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Abstract 

Deep eutectic solvents (DESs) provide sustainable, tunable media for nanomaterial synthesis. In this work, tungsten 
oxide (WO3) nanoparticles were prepared via a low-temperature green route using DES (choline chloride:ethylene 
glycol, 1:2) with varying water fractions to enhance solubility and reaction kinetics. Comprehensive characterization 
by FTIR, XRD, UV-Vis, SEM, and EDX confirmed the successful formation of WO3 nanostructures with tunable 
crystallinity, morphology, and surface chemistry. FTIR spectra revealed distinct O-W-O/W-OH vibrational modes, 
while XRD identified monoclinic crystalline phases. SEM analysis demonstrated a morphology shift from irregular 
aggregates to sponge-like structures with increasing water content. Optical studies showed strong UV absorption 
(250-373 nm) and a rapid, reversible photochromic transition from transparent to blue within 5 s of UV exposure, 
fading back within 20 min under ambient conditions. Antimicrobial assays revealed dose-dependent bactericidal 
activity against Escherichia coli and Staphylococcus aureus, attributed to reactive oxygen species generation and oxygen-
vacancy-mediated redox cycling, with the T1-D90W10 sample exhibiting the highest inhibition. This work establishes 
DES-water systems as versatile green platforms for fabricating multifunctional WO3 Nanoparticles with synergistic 
photochromic and antimicrobial properties. 
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1. Introduction 

Semiconducting metal oxides (SMOs) are increasingly 
recognized as multifunctional materials with applications 
spanning energy conversion, photocatalysis, smart 
coatings, and environmental remediation [1]. Their 
chemical robustness, tunable electronic structures, and 
strong light-matter interactions provide a solid 
foundation for developing next-generation functional 
materials [2]. Beyond these well-established uses, 
semiconducting metal oxides have also demonstrated 
promising antibacterial properties, positioning them as 
alternatives to traditional antimicrobial agents in 
biomedical and environmental settings.  

Among these SMOs, tungsten trioxide (WO3) has 
sparked notable interest as a result of its desirable 
qualities, including low toxicity, rich oxygen vacancy 
chemistry, and exhibiting a bandgap estimated at 2.6-3.0 
eV, which enables visible-light responsiveness [1-3]. This 
optical activity not only underpins its photochromic 
behavior, where reversible color changes occur under 
light irradiation, but also supports the generation of 
reactive oxygen species (ROS) capable of disrupting 
bacterial membranes and metabolic functions [4].  

Compared with conventional organic antibacterial 
compounds, WO3-based nanostructures offer higher 
stability, extended durability, and broad-spectrum 
antimicrobial action [5]. Nevertheless, progress in the 
development of WO3 nanomaterials that combine 
photochromic response with antibacterial activity has 
been limited, and much of the current research relies on 
synthesis methods such as electrospinning, which can be 
energy-intensive, high-cost of production, and less 
environmentally sustainable [6].  

To address these challenges, DESs have arisen as 
attractive green media for nanomaterial fabrication, 
usually obtained by hydrogen-bond association between 
a salt and a hydrogen-bond donor.  

DESs provide advantages such as low vapor pressure, 
tunable composition, and the ability to direct 
nanostructure formation [6, 7]. Importantly, the 
incorporation of water into DESs significantly modifies 
their physicochemical properties by lowering viscosity, 
enhancing ion mobility, and facilitating more uniform 
particle nucleation and growth. This DES-water medium 
thus provides a versatile platform for tailoring nanoscale 
morphology and functionality [8]. Furthermore, the use 

of DES-water systems in nanomaterial synthesis aligns 
with the growing emphasis on sustainable and low-
energy processing routes, enabling scalable fabrication 
of WO3 nanostructures with controlled features.  

Adjusting the water content in DES serves as a tunable 
parameter that influences morphology, crystallinity, and 
surface activity, which in turn can optimize 
photocatalytic and antibacterial performance under 
visible light. Such flexibility highlights DES-assisted 
synthesis as a promising route for the development of 
multifunctional WO3-based nanomaterials with 
industrial and biomedical relevance [9]. 

