the 

graphite content is increased with WO3. The highest activity was observed for 15 

wt.% graphite with WO3 thin films. The photocatalytic reaction followed pseudo-

first-order kinetics. The kinetic rate constant for graphene/WO3 with 15% graphite 

is 1.5 times higher than that of pristine WO3 film. Repeatability determines the 
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feasibility of thin films in using real applications. Here, all the thin films showed 

good stability up to five cycles. 

The deposited thin films were observed using field effect scanning electron 

microscopy (FE-SEM), X-ray diffraction (XRD) and Raman spectroscopy. FE-

SEM shows that micro-sized graphite/WO3 particles are cracked into small pieces 

during deposition due to the high impact velocity by NPDS. X-ray diffraction 

showed the absence of any graphite peak in the composite thin film. Finally, the 

existence of graphene in the fabricated thin film was confirmed by Raman 

spectroscopy. 

Finally, it is suggested that NPDS can be a suitable process for 

photocatalytic thin film fabrication at room temperature. The prepared thin films 

can be easily used for the photocatalytic applications. 

 

Keywords: Vacuum kinetic spray, Nano-particle deposition system (NPDS), 

Thin film, Polypropylene, Photocatalysis, WO3, Graphene, Recombination 

effect, Methylene blue, Degradation. 
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1.1 Introduction to Photocatalysis 

 

Water contamination with different organic dyes is a very acute problem in today’s 

world. The toxic chemicals throwing into water from the industries impart adverse 

effects on humans and environment. Therefore, proper treatment of wastewater 

containing harmful dyes before discharging to the environment is required to 

protect the environment. There are some conventional processes to remove waste 

from water. But, they are not effective enough to purify the water fully. 

Furthermore, these types of processes generate secondary pollutants that need more 

purification. They are very slow, require more cost and some processes need very 

high temperature [1–4]. Consequently, a very promising technique is a crucial need 

for the complete purification of wastewater. Recently, semiconductor 

photocatalysis has been an immense interest in the application of solar energy and 

environmental remediation. Researchers are looking forward to semiconductor 

process because of some important features: i) photocatalysis is a sustainable 

process because of using the clean and safe energy from sun, ii) it is economically 

viable and environmentally friendly process because it does not produce any 

secondary hazardous pollutants, iii) it is a room temperature and pressure, and iv) it 

has low cost [5]. Semiconductors due to their suitable energy band gap matching 

with the solar energy has been a great interest in photocatalysis field. 

Photocatalysis is a catalytic process which accelerate the chemical reaction rate 

utilizing renewable solar energy. The chemical process is usually 

oxidation/reduction reaction where semiconductors can make electrons and holes 

in the presence of light. An ideal photocatalytic material should have good 

photostability, able to absorb ultraviolet (UV) or visible (Vis) wavelengths of light, 

chemically or biologically inert, non-toxic and cheap. Semiconductor 

photocatalysts being irradiated under UV or Vis light form electrons (e-) and holes 
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(h+). To make photogenerated electrons and holes, the light energy (hν) should be 

greater than the band gap energy of semiconductors (Eg), i.e; hν ≥ Eg. The electrons 

from valence band (VB) are excited to conduction band (CB) with breaking the 

band gap energy barrier shown in Fig. 1.  The photogenerated electrons can react 

with oxygen dissolved in water to reduce it oxide radical .O2
- and then OH. 

Radicals. On the other hand, the photogenerated holes can also oxidize water to 

make OH. Radicals. These hydroxyl radicals then degrade the organic dye to make 

harmless H2O and CO2 [6–8]. The chemical reactions with semiconductor 

photocatalysis to degrade organic dyes are as follows:  

 

Semiconductors + hν (light energy)                        e-  +  h+ 

e-   +  O 2                        .O2
- 

h+  +  Organic dye                       CO2  +  H2O 

h+  +  H2O                     H+  +  OH. 

OH.  +  Organic dye                     CO2  +  H2O 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Principle of photocatalysis.  
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In the photocatalytic process, there is an increasing chance to recombine the 

photogenerated electron in the CB if the oxygen reduction and the oxidation of dye 

do not advance simultaneously. Therefore, it is very important to suppress the 

recombination rate of photogenerated electrons and holes for the semiconductor 

photocatalysis research.  

 

1.2 Applications of Photocatalysis 

Photocatalysis with semiconductor materials is one of the promising research 

topics due to its numerous uses in various fields as wastewater treatment, H2 

production, artificial photosynthesis (CO2 reduction), removal of toxic gases from 

air, and dye sensitized solar cells (DSSC) [9–13]. The application of photocatalysis 

are shown in Fig. 2. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Applications of photocatalysis.  
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1.3 Semiconductors in Photocatalysis 

Photocatalysis as a clean and green process has gained much attention as a 

promising technique for environmental remediation. There are many 

semiconductors that are using in the photocatalytic activity analysis with solar light 

illumination. Some semiconductors can utilize only the UV portion of sunlight 

because of their band gap energy. Table 1 shows the band gap energies of some 

common semiconductor materials. By the work of Fujishima and Honda in 1972 

[14] with photoelectrochemical hydrogen and oxygen production using (titanium 

oxide) TiO2 electrode with UV light illumination, there has been an increasingly 

growing interest with photocatalysis process. Since then TiO2 is the most studied 

photocatalytic semiconductor material due to its high oxidation ability, high 

chemical stability, nontoxicity, and low cost. Three TiO2 crystal forms of anatase, 

rutile, and brookite are available in nature. Rutile form is mostly stable, but the 

organic degradation efficiency is higher for anatase than rutile in some cases. The 

brookite is the less studied [9]. However, TiO2 is suitable in the UV region (the 

band edge for TiO2 is near 387 nm) because of its high band gap energy (~3.2 eV). 

