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A B S T R A C T   

Nanomaterial such as metals and metal oxide photocatalysts have emerged as important tools for removing contaminants from wastewater and as antibacterial agents 
to prevent infections; this is mainly due to their stability under different irradiation conditions. Herein, the catalytic and antimicrobial activities of nanocrystalline 
silver (Ag), supported on tungsten oxide (WO3) nanoparticles prepared using the deposition-precipitation synthesis technique, are studied. The synthesized material 
was characterized as XRD, XPS, TEM, and TEM-EDS to investigate their physio-chemical properties. HRTEM, XPS analysis shows that the photocatalyst has a large 
sheet-like morphology with well-dispersed small metallic Ag particles (<3 nm) on the WO3 nanoparticle’s surface, with most particles near the edges. Ultra-
violet–visible spectra analysis observed a large redshift in the absorbing band edge and decreased bandgap energy from 2.6 to 2.1 eV. Photocatalytic analysis at 
different concentrations of 1% Ag/WO3 under visible light indicated a high degradation efficiency. The largest degradation efficiency of Methylene Blue (MB) under 
visible light irradiation was (~80%) in 120 min at 1 g/L catalyst dosage. The photodegradation of MB under visible light as a function of catalyst dose followed the 
pseudo-first-order kinetics. In addition, the catalyst shows high degradation efficiency and significant dose-dependent inhibition of Gram-negative E. Coli and the 
Gram-positive S. aureus. Furthermore, the catalyst showed excellent stability and recyclability.   

1. Introduction 

Recent studies suggest that contaminants such as pharmaceuticals, 
phenolic compounds, and dyes are found in water sources, while mi-
croorganisms grow in water and on surfaces. Phenolic derivatives, 
polycyclic aromatic compounds, extractants, analytical reagents, and 
dyes are all organic pollutants found in the environment [1]. Dyes such 
as MB are among the most harmful pollutants released from textile, 
paint, paper, and plastic industries [2]. Photocatalysts have received 
considerable attention in recent years due to their environmental and 
biomedical application. Using a photocatalyst such as TiO2 shows great 
promise for destroying contaminants and microorganisms under various 
irradiation conditions. Heterogeneous metal and metal oxide semi-
conductor photocatalysts have been widely used in water and air pol-
lutants abatement. Furthermore, they show excellent efficiency in 
removing organic pollutant dyes, pesticides, and pharmaceuticals under 
ultraviolet (UV) light irradiation [3,4]. The popular antibacterial ac-
tivity of metals (Ag, Au, and Cu) along with the visible light-activated 
reactive oxygen species production in semiconductor metal oxide 

(ZnO, WO3, and TiO2) nanocomposites promises enhanced antibacterial 
and antiviral activities [5–7]. Photocatalytic activity is highly depen-
dent on the ability of the catalyst to create electron-hole pairs. This 
process generates free radicals (hydroxyl radicals: ⋅OH) that can un-
dergo secondary reactions. Organic compounds such as bacteria and 
viruses or toxic materials can be effectively degraded and combusted 
into CO2 and H2O through photocatalysis using semiconducting nano-
particles. Metal oxide nanoparticles such as TiO2, zinc oxide (ZnO), and 
tungsten oxide (WO3) have been extensively used for degrading bacteria 
and viruses or toxic contaminants by exposing them to UV light illu-
mination [8]. TiO2 is a well-known photocatalytic material and has been 
used commercially. Even though TiO2 is cost-effective, stable, and 
corrosion resistant, its high bandgap energy of 3.2 eV, which requires 
high UV irradiation for excitation, limits its application in the 
visible-light region of the solar spectra. As an alternative, WO3 is a 
nontoxic, chemically, and photochemically stable semiconductor in 
aqueous media over many pH values. WO3 is an n-type tungsten oxide 
semiconductor with a narrow bandgap in the range of (2.6–2.8 eV) eV 
[9,10], and it can be activated by visible light irradiation [11]. Tungsten 
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oxide can form different compounds (i.e., WO3, WO2, and 
none-stoichiometric oxide) due to the presence of multiple oxidation 
numbers [12]. As a result, WO3 can possess several excellent photo-
catalytic, chemical, electrical, and antibacterial properties [13–16]. 
However, due to the high recombination rate of the photogenerated 
(e− /h+) pairs, WO3 has limited long-term photocatalytic activity. 
Recently, researchers have been focusing on visible light photocatalysis 
that constitutes a significant share (~46%) of the solar spectrum 
compared to UV light (~7%) [17]. Photocatalysis using visible light has 
been reported to be possible by doping semiconductors with transition 
metals to reduce the effective bandgap [18]. Several metallic elements 
have been used as a dopant to modify the electronic structure and sur-
face properties of WO3, extending their visible light region absorbance 
and the photocatalyst’s lifetime. This process is achieved by trapping 
photogenerated electrons to create valence band (VB) holes that oxidize 
the organic molecules rather than consuming them in a recombination 
reaction [19,20]. Ag supported on metal oxides such as ZnO showed 
significant photocatalytic activities under different irradiation condi-
tions and dark [21,22]. The damaged cell membrane and DNA degra-
dation were observed only under illumination due to the photocatalytic 
electron injection process, while inactivation in the dark is primarily 
attributable to Ag and ZnO’s bactericidal effect ions [22]. Ag plays a 
vital role in enhancing the photocatalytic activity of WO3 activity due to 
improved charge separation and electron-hole recombination reduction. 
Ag nanoparticles’ localized surface plasmon resonance absorption leads 
to visible light photocatalytic activity [23–26,28]. 