In the present study, WO₃ nanoparticles were 
synthesized using a DES-water co-solvent system as a 
structure-directing medium. The as-prepared WO3 
nanoparticles were systematically characterized for their 
morphological and structural properties, while their 
photochromic response and antibacterial activity were 
evaluated to highlight the multifunctional potential of 
DES-assisted synthesis routes. 

2. Experimental 

2.1. Materials 

Analytical-grade reagents of high purity were used 
throughout the synthesis. Sodium tungstate dihydrate 
(Na2WO4·2H2O, 98.5%) was supplied by Shanghai 
Yuanye BioTech Co. Ltd. Choline chloride (C5H14ClNO, 
98.0%) was obtained from Eastman Chemical Co. Ltd, 
while ethylene glycol (C2H6O2, 99.0%), Ethanol (C2H5OH, 
99.8%) and Glacial acetic acid (CH3COOH, 99.5%) were 
purchased from Dow Chemical, USA. The bacterial 
strains Escherichia coli and Staphylococcus aureus were 
sourced from Thermo Fisher Scientific (USA).  

2.2. Preparation of Ethaline (DES) Solution 

Ethaline was obtained by mixing choline chloride (1 
mol) with ethylene glycol (2 mol) and heating the 
mixture at 80 °C under continuous stirring for 60 min 
until a homogeneous, clear liquid was obtained. The 
resultant deep eutectic solvent was subsequently 
allowed to cool at room temperature before use [9]. 

2.3. Preparation of Tungsten Oxide Nanoparticles 

An appropriate quantity (1 g) of sodium tungstate 
dihydrate was added separately into DES/water 
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mixtures with different volume ratios: 90% DES/10% 
water (denoted as T1-D90W10), 80% DES/20% water 
(T1-D80W20), and 70% DES/30% water (T1-D70W30). 
Each mixture was heated to 70 °C on a magnetic stirrer 
hot plate under constant stirring for 30 min. 
Subsequently, 5 mL of glacial acetic acid (C2H4O2) was 
added dropwise while stirring, and the reaction mixture 
was further stirred for 120 min. After cooling to room 
temperature, the suspensions were centrifuged at 5000 
rpm for 20 min. The obtained precipitates were rinsed 
three times with ethanol to remove residual impurities, 
followed by drying in a hot-air oven at 80 °C for 12 h to 
yield tungsten oxide nanoparticles (Figure 1). 

2.4. Measurements 

Fourier transform infrared (FT-IR) spectra were 
obtained using a Nicolet iS50 spectrometer (Thermo 
Fisher, USA) in the 4000-400 cm-1 range with KBr pellets. 
X-ray diffraction (XRD) patterns were recorded on a 
SmartLab SE diffractometer (Rigaku, Japan) using Cu 
Kα radiation (λ = 0.15418 nm, 40 kV, 40 mA) over 10°-70° 
(2θ). Morphology and elemental composition were 
examined by scanning electron microscope (SEM) (JSM-
7900F, JEOL, Japan) equipped with EDX. Optical 
absorption was measured with a Cary 5000 UV-Vis-NIR 
spectrophotometer (Agilent, USA) from 200-800 nm. 
Photochromic response was evaluated under 365 nm Xe 
lamp irradiation (300 mW cm-2, Newport, USA) at 15 cm, 

with bleaching monitored in a dark, oxygen-rich 
atmosphere. 

2.5. Photochromic Activity of As-Prepared Tungsten 

Oxide Nanoparticle. 

The photochromic behavior of as-prepared samples was 
examined by dissolving 0.025 g of each material in 2 mL 
of deionized DI water. The mixtures were shaken for a 
few minutes, after which 1 mL of the resulting solution 
was transferred into a hollow groove. The samples were 
then irradiated with a 3 W, 365 nm light source (Shenyu 
Aic, Suzhou, China) placed 5 cm away, under ambient 
conditions [10, 11]. 