It can absorb only ~5% energy irradiated from sun [15]. So, it cannot utilize the 

largest part of solar energy that is the visible energy and hence limits the solar 

conversion efficiency.  Hematite or α-Fe2O3 has a low band gap of about 2.2 eV 

and can catch 40% of the photonic energy irradiated from the sun which is in the 

visible range. Also, it is a nontoxic, chemically stable, abundance in nature and low 

cost semiconductor [16]. Nevertheless, the photocatalytic performance of Fe2O3 is 

still poor due to high recombination of electron holes, poor mobility of charge 

carriers (<0.2 cm2.V-1.s-1), the short diffusion length of the holes (2-4 nm), and 

short lifetime of the photogenerated charge carriers (<10 ps) [17]. In addition, 

tungsten oxide (WO3), an environmentally friendly n-type semiconductor, has 
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proven to be a good photocatalyst owing to its light absorption in the visible range. 

WO3 has also a suitable band gap (2.4-2.8) with some unique properties i.e., 

nontoxicity, stability, resistance to photo-corrosion, and high oxidation power [18–

20]. But, WO3 also exhibits poor activity as the reduction of oxygen is not easily 

initiated due to the unfavorable conduction band position and the tendency of 

electron-hole recombination. The photogenerated electrons in the CB of WO3 

cannot react with oxygen molecules efficiently to reduce oxygen into oxide 

radicals because of the CB level is more positive than the potential for the single-

electron reduction of oxygen. So, the photoinduced electron gather on the surface 

of WO3 which acts as a recombination center and hence, WO3 can show poor 

photocatalytic activity [21–23]. Other metal oxides for example, ZnO, ZnS MoS2, 

ZnWO4, CdS, CuO, g-C3N4, SnO2, Sr2Ta2O7, etc. have been using in the field of 

semiconductor photocatalysis [24–32]. As individual semiconductors has their own 

disadvantages, no semiconductor can meet the required goal of photocatalysis. 

Table 1 Band gap of some common semiconductors. 

Semiconductor Band gap (eV) 

Titanium oxide (TiO2) 

Tungsten oxide (WO3) 

Iron oxide (Fe2O3) 

Zinc oxide (ZnO) 

Zinc sulphide (ZnS) 

Cadmium sulphide (CdS) 

Lead sulphide (PbS) 

Tin oxide (SnO2) 

Copper(I) oxide (Cu2O) 

Zirconium oxide (ZrO2) 

Molybdenum disulfide (MoS2) 

Bismuth vanadate (BiVO4) 

Graphitic carbon nitride (g-C3N4) 

Bismuth tungstate (Bi2WO6) 

~3.2 

~2.8 

~2.2 

~3.4 

~3.6 

~2.4 

~0.28 

~3.5 

~2.0 

~3.8 

~1.75 

~2.3 

~2.7 

~2.8 
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1.4 Strategies to improve photocatalytic activity  

 

The photoinduced electrons and holes for a single semiconductor can go a quick 

recombination and consequently, decrease the photocatalytic activity. There has 

been many strategies adopted for the improvement of the photocatalytic process for 

individual photocatalyst. Surface modifications, doping with other materials, 

composite formation, and formation of multilayers are the most common strategies 

shown in Fig. 3 to improve the photocatalytic performance [33]. Doping of nobel 

metals with semiconductors are found to be an effective means to increase the 

photo-efficiency [34–36]. Although novel metals are effective, the high cost of 

these metals limits their practical use [37]. Another important route to enhance 

photocatalytic activity is composite formation of metal oxides/metal oxides. In this 

particular strategy, semiconductors with other semiconductors are mixing together 

with different ratios to find out the optimal level where the composite shows 

highest performance. The light absorption region can be increased by tuning the 

band gap and the recombination may be suppressed by the efficient charge transfer 

by the two or more composite mixing and hence, improved photocatalytic 

performance. TiO2/WO3, TiO2/Fe2O3, WO3/Fe2O3, TiO2/MoS2, CdS/Ni(OH)2 are 

some of the examples of composite formation for the improvement of 

photocatalytic performance [37–41]. Recently, improvement of semiconductor 

photocatalysis with carbonaceous materials, such as carbon nanotubes (CNTs) and 

graphene having large specific surface area and high electron mobility is an 

efficient strategy [26,42].  
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Fig. 3. Techniques to improve photocatalytic activity. 