The efficient visible light photodecomposition of methylene blue 
(MB) as a probe contaminant was investigated. Herein, the synthesis and 
characterization of Ag/WO3 with 1% Ag loading is reported. Moreover, 
the inactivation of Staphylococcus aureus and Escherichia coli on Ag/WO3 
under ambient light and in the dark is reported. This study presents 
highly efficient photocatalysts for the degradation of organic pollutants 
and microorganisms. The synthesized material acts as an antimicrobial 
to inhibit bacteria and viruses under ambient light and dark conditions 
to remove microorganisms from water resources and surfaces and pro-
tect people against growing infectious diseases. This process is green and 
based on bio-mimicking photosynthesis by employing visible light 
(sunlight or ambient light), photocatalysis, and nanotechnology. 

2. Experimental 

2.1. Materials 

Tungsten oxide (WO3, Hongwu Nano), Silver nitrate (AgNO3; 
HIMEDIA), Sodium borohydride (NaBH4, Fisher Scientific), Cetrimo-
nium bromide (CTAB; Sigma Aldrich), L-ascorbic acid (L-ASA; NICE 
Chemicals (P) LTD.), Ethanol (EtOH; Fisher Chemicals), ultra-pure water 
(UPW; 18.1 MΩ-cm; Thermo Scientific) were all used without any 
further purification. 

2.2. Catalyst synthesis 

To decorate Ag nanoparticles on a WO3 surface, the deposition- 
precipitation method was used (Scheme 1). Typically, 3 g of WO3 was 
first ultrasonically dispersed in a 100 ml mixture solution containing 
ultrapure (UP) water and absolute ethanol with a volume ratio of 1:1 for 
15 min in a 250 ml beaker. 0.01 g CTAB and a certain amount of AgNO3 
were dissolved in 20 ml UP water, and absolute ethanol with a volume 
ratio of 1:1 was added to the resultant solution under vigorous stirring; 
the stirring was continued for another 30 min. After that, 25 ml of 0.05 
M L-ascorbic acid was added into the above solution and left stirring for 
1.5 h. Consequently, Ag nanoparticles are deposited on the WO3 surface. 
The product was collected by vacuum filtration and then dried for 24 h 
at 60 ◦C after washing several times with UP water and absolute ethanol. 
Ag/WO3 was obtained by calcining at 300 ◦C in the air for 1 h using a 
muffle furnace to remove undesirable substances. For comparison, Ag/ 
WO3 was synthesized without calcination treatment. 

2.3. Catalyst characterization 

Several techniques were used to characterize WO3 and Ag (0.1%, 
0.5%, 1%) loaded WO3 photocatalysts. The elemental analysis and 
actual Ag loading were measured using inductively coupled plasma 
optical emission spectroscopy (ICP-OES) (iCAP 6000 series, Thermo 
Scientific, USA) synthesized photocatalyst samples. The N2-sorption 
analysis was performed using Micromeritics ASAP2020 Accelerated 
Surface Area and Porosimetry System (Micro metrics, Norcross, GA, 
USA) at 77 K, and specific surface area and the pore size distribution 
were determined using the Brunauer–Emmett–Teller (BET) and Bar-
rett–Joyner–Halenda (BJH) methods, respectively. The structure, crys-
tallography, and phase of synthesized catalyst analysis of the 
photocatalyst were carried out using X-ray diffraction (XRD) (X’Pert 
PRO X-ray diffractometer, USA) with Cu-Kα X-ray (λ = 0.15418 nm), 
ranging from 10◦ to 80◦. High-resolution transmission electron micro-
scopy (HRTEM) was performed using (FEI Talos 200X) operated at 200 
kV, and energy-dispersive (EDS) (Thermofisher Scientific, USA) was 
employed to study morphology and elemental analysis of the prepared 
catalysts. X-ray photoelectron spectroscopy (XPS; Omicron Nanotech-
nology, Germany) was used to measure the silver nanoparticles’ con-
centration and surface state, and Casa XPS software was used in data 
analysis and peak fitting. The obtained XPS spectra were calibrated to 
the C1s feature at 284.6 eV. The UV–visible absorption spectra of pre-
pared samples were obtained by a split-beam UV–visible spectropho-
tometer (YK Scientific, UV1810/UV1810S, China). The Fourier- 
transform infrared spectroscopy (FTIR) measurements were recorded 
using an FTIR spectrometer (FTIR-650, Australia). 

Scheme 1. The schematic diagram for the preparation of 1% Ag/WO3 catalyst.  
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2.4. Photocatalytic activity test 

All Ag/WO3, synthesized samples, and WO3 were tested for their 
photocatalytic activity toward MB dye degradation in the presence of 
sodium borohydride (NaBH4) [27]. The rationale behind using NaBH4 as 
a reducing agent is to accelerate the photocatalytic degradation process 
and bleach the solution photodegradation experiment, visible light 
irradiation using a 400 W (λ ≥ 400) halogen lamp with an irradiation 
intensity of 1413.4 W/m2. The lamp and the beaker were 15 cm apart. In 
a typical procedure, different amounts of the photocatalyst (0.02, 0.04, 
0.1, and 0.2 g) were suspended in 200 ml MB (5.0 mg/L) solution in a 
250 ml beaker in the presence of 1 ml 0.1 M NaBH4. The solution was 
stirred in the dark for 30 min until irradiation to achieve equilibrium of 
absorption and desorption processes between the prepared photo-
catalyst and the MB. MB dye degradation was determined by recording 
and analyzing the UV–visible spectra at 664 nm, MB dye absorbance 
maximum wavelength, for 60 min every 10 min intervals. In the control 
experiment, the aqueous solution was irradiated in the absence of any 
photocatalyst. The blank used in all experiments was composed of UP 
water and NaBH4. A UV–visible spectrometer was used to monitor the 
liquid after centrifuging 4 ml of suspension to separate the catalyst 
during the experiment. 