2.6. Antibacterial Test 

To test their antibacterial effects, T1-D90W10 and T1-
D70W30 were examined against Staphylococcus aureus 
and Escherichia coli using the agar disk diffusion method. 
Amoxicillin (30 mg) was included as a standard 
reference drug. The bacteria were first grown in nutrient 
broth and then evenly spread onto agar plates. Small 
sterile discs, each loaded with 100, 200, or 400 mg of the 
samples, were placed on the plates and left to incubate 
at 37 °C for 24 hours. After incubation, the clear zones 
around the discs, showing where bacterial growth was 
prevented, were measured. Each experiment was 
repeated three times, and the results are shown as the 
average values with their standard errors [12]. 

Figure 1. Schematic illustration showing the preparation and morphological transformation of the WO3-NPs. 

https://jams.hsu.ac.ir/
https://jams.hsu.ac.ir/
https://jams.hsu.ac.ir/


 
A.A. Ajayi et al. jams.hsu.ac.ir 

 
 

 
 
J. Appl. Mater. Sci., 2025, 1, 210152   

© 2025 The Authors. This article is licensed under a Creative Commons Attribution 4.0 International License. 210152 (4 of 10) 

3. Results and discussion 

3.1. XRD Analysis 

Figure 2 shows XRD patterns of WO3 nanoparticles 
synthesized using DES-water mixtures with different 
water contents. The diffraction peaks appear at the same 
position 8.12° (010), 10.66° (002), 21.34° (113), and 30.50° 
(130), corresponding to monoclinic tritungsten nonaoxide 
W3O9 (JPCDS Card 00-025-1496). However, the T1-
D70W30 sample displays the most intense and well-
defined crystallinity, while the T1-D90W10 sample 
presents broader and weaker peaks. This trend suggests 
that higher water content enhances crystallinity and 
promotes the growth of larger crystallite domains, 
whereas lower water levels result in smaller, less 
ordered particles. The improvement can be attributed to 
the ability of water to lower the viscosity of DES and 
accelerate the hydrolysis-condensation of the tungsten 
precursor, thereby supporting crystal development of 
WO3 [13]. The crystallite sizes (Dc) of the samples were 
calculated using Scherrer’s equation: 

𝐷𝑐 =
0.8𝜆

𝛽𝑐𝑜𝑠 Ѳ
  (1) 

where Dc is the average crystallite diameter, λ is the 
wavelength of Cu Kα radiation (λ = 0.15418 nm), θ is the 

Bragg diffraction angle, and β is the full width at half 
maximum (FWHM) of the diffraction plane. Based on 
calculations from the intense diffraction peak, the 
crystallite sizes were determined to be 33.14nm, 
33.59nm, and 33.89nm, respectively. 

3.2. FTIR Analysis 

Figure 3 shows FTIR spectra of as-prepared WO3-NPs 
at different solvent volume ratios. In the fingerprint 
region (below 1000 cm-1), the spectra clearly reveal the 
structural signatures of tungsten oxide nanoparticles. 
An intense signal around 898 cm-1 arises from the 
fundamental stretching vibrations of the metal-oxygen 
framework, while the peak at 776 cm-1 is linked to O-W-
O bonds; both indicate the presence of WO3 [14, 15]. 
Additional absorption features at 898 cm-1 and 979 cm-1 
are linked to W-OH stretching vibrations [16]. The 
coexistence of O-W-O and W-OH modes in this region 
provides strong evidence for the successful formation of 
WO3 nanoparticles [15, 16]. Moving to the mid-infrared 
region, distinct bands were also observed at 1469 cm-1 
and 1081 cm-1. The 1469 cm-1 peak corresponds to N-O 
stretching, pointing to traces of nitrate species possibly 
originating from the DES precursor, while bending 

Figure 2. XRD patterns of as-prepared WO3-NPs at different solvent volume ratios. 
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vibrations of N-H in the same range indicate residual 
organic groups attached to the WO3 surface [17].  

At higher wavenumbers, a broad band near 3377 cm-1 
represents O-H stretching, confirming the presence of 
hydroxyl groups from surface-adsorbed water or 
hydroxides. Similarly, a band at 1663 cm-1 is assigned to 
O-H bending, further highlighting the hydrated nature 
of the samples [17]. 