 

1.5 Graphene in Photocatalysis  

 

Graphene is an exciting material for its unique properties and enormous application 

areas. Graphene has unique 2D honeycomb lattice structure with single layer of sp2 

bonded carbon atoms. Graphene has been widely used in different application 

areas due to its large theoretical specific surface area (2630 m2g-1) and a π-

conjugation structure that exhibits excellent electron mobility (200,000 cm2V-1s-1) 

[43]. Also, it has high adsorption capacity and electrical conductivity. Recently, 

there has been an exciting progress in the development of graphene/semiconductor 

composites photocatalyst among different applications of graphene because of its 

unique properties. Most of the photocatalysts that are using nowadays cannot 

utilize visible light and hence, very poor photocatalytic efficiency under visible 

light. So, a facile design technique has to be obtained to develop efficient 

photocatalysts for the practical applications. It is reported that semiconductors with 

graphene is a very good strategy to improve the photocatalytic performance and 

stabilities. Zhu et al. [44] reported that RGO-WO3 composites are very effective for 

degradation of sulfamethoxazole by a one-step hydrothermal method. Zhang et al. 
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[45] observed a significant enhancement in the degradation of methylene blue with 

P25-graphene over the bare P25 and P25-CNTs using a facile one-step 

hydrothermal method. Table 2 shows some graphene based photocatalysts for the 

improvement of the photocatalytic performance. Together with semiconductor 

materials, graphene can extend the light absorption domain and, as a result, yield 

improvement in the activity of photocatalytic dye degradation, which can be 

achieved as graphene acts as a support for the electron. 

 

Table 2 Graphene/semiconductor photocatalysts. 

Materials Photocatalytic property Ref. 

Hematite/RGO the enhanced activity toward oxygen evolution [17] 

WO3-RGO Significant enhancement in photodegradation of MB [20] 

Graphene−WO3 

Nanorod 

96% of RhB removal after 2h of visible-light [21] 

ZnO/Graphene 2 and 3.5 times by graphene/ZnO under Vis and UV [24] 

MoS2/Graphene Efficient H2 Evolution under Visible Light Irradiation [26] 

ZnWO4/Graphene High efficiency for degradation of MB  

 

[27] 

CdS/graphene about 4.87 times higher than pure CdS nanoparticles [28] 

TiO2 nanoparticles 

on graphene 

enhanced photocatalytic degradation of rhodamine 6G [46] 

WO3/graphene MB degradation under visible-light [47] 

WO3 on carbon 

paper 

89% of the RB decomposed after 11 h visible light [48] 

Mesoporous WO3-

graphene 

degradation of Methylene Blue dye under visible light 

illumination 

[49] 

TiO2/RGO the best photocatalytic activity observed for the 

composite of 2.0 wt % RGO 

[50] 

α-Fe2O3/Graphene 98% of Rhodamine (RhB) decomposed  [51] 
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1.6 Techniques for thin film fabrication 

 

Previously, photocatalysts in powder form were mainly used to carry out research 

in photocatalysis. However, it is reported that there are some problems with 

powder forms. Usually, the particles are agglomerated together which lead to 

decrease in photocatalytic performance. Also, the removal of suspended particles 

from the solution is very difficult; hence, particles are usually lost during recovery 

which also decrease the activity. Furthermore, the recovery process is costly 

because it needs more purification steps [52–54]. It is possible to overcome these 

limitations by immobilizing catalyst particles as thin films on various substrates as 

support. There are many techniques to make thin films for the application in 

photocatalysis. Some techniques including sol-gel, hydrothermal, and chemical 

vapor deposition (CVD), spray pyrolysis, thermal vacuum evaporation technique 

have been used to make solid films on substrates [55–63]. However, some of these 

methods are not environmentally friendly, need toxic chemicals, high process 

temperature, longer process times and also expensive. To solve these problems, a 

facile dry particle deposition is used at room temperature.  

In this research, we report a room temperature vacuum kinetic spray method, also 

known as nano-particle deposition system (NPDS) to import thin films on 

polypropylene substrate. The NPDS is one of the dry spray deposition techniques 

to coat metals and ceramics at room temperature and low vacuum conditions 

without any toxic chemicals. It is reported that NPDS is capable of depositing 

various types of metal and ceramic particles including TiO2, Al2O3, Ni, and Sn 

onto different substrates (Cu, Al, polymers) [64–68]. Recently, few-layer graphene 

flake structures were formed from microscale graphite particles, and their 

deposition behaviors on different substrates were studied using the NPDS method 

[69,70]. 
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1.7 Objectives of this Research 

In this study, graphite and WO3 powders with different graphite contents (0 - 30 

wt.%) were deposited on polypropylene (PP) by NPDS. The photocatalytic activity 

of thin films by methylene blue (MB) dye degradation under irradiation of light for 

2 hours was observed with UV-Vis spectroscopy. The reusability of thin films was 

assessed, and the kinetic behavior of the reaction was studied. The thin films were 

characterized by X-ray diffraction (XRD), confocal microscopy, field emission 

scanning electron microscopy (FE-SEM), and Raman spectroscopy. 