A reaction can be zero, first, or second-order, depending on the 
contaminant concentration on the reaction rate. This process is found to 
be first order, based on kinetic models of photocatalytic processes. The 
Langmuir-Hinshelwood model is a kinetic model used to represent first- 
order reactions. 

The degradation data were fit according to the pseudo-first-order 
kinetics:  

ln(C/C0) = Kt                                                                                 (1) 

C is the concentration of MB at time t, C0 is the original concentration 
of MB, and K is the reaction rate constant [22]. 

The line slope is equal to the rate constant of the first-order reaction 
if the graph of (Ln (C/C0)) against time is displayed as a straight line. 

The efficiency of MB dye degradation has been determined as fol-
lows: 

R=

(

1 −
C
C0

)

× 100% (2) 

R is photocatalytic efficiency, and Co and C (g/L) is the reactant 
concentration of aqueous MB solution initially and after time t, respec-
tively [22]. 

2.5. Antibacterial activity test 

An overnight culture of Escherichia coli (E. coli) and Staphylococcus 
aureus (S. aureus) were prepared by inoculating one colony in 3 ml Luria- 
Bertani (LB) broth medium and incubated in the shaker at 37 ◦C at 200 
rpm. A 15 ml 1 g/L 1% Ag/WO3 stock was prepared and sonicated for 10 
min. A total of four working concentrations (0, 0.1, 0.2, 0.5, and 1 g/L) 
were then prepared in a total volume of 3 ml to test the antibacterial 
effect. 

The antibacterial effect of 1% Ag/WO3 was tested in ambient light 
(60 W) and dark conditions. For dark conditions, the tube was wrapped 
with aluminum foil. 1% of the primary bacterial culture (E. coli and 
S. aureus) was added to a secondary culture tube with different 1% Ag/ 
WO3 concentrations (0–1 g/L). Then, all tubes were incubated in the 
shaker at 37 ◦C, and the absorbance was measured each hour until the 
bacterial growth reached the early stationary phase (about 6hr). The 
absorbance was measured in triplicates for each concentration at zero 
time at an optical density of 600 nm. The OD readings were graphed as 
the average of three readings against time (hr) for each concentration. 
Two-way ANOVA, Dunnett’s multiple comparisons test, was conducted 
to test for statistical significance. A p-value less than ≤0.05 is 

statistically significant. All the analysis was performed using GraphPad 
Prism Version 9.0.2. 

3. Results and discussion 

3.1. Catalyst characterization 

The nitrogen adsorption/desorption isotherms of the samples have 
been recorded and shown in Fig. S1. The data of the specific surface 
areas of these samples with the corresponding pore sizes and pore vol-
umes are summarized in Table 1. The WO3 had a surface area of 19.8 m2 

g− 1 and a pore size of 13.7 nm, while the 1% Ag/WO3 sample had a 
surface area and a pore size of 19.4 m2 g− 1 and 17.7, respectively. The 
BET specific surface area of 1% Ag/WO3 was slightly decreased. The 
decrease in the surface area could be attributed to the deposition of Ag 
nanoparticles, where it blocked the pore channels of WO3, resulting in 
the pore channels being blocked [29]. 

The crystalline microstructure of synthesized Ag/WO3 samples was 
analyzed using X-ray diffraction (XRD) (XPERT PRO), using the Cu Ka 
wavelength of 1.5405 Å, as shown in Fig. 1. The observed XRD pattern of 
the Ag/WO3 photocatalyst reveals that the sample has the three most 
substantial well-defined diffraction peaks centered at 2θ = 23.25, 
23.913, and 24.3), confirming the presence of monoclinic crystal 
structure with d-spacing 0.38, 0.364, and 0.360 nm, the (002), (020), 
and (200) refractions, respectively. However, the diffraction peaks 
corresponding to metallic silver Ag0 or silver oxides Ag1+ are not 
observed, suggesting the presence of a very small silver particle size 
(2–5 nm) [32]. The XRD analysis revealed that all peaks matched 
perfectly with the diffraction lines for the monoclinic tungsten oxide 
(JCPDS 43–1035) [31], and no silver peaks according to (JCPDS 
04–0783) were found in the XRD pattern other than impurity peaks. 
Moreover, a slight peak shift was observed for lower 2θ which could 
indicate the presence of small (<3 nm) and well-dispersed Ag nano-
particles that could not be detected due to the XRD detection limit (<3 
nm). 

The morphology, shape, size, distribution of the Ag and WO3 parti-
cles, and the formation of Ag/WO3 nanoparticles were investigated by 
the TEM-EDS spectra’ compositions (Fig. 2) and used to determine the 
chemicals present in the synthesized samples. Elemental analysis con-
firms the presence of silver in the Ag/WO3 composite. The EDS spectra 
consist of different Ag, C, Cu, S, O, and W peaks. The Cu peak came from 
the Cu TEM grids, and the C peak came from the carbon-coated copper 
grid, as shown in Fig. 2 (a). The silver and oxygen distribution on WO3 
was evaluated by quantitative EDS mapping and illustrated by HRTEM 
figure and scanning TEM (STEM)–high-angle annular dark-field 
(HAADF), images and EDS analysis, and mapping of elemental map-
ping of the Ag/WO3 photocatalyst catalyst using pseudo-color repre-
sentations to distinguish different elements, respectively. Fig. 2(c–g) 
represents the elemental mapping of C, W, O, and Ag in the sample 
where the main elements with a small percentage of Cu. These results 
confirm the presence of Ag at the surface and within the WO3. It is 
important to note that the atomic percentage of Ag on the surface is 
higher than the Ag percentage in the entire sample. 