3.3. SEM Analysis 

The SEM micrograph in Figure 4a reveals that the T1-
D90W10 sample is composed of irregularly distributed, 
clustered crystals with non-uniform shapes. The 
particles appear highly aggregated, forming compact 
and coarse structures. This clustered morphology can be 
attributed to the limited solvation capacity and high 
viscosity of the DES medium in the absence of sufficient 

Figure 3. FTIR spectra of as-prepared WO3-NPs at different solvent volume ratios. 

Figure 4. SEM images of the as-prepared WO3-NPs: (a) T1-D90W10, (b) T1-D80W20, and (c) T1-D70W30. 
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water, which restricts ion mobility and hinders uniform 
particle dispersion [18, 19]. 

Conversely, with increased water content (T1-
D70W30), the morphology transforms into sponge-like 
formations, as shown in Figure 4c. This clearly 
demonstrates that the water concentration strongly 
influences the structural development and growth 
behavior of the composites. The observed morphological 
variation suggests that higher water content enhances 
solvation, thereby providing a more favorable reaction 
environment for uniform nucleation and controlled 
particle growth[12, 13]. Consequently, this results in a 
more refined and open microstructure within the DES-
water-assisted system [10].  

Energy Dispersive X-ray (EDX) analysis confirms the 
presence of tungsten (W), carbon (C), oxygen (O), 
sodium (Na), and chlorine (Cl) within the nanoparticles. 
Tungsten dominates the elemental composition, 
validating the formation of tungsten oxide (WO3) as the 
principal crystalline phase [18, 19]. The high tungsten 
content suggests efficient incorporation of the metal 
precursor during synthesis, a factor critical for 
enhancing the nanoparticle’s redox properties and 
antibacterial activity (Figure 5a and 5b). 

3.4. UV Analysis 

To assess the photochromic performance of the 
prepared samples, their light absorption behavior was 

examined using UV-Vis spectroscopy. As illustrated in 
Figure 6, the particles showed a strong and broad 
absorption response in the UV region, spanning 250-373 
nm, with a peak threshold around 406 nm. This 
pronounced UV absorption can be linked not only to the 
influence of water but also to the presence of -OH and -
NH groups originating from the deep eutectic solvent 
(DES) [17]. These groups, likely trapped within the 
aggregated particles, appear to facilitate the movement 

Figure 6. Absorbance characteristics of the as-synthesized WO3-

NPs at different solvent volume ratios. 

Figure 5. Variations in the relative elemental weight percent of the nanoparticles synthesized using different solvent volume ratios. 
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of photogenerated protons and electrons, thereby 
enhancing their transfer into the tungsten oxide 
semiconductor matrix (WO3) [12]. In addition, the 
redshifted absorption edge observed in the samples 
indicates a slight narrowing of the bandgap, which 
favors visible-light responsiveness. Such modifications 
in optical properties highlight the synergistic role of 
DES-water interactions and functional groups in 
tailoring the electronic structure and improving the 
overall photochromic activity of WO3 [16]. 

3.5. Photochromic Response and Reverse Fading 

Process  

The photochromic behavior of the synthesized 
samples dispersed in deionized (DI) water was 
evaluated using a 3W UV lamp positioned 5 cm from the 
samples. As presented in Figure 7a, all samples showed 
a swift shift from transparency to a blue color within 5 
seconds of irradiation, with the coloration gradually 
intensifying as the exposure time increased. 

Figure 7. (a) Photochromic response and (b) reverse fading process of as-prepared WO3 nanoparticles. 
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This optical transition is attributed to the participation 
of mobile ionic species (NH4

+ and H+) and water 
molecules, which facilitate photo-induced charge 
transfer processes. Ammonium and protonic species, 
originating from donor components such as ethylene 
glycol in the DES medium and water, are adsorbed onto 
the WO3 surface and migrate through hydrated 
pathways, thereby accelerating the charge transport [17]. 

The observed coloration is governed by a reversible 
reduction of W6+ to W5+, a mechanism that underpins the 
switching efficiency of WO3 and highlights its suitability 
for photo-responsive applications, including smart 
coatings and optical sensors [18]. 