 

The objectives of this research are: 

1. To make thin films of graphite and WO3 particles by environmentally 

friendly vacuum kinetic spray method. 

2. To characterize the thin films. 

3. To improve the photocatalytic performance. 

 

 

 

 

 

 

 

 

 

Fig. 4. Objectives of this research.
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2.1 Materials selection 

 

Micro-sized WO3 powder (≤ 20µm, 272785, Sigma-Aldrich, Korea) and micro-

sized graphite powder (MGF 10 995A, Samjung CNG, Korea) were used as 

purchased. Polypropylene (PP) plate (5 mm × 5 mm × 5 mm) is used to support the 

thin film. Methylene blue (5578-4125, Daejung, Korea) was used as an organic 

material to observe the degradation. 

 

2.2 Experimental setup 

 

Firstly, micro-sized WO3 powders and graphite powders weighted together as the 

ratio of 100:0, 95:5, 90:10, 85:15, 80:20, and 70:30 by the precise measurement 

with weight measuring machine. The weighted powders were then mechanically 

mixed via a ball mill machine with 4h and 600 rpm. Every time prior to deposition, 

the powders were dried for 2h with 800 temperature to remove the moisture. After 

that, graphite and WO3 powders with different graphite contents were deposited on 

PP plates by kinetic spraying. The NPDS consists of a compressor to supply 

compressed air, a cylinder-piston type powder feeder, a vacuum pump, a nozzle, 

and a controller, as shown in Fig. 5. The powders stored in the cylinder come to 

the brush chamber section when the piston moved up. The high rotational speed of 

brush drives the powders into the main stream of pressurized carrier gas coming 

from air compressor. The pressurized carrier gas can easily carry the powders to a 

converging nozzle where it sprays the powders onto the substrate with high speed 
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utilizing the pressure difference between compressed air and vacuum. The powders 

utilizing the kinetic energy can easily be fragmented and deposited on PP. A 

suitable SoD, i.e. the distance between the substrate and nozzle is maintained for 

this research because the deposition behavior also depends on SoD. The thin films 

were prepared within very short time. The prepared films were immediately 

cleaned ultrasonically using DI water for 5 minutes, followed by air cleaning. The 

films were then kept in a clean place to dry completely prior to use for the 

photocatalytic MB dye degradation analysis. 

  

Fig. 5. Schematic for the vacuum kinetic spray method. 
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2.3 Summary of process parameters 

 

Process parameters are very important depositing with vacuum kinetic spray 

method. Any parameter has not been changed during the whole experiment. 

Complete constancy of parameters was maintained for graphite and WO3 

deposition.  Table 3 gives the detail information about process parameter.  

 

Table 3 Process parameters for graphite and WO3 deposition on PP substrate. 

Parameters Value 

Air Pressure (MPa) 0.3 

Chamber pressure (MPa) 0.041 ~ 0.043 

Distance between substrate and nozzle (mm) 2.0 

Stage speed (mm/s) 

Piston speed (mm/s) 

Piston bore diameter (mm) 

Brush speed (rpm) 

0.3 

0.26 

14 

12000 

Deposition area (cm × cm) 4 × 4 

Nozzle dimension (mm × mm) 5 × 0.4 

 

2.4 Characterization of thin films 

The morphology of the graphite powders, WO3 powders, and deposited thin film 

was observed by FE-SEM (JSM-6500F, Jeol, Japan) with an operating voltage of 

10 kV. A confocal Raman spectrometer (alpha 300R, WITec, Germany) was 

utilized to obtain detailed information about structures of powders and deposited 

thin films using a 532 nm wavelength and laser excitation source at 1 mW. XRD 

(Ultra 4, Rigaku, Japan) was used to collect diffraction patterns from graphite 
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powders, WO3 powders, PP plate, and deposited thin films from a 10 to 60o range 

of 2 thetas with a CuKα source of radiation. The surface was observed, and film 

thickness was calculated using 3D laser scanning confocal microscopy (VK-X200 

series, Keyence, Japan). 

 

2.5 Photocatalytic activity analysis 

The photocatalytic performance of pure WO3 film and its various composite with 

graphite particles were analyzed by degrading 100 ml of 5 ppm methylene blue 

(MB) solution. Pure MB solid particles were measured and dissolved in deionized 

(DI) water to make 1000 ppm and 5 ppm of MB dye was prepared from 1000 ppm. 

100 ml of 5 ppm was then taken into a beaker where the coated substrate was 

placed on the bottom of the beaker to irradiate 100 W halogen light. The films on 

polypropylene were exposed to the visible light source continuously for 2 hours. 

The distance from the light source to the substrate was kept 26 cm. The schematic 

diagram for this system is shown in Fig. 6. A 3ml of aliquot was collected after 2h 

of light irradiation and a UV-Vis spectrometer (Optizen POP, Mecasys, Korea) 

was used to measure the absorbance value of MB dye at 665 nm. The following 

equation (1) is used to calculate the % degradation of MB dye. 