HRTEM results are depicted in Fig. 3. It is clearly shown that the 
irregular shape and size of particles with the majority of WO3 particles 
exhibit sheet-like morphology with a size larger than 500 nm and very 
few spherical particles about 150–200 nm. HRTEM revealed that the Ag 
nanoparticles are composed of highly dispersed and tiny silver nano-
particles (<3 nm), and large Ag particles with the size of 3–10 are 

Table 1 
BET surface areas and pore sizes of bare WO3 and photocatalyst.  

Material BET specific surface area (m2 g− 1) pore size (nm) 

WO3 19.8 13.7 
1% Ag/WO3 19.4 17.7  
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anchored and dispersed on the WO3 surface nanosheets [30], as shown 
in Fig. 3(a and b). Selected area electron diffraction (SAED) (Fig. 3(c)) 
was performed to confirm the existence of Ag in WO3 further, which 
clearly showed the existence of a combination of the spots, as observed 
in Fig. 3 (c), where the more substantial spot is attributed to underlying 
crystalline WO3, confirming the presence of well-crystallized Ag parti-
cles [31]. These results complement the XRD results. The analysis of 
HRTEM images Fig. 3(d–f) confirms that the lattice fringe spacing of 
Ag-doped WO3 is 3.8 nm for crystal plane [020] [23] and 3.64 nm for the 
crystal plane [002], corresponding to the lattice planes of WO3 with the 
monoclinic structure [32]. 

XPS was used to study and analyze the chemical states and compo-
sitions of the Ag/WO3 nanoparticles’ surface, where the photocatalytic 
reaction mostly occurs. The XPS profiles of Ag/WO3 are shown in Fig. 4, 
which indicates the chemical components and the corresponding bind-
ing energy levels. Fig. 4 (a) depicts the full scan profile of the materials’ 
total composition, which showed W, Ag, and O, while C and a small 
amount of Na were probably due to contamination in the sample. The 
high-resolution XPS spectra of W 4f, Ag 3d and O 1s were deconvoluted 
and shown in Fig. 4 (b)–(d), respectively. Two spin-orbit doublets for W 
valence state W 4f7/2 and W 4f5/2 are observed at 35.8 eV and 37.9 eV, 
respectively, with 2.1 eV doublet splitting. Deconvolution of W 4f5/2 and 
W 4f7/2 spectra showed mostly W6+ peak present at 35.8 eV and 37.9 eV, 
respectively, suggesting tungsten stoichiometric tungsten. XPS peak 
analyses of Ag 3d in the fresh sample clearly show the silver consists 
mainly of metallic silver with two spin-orbit doublets corresponding Ag 
3d5/2 and Ag 3d3/2 at binding energy values of 368.3 eV and 374.3 eV, 
respectively, with 6.0 eV doublet splitting [33]. The large splitting of the 
Ag 3d doublet of 6.0 eV suggests that the Ag exists in the form of metallic 
Ag. Deconvolution of Ag 3d5/2 and Ag 3d3/2 spectra showed Ag0 
(metallic Ag) presence at binding energies of 368.3 eV and 374.3 eV, 
respectively. Similar results were reported previously [34]. The O 1s 
spectrum exhibited a peak at a binding energy of 530.6 and fit well with 
the oxygen bound to W6+ in the stoichiometric WO3 phase [35]. These 
results confirm a small fraction of metallic silver dispersed in the NPS, as 

was shown in SEM, EDS, and TEM analysis. 

3.2. UV–visible analysis 

To examine the optical behavior of bare and Ag-loaded WO3 nano-
particles, UV–visible spectroscopy measurements were carried out. 
Fig. 5 (a) displays the optical absorption spectra of prepared samples 
obtained with a UV–Vis spectrophotometer in the 300–1100 nm wave-
length range. After the infusion of Ag nanoparticles into WO3 nano-
particles, the absorption band edge of bare WO3 is redshifted (towards a 
longer wavelength) [36]. Therefore, the material’s bandgap energy was 
reduced due to the shifting of absorption band edges caused by Ag 
loading. The bandgap energy (Eg) values have been determined using 
the optical absorption data using the Tauc relation: 

(αhv)=A0
(
hv − Eg

)n (3) 

Ao is a constant that corresponds to the fundamental band-band 
transitions, v is the frequency of the incident photon, Eg is the 
bandgap energy value, and n is an index depending on the optical 
transition (direct or indirect) [37]. The direct bandgap of WO3 and 
Ag-loaded WO3 (Fig. 5(b)) was anticipated from the extrapolation of the 
linear part of hν vs. (αhν)2 for the absorption coefficient α [38]. The 
bandgap energy of WO3 was 2.57 eV, which matched the literature [39]. 
The bandgap energy of Ag (0.1%, 0.5%, 1%) loaded WO3 was calculated 
to be 2.41, 2.19, and 2.08, respectively. The bandgap energy of WO3 
nanoparticles decreases as Ag loading increases. A similar trend has also 
been reported in the literature [25,40,41], where different Ag loadings 
on WO3 were studied. As a result, 1% Ag/WO3 nanoparticles absorb 
more energy and excite more electrons from the valence band to the 
conduction band (CB) than bare WO3 nanoparticles [36]. 