Among the tested materials, the T1-D70W30 sample 
displayed the most intense coloration. This behavior can 
be linked to the role of water, as hydrogen species are 
detached from hydrogen-donor molecules (the ethylene 
glycol component of the DES solvent) and from H₂O, 
subsequently becoming adsorbed onto the surface of the 
metal oxides through specialized water-mediated 
pathways. Under irradiation, this process promotes 
hydrogen spillover, which facilitates the development of 
photochromic systems with enhanced sensitivity [19]. 
The bleaching process, as shown in Figure 7b, occurred 
gradually in open air. The T1-D70W30 sample required 
approximately 1200 s for full fading, whereas the T1-
D90W10 and T1-D80W20 dispersions recovered more 
rapidly. This accelerated recovery at lower water 
contents is attributed to enhanced re-oxidation of W⁵⁺ to 
W⁶⁺ by ambient oxygen, coupled with faster electron-
hole recombination dynamics [15, 16]. Collectively, these 
results highlight the critical role of water in modulating 
proton availability, charge transport pathways, and 
ultimately the balance between coloration depth and 
recovery speed [16]. 

3.6. Antibacterial Activity of As-Prepared Samples 

The antimicrobial activity of the synthesized samples 
(T1-D90W10 and T1-D70W30), shown in Figure 8, was 
evaluated using the disc diffusion method to measure 
the zone of inhibition, while the microtube dilution 
method was employed to determine the Minimum 
Inhibitory Concentration (MIC) across varying 
concentrations. To ensure uniformity of the inoculum 
and achieve confluent microbial growth, a McFarland 
0.5 turbidity standard was applied. At its highest tested 
concentration (400 mg/ml), the T1-D70W30 sample 
exhibited no inhibitory activity against Staphylococcus 

aureus (Gram-positive). However, the same sample 
produced moderate inhibition zones against Escherichia 
coli (Gram-negative) when compared to ciprofloxacin 
(positive control), indicating some degree of selective 
antibacterial activity.  

In contrast, the T1-D90W10 sample demonstrated 
stronger antimicrobial performance (Figure 8). It 
produced pronounced inhibition zones against S. aureus 
and moderate zones against E. coli, showing broader 
efficacy relative to ciprofloxacin [7]. However, the 
comparative results indicate that the T1-D90W10 sample 
was more effective than the T1-D70W30 sample in terms 
of inhibition zone diameter, MIC, and Minimum 
Bactericidal Concentration (MBC) [20, 21]. The reduced 
potency observed in the T1-D70W30 ml sample may be 
attributed to the higher water content, which could 
dilute active components, alter the chemical structure of 
Ethaline, or interfere with antimicrobial interactions at 
the bacterial membrane level. Such effects appear to vary 
with bacterial cell wall architecture, as differences were 
noted between Gram-positive (S. aureus) and Gram-
negative (E. coli) strains [7, 22]. 

4. Conclusions 

This work demonstrated the successful synthesis of 
reversible photochromic tungsten oxide nanoparticles 
via a simple, low-temperature, and environmentally 
friendly DES-water approach. Characterizations (FTIR, 

Figure 8. Antimicrobial activities of T1-D90W10 and T1-D70W30 

composite against S. aureus and E. coli. 
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XRD, UV-Vis, SEM-EDX) confirmed their controlled 
crystallinity, uniform distribution, and stable metal-
oxygen bonding. The nanoparticles showed strong UV-
Vis absorption, rapid coloration under UV irradiation, 
and reversible fading, highlighting their suitability for 
optical devices, sensors, and rewritable media. In 
addition, the WO3 nanocomposites exhibited strong 
antimicrobial activity, effectively inhibiting both 
Staphylococcus aureus and Escherichia coli through 
synergistic ROS generation and oxygen vacancy-
mediated redox cycling. This dual functionality, 
photochromism, and antimicrobial performance 
demonstrate the potential of DES-water synthesis as a 
sustainable platform for developing advanced 
nanomaterials with applications in healthcare, water 
purification, food safety, and protective equipment. The 
study provides new insights into how DES-water 
interactions influence nanoparticle functionality, 
offering a blueprint for tailoring material properties 
through green chemistry. Its findings also contribute to 
addressing global challenges of antimicrobial resistance 
while advancing multifunctional nanomaterials. Future 
work could explore the scalability and integration of 
these materials into practical devices and coatings. 
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