 

0% Degradation

0

A At

A

−
=         (1) 

 

where 𝐴0 and 𝐴𝑡 are the absorbance values before and after a 2 h exposure to light, 

respectively. After every 20 minutes, 3 ml solution was taken to realize the kinetic 

behavior of MB dye degradation. The samples were reused five times after 
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cleaning with H2O2 to show the recyclability. The total work in this paper is 

described briefly with the flow chart in Fig. 7. 

 

 

 

 

 

 

 

 

Fig. 6. Photocatalytic set-up for MB dye degradation. 

Fig. 7. Flowchart for photocatalytic activity analysis.
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3.1 Absorbance value of MB dye 

Methylene blue solution was prepared to investigate the photocatalytic degradation 

with series of thin films of graphite and WO3 prepared by dry particle deposition 

method. Experimental results of the degradation of MB in the presence of visible 

light were depicted in Fig. 8. Six types of samples (pure WO3 film, 5, 10, 15, 20, 

30 wt.% graphite + WO3 film) were prepared by NPDS and then used as 

photocatalyst into MB dye to observe degradation after 2h continuous visible light 

irradiation via 100W halogen light. UV-Vis spectrometer was used to measure the 

absorbance value from 400-800 nm after the light illumination to realize the 

photocatalytic efficiency. The absorbance value of pure MB was also measured 

before light to compare with the absorbance value after light irradiation. Fig. 9 

shows the time dependent absorbance behavior. For composite thin film, the 

degradation is more than the pure WO3 film. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Absorbance of the MB dye after 2 hours of light illumination. 



CHAPTER 3: PHOTOCATALYTIC RESULTS 

20 
 

 

 

Fig. 9. Absorbance vs. wavelength as a function of irradiation of time for MB dye 

degradation (a) WO3 film and (b) WO3 film with 15 wt.% graphite. 

 

3.2 Degradation of methylene blue 

After measuring the absorbance value, the peak value for MB dye at 665 nm 

wavelength was used to calculate the degradation percentage. The degradation 

value was depicted in Fig. 10. All the thin films fabricated by NPDS on PP 

exhibited considerable amount of photocatalytic degradation for MB dye under 

halogen light irradiation. Initially, pristine WO3 films was exposed to light source 

for 2 hours. The MB dye was degraded about 39% for pure WO3 thin films. Then, 

all the composite thin films of WO3 with graphite content were utilized to show the 

improved photocatalytic activity. The photocatalytic performance was increased 

when graphite wt.% was increased from 0% to 15%. Five thin films for each 

composite were used to observe the photocatalytic activity of the MB dye as well 

as film-dependent behavior. All five samples for each composite, with only a small 

variation in degradation, showed consistent results. It was clear that all composite 
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thin films with varying graphite contents exhibited an enhancement in degradation 

of MB dye compared to pure WO3 thin films, demonstrating that the highest 

degradation occurred with the composite thin film containing 15 wt.% graphite 

powders. However, at a certain amount of graphene, it is obvious that the 

photocatalytic performance is reduced from the highest photocatalytic activity. In 

our research, the highest activity of MB dye degradation is for 15 wt.% 

graphite/WO3. After the highest activity, the photocatalytic activity is then started 

to decrease when added graphite is more than 15 wt.%. For 20% and 30% graphite 

with WO3 films, the photocatalytic efficiency is decreasing but it is still higher than 

that of pure WO3 film. The reasons why the photocatalytic performance is 

increasing and decreasing mode is discussed in the discussion section.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Degradation of MB dye for different wt.% of graphite with WO3 

photocatalyst under halogen light irradiation for 2 hours. 
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The degradation of MB dye with WO3 powder photocatalyst were also analyzed to 

compare with the WO3 thin films which is shown in Fig. 11. The thin films showed 

higher degradation efficiency than the powder catalyst because of higher exposed 

area of thin films to light than powders. 

 

 

 

 

 

 

 

 

Fig. 11. Degradation of MB dye for WO3 powders and films. 

 

3.3 Kinetics study 

The study of kinetics is very important to realize the reaction behavior of 

photocatalytic dye degradation. As displayed in Fig. 12 the curves for pure WO3 

film and WO3 thin film with 15% graphite are fitted linearly to examine the type of 

photo-chemical reaction by plotting the natural log of (A0/At) vs. time. In this study, 

to measure the kinetics of pristine WO3 film and its composite with 15% graphite, 

3 ml aliquot was collected from 5 ppm, 100ml MB dye after every 20 minutes for 2 

hours. The absorbance of methylene blue was measured at the wavelength at 665 
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nm. The slope of the fit represents a first-order reaction rate of the MB solution. 

The photocatalytic reactions for both WO3 film and 15% graphite-WO3 showed 

pseudo-first-order kinetics because they followed a straight line. Equation (2) was 

used to calculate the reaction rate constant. 