4. Photocatalytic degradation of analysis of MB 

The catalytic reduction of MB dye by Ag/WO3 catalysts in the pres-
ence of NaBH4 can be explained using the electron transfer effect. Ag is a 
good conductor, allowing electrons to be transferred between donors 
and receptors. As a result, Ag nanoparticles can trigger this catalytic 
process through redox reactions, and electrons can be transferred from 
the BH4

− as the donor to MB as the acceptor [42]. The effect of the 
NaBH4 MB dye reduction process was investigated. The degradation 
curves with and without NaBH4 at 1 g/L Ag/WO3 dose under visible 
light irradiation and similar conditions are compared, as shown in 
Fig. S2. The results suggest a faster degradation in the presence of 
NaBH4. All the experiments in this work were performed in the presence 
of NaBH4. 

4.1. Effect of metal loading 

The capacity of bare and Ag (0.1%, 0.5%, 1%) loaded WO3 photo-
catalysts to degrade aqueous MB solution under visible light irradiation 
was tested. Fig. 6 (a) shows the relative (Ct/C0) concentration of MB 
versus the reaction time, which represents the response of photocatalytic 
activities of bare and Ag (0.1%, 0.5%, and 1%) loaded WO3 catalysts. 
Ag-loaded WO3 catalysts with various loading concentrations had 
higher photocatalytic activity than bare WO3 catalysts, with 1% Ag/ 
WO3 being the highest activity among them after 60 min. In Fig. 6 (b), 
the degradation data were fit using pseudo-first-order kinetics. Table 2 
summarizes the reaction rate constant, degradation efficiencies for bare 
WO3, Ag (0.1%, 0.5%, 1%) loaded WO3 photocatalysts and MB without 
catalyst. The photocatalytic degradation reaction rate constants using 
0.1% Ag/WO3 (0.01366 min− 1), 0.5% Ag/WO3 (0.0141 min− 1), and 1% 
Ag/WO3 (0.01637 min− 1) are all higher than WO3 (0.01278 min− 1) and 
MB without photocatalyst (0.00269 min− 1). The photocatalytic activity 
of 1% Ag/WO3 is the best, being 1 time faster than bare WO3. The 
degradation efficiencies achieved using Ag (0.1%, 0.5%, and 1%) loaded 

Fig. 1. XRD pattern of WO3 tungsten oxide containing 1% Ag loadings 
compared to pure silver and tungsten oxide. 
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WO3 catalysts after 60 min reaction time are 71.7%, 71.6%, and 76.6%, 
respectively; they are all higher than WO3 and MB without photocatalyst 
(0.00269 min− 1) having 67.4% and 19.3% degradation efficiencies, 
respectively. Compared to pristine TiO2, it was reported that it presented 
a degradation percentage of about 23.5% [43]. The results of photo-
catalytic degradation of MB for bare and Ag (0.1%, 0.5%, and 1%) 
loaded WO3 catalysts imply that the Ag loading has enhanced the pho-
tocatalytic degradation activity of WO3. 1% Ag/WO3 had superior 
photocatalytic activity than the other composites. The work of Khan 
et al. addressed Ag loading behavior, and it has been found that the 
photocatalytic activity of the catalyst increased upon increasing Ag 

loadings [36]. 

4.2. Effect of pretreatment 

The pretreatment (calcination) effect is a necessary parameter to 
study, as it is mainly used to eliminate volatile compounds, water, or 
oxidize a substance, which is known as a purification process. This was 
proven by Imam and Chopra, where they found that the Ag/WO3 band 
gap was significantly lowered upon pretreatment, implying better pho-
tocatalytic activity [44]. High-temperature heat treatment causes WO3 
to produce oxygen vacancy defects. These defects reduce the bandgap of 

Fig. 2. TEM- EDS mapping of Ag/WO3 containing 1% Ag. (a) High resolution (HRTEM) of Ag/WO3; (b) Scanning TEM (STEM)–high-angle annular dark-field 
(HAADF); (c-g) Elemental mapping of Ag/WO3. 
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1% Ag/WO3 and improve photogenerated carriers’ separation effi-
ciency, resulting in high photocatalytic activity [45]. In this work, the 
effect of pretreatment was studied by performing photocatalytic 
degradation of aqueous MB solution on calcined/not calcined 1% 
Ag/WO3 under visible light irradiation for 60 min reaction time in the 
presence of 0.1 M NaBH4. The photocatalytic performance is carried out 
under similar conditions as in all experiments. Fig. 7 (a) indicates the 
relative (Ct/C0) concentration of MB versus the reaction time, repre-
senting the response of photocatalytic activities of calcined/not calcined 
1% Ag/WO3. The plot illustrates that pretreated 1% Ag/WO3 had higher 
photocatalytic activity towards MB degradation. The degradation data 
were fit using pseudo-first-order kinetics. Table 3 summarizes the re-
action rate constant and degradation efficiencies for 
calcined/not-calcined 1% Ag/WO3 and MB without catalyst. Fig. 7 (b) 
confirms the higher photocatalytic activity of calcined 1% Ag/WO3 
(0.01637 min-1), which is 1.5 times faster when compared to 
not-calcined 1% Ag/WO3 (0.01127 min− 1). The degradation efficiencies 
achieved by pretreated/untreated 1% Ag/WO3 are 76.6% and 66.6%, 
respectively. As predicted, the fabricated 1% Ag/WO3 (pretreated) 
photocatalyst showed an improved photocatalytic performance, which 
indicates that the pretreatment had a considerable influence on the 
photocatalytic behavior of the photocatalysts. Therefore, pretreated 1% 
Ag/WO3 is fixed as an optimized photocatalyst for the photodegradation 
of MB in irradiation conditions. 