 

                      ln (A /A ) = kt
0 t                                                                       (2) 

where 𝐴0  and 𝐴𝑡   are the initial concentration and final concentration at time t, 

respectively, and k is the reaction rate constant. Importantly, it can be clearly seen 

from Fig. 13 that the reaction rate of 15% graphite/WO3 thin film is higher than 

that of pure WO3 film. So, the of composite thin films of WO3 with graphite show 

good photocatalytic performance than its counterpart with WO3 films. The reaction 

rates (k value) for pure WO3 film and 15% graphite/WO3 film are 4.23 × 10-3 min-1 

and 6.12 × 10-3 min-1, respectively. The photocatalytic improvement for 15% 

graphite/WO3 thin film as from reaction rate is 1.5 times higher than that of pure 

WO3 film. 

Fig. 12. Kinetic analysis of (a) WO3 film, and (b) graphene/WO3 film with 15 wt.% 

graphite for MB dye degradation. 
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Fig. 13. MB dye degradation rate of MB for pure WO3 film and 15% graphite/WO3 

film. 

 

3.4 Repeatability of thin films 

Fig. 14 illustrates the stability of 15% graphite/WO3 upon reuse. The efficacy of 15% 

graphite-WO3 film was analyzed five times to investigate the durability during 

reuse. The films were washed with H2O2 followed by cleaning with DI water and 

then dried for further use. The results evidently demonstrated that the films 

prepared by NPDS can effectively be reused while maintaining high photocatalytic 

efficiency as fresh thin films, indicating that photocatalyst is stable and reusable. 

However, a small deterioration can be obtained due to the washing process and/or 

environmental changes. It can be said that NPDS is a good thin film fabricating 

process for the application of photocatalysis.  
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Fig. 14. Repeatability of degradation of graphene/WO3 film with 15 wt.% graphite
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4.1 Optical images of thin films 

The thin films of pure WO3 and composite with graphite particles were prepared 

by NPDS within very short process time. To support thin films, cheap PP plate was 

used. After fabrication of thin films, they were washed and dried to use for the 

photocatalytic analysis. The colour of thin films was changed to blue because the 

coating surface adsorbe the molecules of MB dye. Fig. 15  illustrates the solid thin 

films for pure WO3 and its composite with 15% graphite after and before 

photocatalytic analysis.  

 

 

 

 

 

 

 

 

 

 

Fig. 15. Thin films of (a) WO3 and (b) graphene/WO3 film with 15 wt.% graphite 

by NPDS; before and after photocatalytic experiment. 

 

4.2 Mass of thin films 

Before deposition of WO3 and composite with graphite on PP, the mass of pure PP 

plate was measured. The thin films were fabricated by kinetic spraying of WO3 and 

graphite particles. The mass of PP plate with thin films was again measured after 
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deposition. So, the mass of thin films can be easily obtained by the mass difference 

between after and before deposition whin is shown in Fig. 16. As expected, the 

mass per cm2 area of the composite thin films decreased with increasing graphite 

content because the density of graphite is lower than the density of WO3. 

 

 

 

 

 

 

 

 

 

Fig. 16. Mass per unit area of thin films. 

 

4.3 Confocal Microscopy 

3D laser scanning confocal microscopy was used to measure the height difference 

between the non-coated and coated surfaces after film preparation. The laser beam 

was focused at some points on each sample, and the average value was calculated 

to measure the thickness of thin film. The average height is shown in Fig. 17 for 

the WO3 film and 15% graphite-WO3. Fig. 18 shows the thickness of the thin films. 

The thicknesses of the fabricated films ranged from about 2 to 3 µm. 
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Fig. 17. Confocal microscopy images for (a) WO3 film and (b) graphene/WO3 film 

with 15 wt.% graphite. 

 

 

 

 

 

 

 

 

 

Fig. 18. Thickness of the as-deposited thin films. 
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4.4 FE-SEM 

The surface morphologies of graphite particles, WO3 powders, and deposited thin 

films were characterized by a field emission scanning electron microscope. Fig. 19 

shows the FE-SEM images for graphite and WO3 particles. From Fig. 19 (a-b), 

micro-sized particles of graphite and WO3 powders can be clearly observed. The 

shape of the original particles is also clear from the images. Fig. 20 depicts the 

SEM images of thin films by dry deposition process. Fig. 20 (a) with lower 

magnification clearly displays the WO3 coating on PP plate. It can be noticeable 

from higher magnification of WO3 film in Fig. 20 (b) that the large size WO3 

particles were fragmented into smaller sized particles by high kinetic energy during 

NPDS. The sizle of the WO3 particles is roughly ~200 nm. Some of the WO3 

particles are more lower than this size. From Fig. 20 (c), it can say that the 

doposition of 15 wt.% graphite/WO3 seems quite similar with only WO3 film. 

However, when the magnification value is increased more, the small flake-like 

fragmented graphene structures less than 1 µm can evidently be found along with 

fragmented WO3 particles from Fig. 20 (d). The fragmention happened because of 

high impact of graphite and WO3 particles on PP via NPDS. The fragmentd WO3 

particles are randomly distributed on the graphene sheets.  

 

 

 

 

 

 

Fig. 19. FE-SEM images of (a) WO3 powders, and (b) graphite powders. 
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Fig. 20. FE-SEM images of thin films (a) & (b) WO3 film, and (c) & (d) 

graphene/WO3 film with 15 wt.% graphite. 