4.3. Comparison between photocatalysis performance under visible and 
UV light irradiation 

The photocatalytic performance of the synthesized catalyst toward 
MB degradation under visible as compared to higher energy UV light, 
the photocatalytic performance of 1% Ag/WO3 under both lights is 
summarized in table S1. Fig. S3 (a) indicates the relative (Ct/C0) con-
centration of MB versus the reaction time of 1% Ag/WO3. The plot il-
lustrates that 1% Ag/WO3 had higher photocatalytic activity towards 

MB degradation under UV irradiation. The degradation data were fit 
using pseudo-first-order kinetics. Fig. S3 (b) confirms the higher pho-
tocatalytic activity of 1% Ag/WO3 under UV irradiation (0.02427 
min− 1), which is 1 time faster when compared under visible irradiation 
(0.01682 min− 1). The degradation efficiencies of 1% Ag/WO3 achieved 
under UV vs. visible irradiation are 90% and 80%, respectively. The 
higher photocatalytic activity of 1% Ag/WO3 under UV can be attrib-
uted to UV irradiation’s higher energy [46]. It was demonstrated by Çifçi 
et al. that MB removal efficiencies under UV and visible light irradiation 
of 99.2% and 44.5% for %1 Ag-doped the TiO2, respectively [47]. 

4.4. Kinetics study of photocatalytic performance as a function of 
photocatalyst dose 

The photocatalytic performance of pretreated 1% Ag/WO3 was 
further investigated by studying the effect of catalyst dose (0.1–1 g/L) 
and observing the degradation of aqueous MB solution. Fig. 8 (a) dem-
onstrates how the absorption spectra of MB changes when an aqueous 
suspension is irradiated in the presence of 1% Ag/WO3 (1 g/L). It shows 
that as the irradiation period increases, MB dye’s characteristic ab-
sorption peak at 664 nm decreases significantly. MB’s maximum ab-
sorption wavelength at 664 nm changes to lower values (hypsochromic 
shift). The formation of reaction intermediates with absorption maxima 
at shorter wavelengths than MB is known to cause this change [48]. 

Fig. 8 (b) indicates the relative (Ct/C0) concentration of MB versus 
the reaction time, which represents the response of different 1% Ag/ 
WO3 doses (0.1–1 g/L). It shows that the removal of MB dye increases as 
the photocatalyst increases. The degradation data of different catalyst 
doses were fit using pseudo-first-order kinetics. Table 4 summarizes the 
reaction rate constant and degradation efficiencies for 1% Ag/WO3 in 
different doses and MB without catalyst. As illustrated in Fig. 8 (c), the 
photocatalytic degradation reaction rate constants for 0.1 g/L, 0.2 g/L, 
0.5 g/L, and 1 g/L are 0.00426 cm− 1, 0.00587 cm− 1, 0.00928 cm− 1, 
0.01682 cm− 1, respectively. The results show that 1 g/L photocatalyst 

Fig. 3. High-resolution Transmission Electron Microscope (HRTEM) of Ag/WO3 and the corresponding periodicity at a different level of magnifications.  
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dose is 4 times faster than 0.1 g/L, 3 times faster than 0.2 g/L, and 2 
times faster than 0.5 g/L in reaction rate constants. The degradation 
efficiencies achieved using different catalyst doses (0.1, 0.2, 0.5, and 1 
g/L) are 33.6%, 42.1%, 58.3%, and 80%, respectively. It can be 
concluded that as the catalyst dose increases, the photocatalytic activity 
increases towards MB removal. Consequently, a fixed photocatalyst 
concentration of 1 g/L is further used. 

MB photocatalytic degradation experiments demonstrated that 1% 
Ag/WO3 photocatalyst has outstanding MB removal activity under 
visible light irradiation. Fig. 8 (d) shows an apparent MB degradation 
rate constant (kapp) as a function of 1% Ag/WO3 photocatalyst dose 
under visible light irradiation. Our results showed that the MB degra-
dation rate constant for 1% Ag/WO3 photocatalyst under visible light is 
0.01379 min–1, which is 1 time faster than WO3 photocatalyst (0.01278 

Fig. 4. Room-temperature X-ray photoelectron spectra (XPS) of Ag/WO3 sample and peak fitting XPS survey scan of the sample after heat treatment at 300 (a). High- 
resolution scan of W, Ag, and O with the corresponding deconvoluted peaks (b–d). 

Fig. 5. UV–Visible absorption spectra (a) of bare WO3 and Ag (0.1%, 0.5%, 1%) loaded WO3 photocatalysts and their corresponding Tauc plot (b).  
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min− 1). 

5. Stability and recyclability test 

From the standpoint of practical application, the stability of the 
catalyst has always been a critical component. To assess the photo-
stability, the photocatalytic activity of 1% Ag/WO3 (1 g/L), which 
presented the most outstanding results, was tested for the photocatalytic 
degradation of the aqueous MB solution. The recyclability test was 
carried out up to four times. After photocatalytic reactions, catalyst 
powders were collected by filtration using a 0.45 μm PTFE syringe filter, 

washed with UPW, and dried for the next photoreaction cycle, with the 
results depicted in Fig. 9. After four cycles, the catalyst showed a slight 
reduction in photocatalytic activity, implying the catalyst’s excellent 
stability under visible light irradiation. 

The chemical structure of bare WO3, 1% Ag/WO3, and 1% Ag/WO3 
before and after MB degradation was characterized using FTIR spec-
troscopy, as shown in Fig. S4. The FTIR shows no significant change in 
the structure after MB photocatalytic degradation, implying the photo-
catalyst’s stability. 

The repeatability test was performed by repeating the same pro-
cedure of the photocatalytic activity test four times on 1% Ag/WO3, and 
values are roughly the same in every run. Fig. S5 shows an excellent 

Fig. 6. (a) Photocatalytic degradation of aqueous MB solution employing the effect of different Ag loadings (0.1%, 0.5%, 1%) at WO3 in the presence of 0.1 M NaBH4 
under visible-light irradiation; (b) Pseudo-first order kinetics of the degradation over Ag (0.1%, 0.5%, 1%)/WO3. Reaction conditions: visible light irradiation: 400 W, 
5 mg/L MB, room temperature (23–25 ◦C). 

Table 2 
Reaction rate constants and degradation efficiencies for bare WO3, Ag (0.1%, 
0.5%, 1%) loaded WO3 photocatalysts and MB without catalyst.  

Material Reaction rate constant (min− 1) Degradation efficiency (%) 

WO3 0.01278 67.4 
No-catalyst 0.00269 19.3 
0.1% Ag@WO3 0.01366 71.7 
0.5% Ag@WO3 0.0141 71.6 
1% Ag@WO3 0.01682 76.6  

Fig. 7. (A) Photocatalytic degradation of aqueous MB solution in the presence of 1% Ag/WO3 and 0.1 M NaBH4 employing the effect of pretreatment under visible- 
light irradiation; (B) Pseudo-first order kinetics of the degradation over 1% Ag/WO3. Reaction conditions: visible light irradiation: 400 W, 5 mg/L MB, room 
temperature (23–25 ◦C). 

Table 3 
Reaction rate constants and degradation efficiencies for calcined/not-calcined 
1% Ag/WO3 and MB without catalyst.  

Material Reaction rate constant (min− 1) Degradation efficiency (%) 

No-catalyst 0.00269 19.3 
No calcination 0.1127 66.6 
Calcination 0.01682 76.6  
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repeatability performance towards MB degradation using 1% Ag/WO3 
(1 g/L) under visible light irradiation [29]. 

6. MB degradation mechanism on Ag/WO3 under visible light 
irradiation 

To fully comprehend the enhanced photocatalytic activity, further 
research into the photocatalytic mechanism is needed. Here, it is dis-
cussed in detail in terms of the work functions. According to the liter-
ature, the work functions of WO3 and Ag are 5.7 eV and 4.26 eV, 
respectively. As Ag comes into contact with WO3, electrons can transfer 
from Ag to WO3’s CB, achieving Fermi level equilibration. As a result, 
excess electrons accumulate on the surface of WO3, while excess positive 
charge accumulates on the surface of Ag, forming a deflexed energy 

Fig. 8. (a) UV–Visible absorption spectra of aqueous MB solution with reaction time in the presence of 1% Ag/WO3 (1 g/L) and 0.1 M NaBH4 under visible-light 
irradiation, and MB color change before and after degradation (inset); (b) Photocatalytic degradation of aqueous MB solution in the presence of 1% Ag/WO3 
employing different catalyst doses (0.1–1 g/L) in the presence of 0.1 M NaBH4 under visible-light irradiation; (c) Pseudo-first order kinetics for the degradation over 
1% Ag/WO3 (0.1–1 g/L); (d) Apparent MB degradation rate constant (kapp) as a function of 1% Ag/WO3 photocatalyst concentration under visible light irradiation. 
Reaction conditions: visible light irradiation: 400 W, 5 mg/L MB, room temperature (23–25 ◦C). 

Table 4 
Reaction rate constants and degradation efficiencies for 1% Ag/WO3 in different 
doses and MB without catalyst.  

Material Reaction rate constant (min− 1) Degradation efficiency (%) 

No-catalyst 0.00269 19.3 
0.1 g/L 0.00426 33.6 
0.2 g/L 0.00587 42.1 
0.5 g/L 0.00928 58.3 
1 g/L 0.01682 76.6  

Fig. 9. Stability and recyclability test of 1% Ag/WO3 for photocatalytic 
degradation of aqueous MB solution in the presence of 0.1 M NaBH4 under 
visible light irradiation. Reaction conditions: visible light irradiation: 400 W, 5 
mg/L MB, room temperature (23–25 ◦C). 
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band at the Ag/WO3 interface. Furthermore, the deflexed energy band in 
the space charge region enables the rapid transfer of the as-excited 
electrons from WO3 to Ag nanoparticles, which reduces the recombi-
nation of the photogenerated electron-hole pairs. Since WO3 has a low 
CB level that is more positive than the given potential for the single- 
electron reduction of O2, the multi-electron reduction of O2 will move 
electrons accumulated at Ag nanoparticles to surface-adsorbed oxygen 
molecules to form H2O2 [49]. 

The following steps summarize the proposed mechanism for MB 
degradation (Fig. 10). First, visible light irradiation allows electrons in 
the VB to transfer into the CB. Consequently, holes (h+) and electrons 
(e− ) are formed at the surface of the WO3 photocatalyst. Oxygen vacancy 
defects then trap the photogenerated electrons on the surface. Then, the 
holes react with hydroxide ions, while electrons react with dissolved 
oxygen to produce OH•, which breaks down MB dye into harmless gases 
like carbon dioxide and water. Moreover, hydrogen peroxide reacts with 
electrons to produce more OH• to speed up the dye’s decomposition.  