 

4.5 XRD 

The crystalline structure and phase of the samples were examined by X-ray 

diffraction (XRD) analysis. XRD patterns of graphite powders, WO3 powders, PP 

substrate, and deposited thin films prepared by NPDS were shown in Fig. 21. The 

XRD patterns were taken at the range of 10 to 50 two theta degree. The 

characteristic two strongest peaks of graphite powders correspond to the (002) and 

(004) planes of 2θ position at 26.4° and 54.52°, respectively. The WO3 powders 

exhibited XRD peaks at 23.08°, 23.6°, 24.34°, 26.6°, 28.74°, 33.24°, 34.12°, 35.5°, 

41.68°, 47.24°, 48.26°, 49.92°, and 55.58° that can be indexed to (002), (020), 

(200), (120), (112), (022), (202), (122), (222), (004), (040), (140), and (420) planes, 

respectively, indicating the good crystallinity of monoclinic WO3 powders [10,47]. 
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The XRD patterns were also analyzed for pure PP plate. PP shows some strong 

peaks. Fig. 21 (d & e) presents the diffaraction patterns for WO3 film and 15% 

graphite-WO3 film. The PP peaks can also be observed from the peaks for thin film. 

By analyzing the peaks for WO3 thin films, The monoclinic WO3 crystal structure 

has not been changed into any other structures during NPDS. Most importantly, 

there was no graphite peak in the 15% graphite-WO3 thin film compared with 

graphite powders, which was an indication that the pure graphite powders had been 

changed to graphene during NPDS. 

 

 

 

 

 

 

 

 

 

 

Fig. 21. XRD patterns of (a) graphite powders, (b) WO3 powders, (c) PP, (d) WO3 

film, and (e) graphene/WO3 film with 15 wt.% graphite. 
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4.6 Raman Spectroscopy 

Raman spectroscopy is a useful technique to analyze the formation of graphene 

and graphene/WO3 composites. Confocal Raman spectroscopic analysis was 

carried out to confirm the graphite and graphene structures of the deposited thin 

films. Basically, the existence of graphene in the composite can be confirmed by 

Raman analysis. Raman spectra of powders and as prepared thin films are 

displayed in Fig. 22. The Raman spectra for WO3 powders shows three distinct 

peaks at ~ 271, ~ 717, and ~ 810 cm-1 and a weak signal at ~ 328 cm-1 in the 

region of 100-850 cm-1 that corresponds to stretching and bending vibrations of 

O−W−O. The peaks centered at 717 and 810 cm−1 are due to the vibrational 

modes of the O−W−O bonds and the peaks located at 271 and 328 cm−1 are 

attributed to the bending modes of the O−W−O bonds in the monoclinic structure 

of WO3 [48][71]. For graphite powders, the typical sp2 bonded carbon atoms of 

hexagonal graphitic structure (D) and sp2 carbon-type structure (G) bands are at 

1350 cm-1 and 1580 cm-1 respectively. Also, the Raman peak for 2D band is at 

2715 cm-1 [72–74]. All the Raman bands of WO3 for WO3 powders were observed 

in the WO3 film and 15% graphite-WO3 film. Small shifts for WO3 in the 

composite film from 717 cm-1 to 712 cm-1 and from 810 cm-1 to 806 cm-1 may be 

due to interaction of WO3 with graphene [20,21,55]. The characteristics peaks can 

be also found in the Raman sprectrum of 15% graphite/WO3 film; besides, the 

distinctive D and G band of graphene are noticed, indicating the existence of 

graphene in the graphene/WO3 composite thin film. The peaks positions are also 

shown in Fig. 21. For the most important G and 2D peaks for the graphene 

structure, there was an upward shift in G peak position by ~ 7 cm-1 and a 

downward shift in 2D peak position by ~ 31 cm-1. These shifts are the difference 

between graphite and few layer graphene and confirmed the superior interactions 
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between WO3 and graphene [19,49]. In addition, the downward shifting of the 2D 

peak suggested that the graphene flakes of the deposited thin film became thinner 

than the original graphite powders. Furthermore, this higher G peak shifting and 

lowered 2D peak shifting indicated that thinning occurred during deposition. 

Interestingly, the intensity ratio of the D and G peaks of 15% graphite/WO3 

composite was higher than that of the graphite powders. This higher Id/Ig also 

suggested fragmentation during deposition and deposition of defected flakes on PP 

[69]. The defects of the few-layer graphene flakes detected with higher Id/Ig ratio 

allows superior interaction of WO3 particles with graphene [75]. The interection 

between graphene and WO3 is very important for effective charge seperation and 

transfer upon light excitation. In summary, the fragmentation of WO3 and graphite 

particles occurred due to the high impact velocity of particles during deposition via 

NPDS. Also, the interaction between WO3 and graphene after deposition on PP 

was confirmed for the composite thin film. 