Ag/WO3 + visible light → h+ (hole) + e− (electron)                             (4)  

h+ + H2O → H+ + OH− (5)  

h+ + OH− →OH• (6)  

e− + O2 → O2 
•− (7)  

O2 
•− + e− + 2H+ → H2O2                                                              (8)  

O2
•− + H2O2 → OH• + OH− + O2                                                   (9)  

OH• + dye → nontoxic products + CO2↑                                          (10)  

O2
•− + dye → nontoxic products + CO2↑                                         (11)  

7. Antibacterial activity results 

Antibacterial activity of 1% Ag/WO3 was tested against two bacterial 
strains of Gram-negative E. Coli and the Gram-positive S. aureus. The 
suspension test method was utilized to test for antibacterial activity of 
1% Ag/WO3 in light and dark conditions at different concentrations 
(0–1 g/L). Fig. 11 illustrates the results of the antibacterial activity of 1% 
Ag/WO3 toward E. coli. And S. aureus growth inhibition under ambient 
light and in dark conditions. 

Fig. 11 shows dose-dependent inhibition in bacterial growth upon 
exposure to different concentrations of 1% Ag/WO3 for both S. aureus 
and E. Coli under light and dark conditions. As the concentration 
increased, the bacterial growth decreased compared to the normal 
growth curve in E. coli and S. aureus (Fig. 11). This suggests a specific 

effect of the 1% Ag/WO3 nanoparticle. It has been noticed that 1% 
AgWO3 nanoparticles exhibited a better bactericidal effect on Gram- 
negative bacteria (E. coli) than the Gram-positive (S. aureus). This dif-
ference might be due to the differences in the cell wall structure. 

Gram-positive bacteria have a thick cell wall composed of many 
layers of peptidoglycan and teichoic acids, whereas Gram-negative 
bacteria cell walls are relatively thin with an outer membrane with li-
popolysaccharides and lipoprotein bilayers [50]. Therefore, the thick 
Gram-positive bacteria cellular wall might limit the uptake of the 
nanoparticle drug or resist drug exposure, in contrast to the 
Gram-negative bacteria [51]. The mechanism of action of antibacterial 
1% Ag/WO3 nanoparticles is not well understood. However, the elec-
trostatic attraction between bacterial cells and nanoparticles was 
determined to play a crucial role. The attraction between the positively 
charged Ag nanoparticles and the negatively charged bacterial cell 
membrane confer the electrostatic attraction, facilitating Ag nano-
particles’ attachment and entry into the cell membrane [52]. A previous 
study using E. coli demonstrated that Ag nanoparticles penetrate 
through the membrane and disrupt protein synthesis, leading to struc-
tural changes and death [53]. In addition, another study investigated the 
effect of silver nanoparticles on the growth, permeability, and 
morphology of E. coli. The results suggest that silver nanoparticles 
damaged the bacterial cell membrane structure and reduced the activity 
of membranous enzymes, eventually leading to bacterial death [54]. 
Therefore, further analysis and testing using scanning electron micro-
scopy (SEM) and transmission electron microscopy (TEM) needs to be 
performed to fully understand the mechanism of action of 1% Ag/WO3 
in dark and light conditions. 

Metallic Ag NPs and the Ag + it releases are both effective antibac-
terial agents. Although the specific antibacterial mechanism is unclear, 
several potential theories include the production of reactive oxygen 
species (ROS) and the breakdown of cell walls and/or membranes. Two 
factors contribute to the antibacterial performance of 1% Ag/WO3 
composite. First, the interaction of 1% Ag/WO3 composite with the 
surface of bacteria disrupted the bacterial cell wall, allowing Ag NPs and 
Ag + ions to enter. Once inside the bacteria, Ag NPs and/or Ag+ ions 
interact with many targets simultaneously, including enzymes, DNA, 
and proteins, through various metabolic pathways, disrupting cell 
metabolic function and triggering bacteria death. Second, 1% Ag/WO3 
composite could result in the generation of ROS. Oxidative stress is 
caused by species such as O2

− , H2O2, and OH• in excessive concentra-
tions; bacteria can then suffer substantial damage, leading to cell death 
[55]. 

8. Conclusion 

Nanocrystalline silver (Ag), supported on tungsten oxide (WO3) 
nanoparticles, were successfully synthesized via the deposition- 
precipitation synthesis technique, which was composed of mainly 
monoclinic sheet-like morphology tungsten oxide (>500 nm) with a few 
spherical particles (<200 nm), and small (<3 nm) and well-dispersed 
metallic silver nanoparticles on the surface as confirmed by XRD, 
TEM-EDS, and XPS. Furthermore, the deposition of Ag onto the WO3 
surface reduces the bandgap energy (from 2.6 to 2.1 eV at 1% Ag 
loading), evidenced by a redshift and visible radiation emission as 
confirmed by UV–Vis spectroscopy. The prepared heterogeneous 1% 
Ag/WO3 photocatalyst demonstrated significant MB degradation under 
visible light compatible with the degradation level under UV light ra-
diation. Dose-dependent MB photodegradation kinetics followed the 
pseudo-first-order kinetics suggesting that the photocatalytic activity 
scales up with catalyst dose. Moreover, the photocatalyst demonstrated 
effective dose-dependent inhibition against Gram-negative E. Coli and 
the Gram-positive S. aureus under ambient light and dark conditions, 
with a stronger effect under light. The effective dispersion of Ag within 
the WO3 support enhanced the electron-hole pair separation rate by 
entrapping and transferring the photo-excited electrons, which 

Fig. 10. MB photodegradation reaction mechanism on Ag/WO3 under visible 
light irradiation. 
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increased the reactive species that aid the degradation efficiency and 
inhibition of bacterial growth. Overall, the Ag/WO3 photocatalyst 
demonstrates excellent stability and recyclability, photocatalytic activ-
ity, and antibacterial properties, making it applicable in many applica-
tions such as water purification and surface sterilization under visible 
light and dark conditions. 
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