 

 

 

 

 

 

 

 

 

 

Fig. 22. Raman spectra of graphite powders, WO3 powders, PP, WO3 film, and 

graphene/WO3 film with 15 wt.% graphite. 
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In this research, a vacuum kinetic spray method was deployed successfully to 

deposit micron-sized graphite and WO3 particles onto a polypropylene substrate at 

room temperature without using toxic chemicals. A few-layer graphene flake 

structured thin film was deposited directly by NPDS from micron-sized graphite 

powder in short process time. Micro-sized particles of WO3 and graphite were 

fragmented to submicron or nano size particles by NPDS. This process required 

relatively low cost micro-sized powders as raw materials, and it is very simple to 

produce a composite thin film with mechanically mixed powder. Additionally, this 

process is environmentally friendly because it does not use toxic chemicals, and 

deposition was carried out at room temperature, so composite thin films were 

fabricated on a polymer substrate with low thermal resistance. With those 

advantages, NPDS can be an important process for preparation of a photocatalytic 

thin film.  

As already discussed for photocatalytic activity analysis, the photocatalytic 

performance increased for WO3 when graphite content increased from 0 to 15 

wt.%. This enhanced performance may be mainly due to the superior interaction 

between graphene and WO3, the increased specific surface area, the efficient 

charge separation and the improved visible light absorption because of the 

incorporation of graphene. Firstly, the specific surface area of WO3 could be 

increased due to the introduction of graphene. An increased surface area can 

increase surface active sites and can transport electrons easily and hence, 

photocatalytic activity can be improved [19,20,28,49,55]. Secondly, the electron-

hole recombination could be delayed as the electrons could effectively be grafted 

and transferred by the graphene sheet. Thus, enhanced photocatalytic performance 

can be obtained. When WO3 particles absorbed light greater than its band gap 

energy, electrons were excited to the conduction band, leaving holes in the valence 

band. In case of pure WO3, these photogenerated electrons could easily undergo 
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with recombination process which decrease the dye degradation rate. However, for 

the composite of WO3 with graphene, graphene can easily trap the electrons 

excited from the valence band of WO3. Most importantly, the positive aspect of 

graphene here is that it is a good electron acceptor. Graphene has also good 

electron transport capacity and as a result it can facilitate electron charge transfer 

and suppress recombination of electron-holes [50,76–78]. The trapped electrons on 

graphene reacting with oxygen can form O2–. On the other hand, holes on the 

surface of WO3 can convert oxygen to O2– species as well which can react with 

water to convert it to OH– and eventually, degrade the MB dye to convert it into 

harmless products. Finally, graphene can extend the light absorption region that 

can catch more photons in the visible range [22,45,79] and hence, improve the 

photo activity. However, further increase in graphite content beyond the optimal 

level resulted in decreased photocatalytic performance. The improvement was still 

greater than observed with the WO3 thin film. Gan et al. reported that the 

degradation speed decreases after 7 wt.% graphene [47]. H. Sancan, H. Linfeng, L. 

Ziqi et al. [51] also explained that 2D α-Fe2O3 hexagonal nanoplates/graphene 

composites with 5.0% graphene showed highest rate constant during RhB 

degradation. The rate constant for 8.0% graphene/Fe2O3 was lower than that of 5.0% 

graphene/ Fe2O3. Other researchers also describe similar results [24,27,80]. Here, 

the question is why the photocatalytic performance decreases with increasing 

graphene content after the optimal level. This might occur because increased 

graphene content can significantly reduce the light intensity because of shielding 

effect [21,26,81] and, hence, decrease the photocatalytic performance. 
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In summary, vacuum kinetic spray method presents a low cost, environmentally 

friendly, and simple thin film fabrication method to deposit graphene/WO3 thin film 

on a PP plate without toxic chemicals. Thin films can be easily prepared within very 

short time. This NPDS method is utilized effectively in the photocatalysis field using 

composite materials. The fabricated thin films were used in the photocatalytic 

activity for methylene blue dye degradation under visible light source for 2h. The 

prepared composite thin films showed excellent photocatalytic efficiency in 

comparison with pure WO3 thin films. Among all the thin films, WO3 film with 15 

wt.% of graphite exhibited the highest photocatalytic performance for MB dye 

degradation in 2 hours. Hence, an optimal amount of graphene in graphene/WO3 

composite thin films increases the performance of the photocatalyst. From the 

kinetic study, the chemical reaction rate for WO3 film with 15 wt.% of graphite was 

about 1.5 times higher than that for pure WO3 film.  In addition, graphene/WO3 with 

15% graphite shows very good repeatability, suggesting the prepared thin films with 

dry particle deposition method is very useful in using practical application. For the 

characterization, films were used for FE-SEM, XRD and Raman analysis. From FE-

SEM, fragmentations of WO3 and graphite particles were observed, and few layer 

graphene flake structure formation and the superior interaction between WO3 and 

graphene structures were confirmed. Absence of graphite peaks was confirmed from 

XRD analysis. Most importantly, the existence of graphene with WO3 was 
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confirmed by Raman analysis. As the composite films showed good photostability 

and durability during recycling, they can be successfully fabricated within a very 

short time using the vacuum kinetic spray method and can effectively be used for 

photocatalytic dye degradation. It is suggested that NPDS would be a suitable 

process for constructing hybridized semiconductors for photocatalytic application
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