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This study details the synthesis and characterization of photochromic tungsten-molybdenum oxide (W-Mo) 
nanocomposites using a deep eutectic solvent (Ethaline) composed of choline chloride and ethylene glycol in a 1:2 molar 
ratio, providing a green and efficient fabrication route. FTIR analysis confirmed the successful incorporation of metal oxides 
into the DES matrix, evidenced by characteristic metal-oxygen (W-O and Mo-O) stretching vibrations observed within the 
947-767 cm-1 and functional group interactions. Scanning electron microscopy imaging revealed agglomerated, irregularly 
shaped particles with porous morphologies, while energy dispersive X-ray spectroscopy confirmed the homogeneous 
distribution of W and Mo within the composite. X-Ray diffraction patterns indicated a predominantly amorphous structure 
with broad peaks corresponding to semicrystalline tungsten and molybdenum oxide phases. Ultraviolet-visible spectroscopy 
showed strong absorption in the 259-476 nm range, confirming efficient light-induced activation. The nanocomposites 
exhibited excellent photochromic performance, transitioning rapidly from cream-yellow to blue within three seconds under 
UV exposure, and reversibly fading in an oxygen-rich environment within 50 min. Electrochemical impedance spectroscopy 
(EIS) further revealed that the W-Mo (0.8:0.2) composite had the lowest charge transfer resistance, enhancing electron 
transport and accelerating photo-switching behaviour. The combined structural, optical, and electrochemical properties of 
these materials underscore their promise for use in smart windows, UV sensors, and dynamic display technologies. 
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Introduction 
Photochromism is a reversible optical phenomenon 

in which a material undergoes a distinct colour 
change when exposed to light, transitioning between 
two states with different absorption spectra1,2. This 
unique property has attracted considerable attention 
for applications in ophthalmic lenses, smart windows, 
optical data storage, and various optoelectronic 
devices3. While early research in photochromic 
systems primarily focused on organic compounds due 
to their tunable properties, recent advancements have 
shifted towards inorganic materials4. Inorganic 
photochromic systems are now favoured due to their 
superior thermal stability, mechanical robustness, 
chemical resistance, and long-term durability under 
repeated cycling. Among inorganic systems, transition 
metal oxides (TMOs) have emerged as promising 
candidates owing to their adjustable electronic 

structures, broad-spectrum light responsiveness, and 
structural versatility5. These oxides, particularly 
tungsten oxide (WO3), molybdenum oxide (MoO3), 
titanium dioxide (TiO2), and vanadium pentoxide 
(V2O5) are capable of undergoing redox-driven 
photochromic transformations involving changes in 
metal oxidation states and ion intercalation6. 
Transition metal oxides are also advantageous for 
their low toxicity, strong visible and near-infrared 
light responsiveness, and potential for integration into 
thin films, coatings, and nanostructured devices7. 

Tungsten oxide (WO3) is notable among TMOs due 
to its well-established photochromic and electrochromic 
properties8. Its coloration mechanism usually 
involveslight-induced electron transfer that reduces W6+ 
to W5+ or W4+, accompanied by H+ ion intercalation into 
the lattice, forming tungsten bronzes (HxWO3). This 
process produces a visible colour change from pale 
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yellow or transparent to intense blue9. However, 
traditional WO3-based photochromic systems face 
challenges like slow response times, limited 
reversibility, and narrow spectral operation windows10. 
To address these issues, recent strategies have focused 
on nano-structuring into nanosheets, nanorods, and 
hierarchical architectures and doping with other 
transition metals such as cerium (Ce) and copper (Cu)11. 
These modifications can adjust the bandgap, create 
oxygen vacancies, and enhance charge transport, thereby 
improving both coloration efficiency and recovery 
speed12. For example, Cu-doping causes lattice 
distortions and electronic defects that enable faster 
electron movement, while Ti-doping boosts visible-light 
sensitivity and active site availability13. Another 
effective approach is fabricating heterojunctions 
between WO3 and other TMOs or semiconductors such 
as ZnO, Fe2O3, or V2O5. These hybrid systems benefit 
from interfacial charge separation, broader light 
absorption, and increased cycling stability, making them 
more suitable for real-world applications. The synergy 
between different oxides in these heterostructures 
enhances light-matter interaction and improves photo-
induced charge transferefficiency14. The synthesis of 
these functional oxide nanocomposites can be done 
through various techniques, each offering specific 
advantages in controlling morphology, crystallinity, and 
composition. Common methods include sol-gel 
processing, hydrothermal and solvothermal methods, co-
precipitation, electrospinning and spray pyrolysis, 
thermal decomposition and combustion, and 
microwave-assisted synthesis15.  

In recent years, the use of deep eutectic solvents 
(DESs) has gained attention as a sustainable, non-toxic, 
and multifunctional alternative16. Deep eutectic solvents, 
formed through hydrogen bond interactions between 
donor and acceptor components, exhibit a much lower 
melting point than their individual constituents. They not 
only serve as reaction media but also act as templating 
or structure-directing agents, offering control over 
particle size, porosity, and morphology17. However, this 
study reports the DES-assisted synthesis of a binary 
transition metal oxide nanocomposite, incorporating 
WO3 and MoO3, with outstanding photochromic 
performance.  
 

Experimental Section 
 

Materials 
Analytical-grade chemical reagents used to 

synthesize the materials include glacial acetic acid 

(CH₃COOH, 99.5%) and ethylene glycol (C₂H₆O₂, 
99.0%), both purchased from Dow Chemical, USA. 
Choline chloride (C₅H₁₄ClNO, 98.0%) was obtained 
from Eastman Chemical Co. Ltd, USA while sodium 
molybdate tetrahydrate (Na₂MoO₄ꞏ4H₂O, 99.0%) was 
supplied by Sinopharm Chemical Reagent Co. Ltd, 
China. In addition, absolute ethanol (C₂H₅OH, 99.8%) 
and sodium tungstate (Na₂WO₄, 98.5%) were 
procured from Shanghai Yuanye BioTech Co. Ltd, 
China. Another batch of absolute ethanol was sourced 
from Mitsubishi Chemical, Japan. 
 
DES Preparation 

The deep eutectic solvent (ethaline) was 
synthesized by combining choline chloride and 
ethylene glycol in a molar ratio of 1:2. The mixture 
was stirred vigorously at 80°C for 45 min until a clear 
and homogeneous solution was obtained, following 
the procedure outlined in prior studies19. This solution 
was then maintained under vacuum at the same 
temperature to ensure stability before being used to 
prepare the WO3-MoO3 composite. 
 
Synthesis of Mo-doped WO3 nanocomposite 

The W-Mo(E) nanocomposite was prepared by 
dissolving sodium tungstate (WO₃, 0.9 g) and sodium 
molybdate (MoO₃, 0.1 g) in 10 mL of an ethaline 
(DES). The solution was stirred magnetically at 60°C 
for 45 min to ensure complete dissolution and 
uniform dispersion of the precursors. Thereafter,  
5 mL of glacial acetic acid was introduced to the 
solution to reduce the pH and facilitate the formation 
of coordination complexes. Thereafter, the mixture 
was further stirred for another 120 min to allow the 
reaction to proceed to completion. The resulting 
product, labelled W-Mo(E) 0.9:0.1, was separated by 
centrifugation, rinsed several times with absolute 
ethanol to remove residual impurities, and then dried 
in a conventional oven at 80°C overnight18,19. The 
whole process is shown in Fig. 1. 

For comparison purposes, three additional samples, 
W-Mo(E) 0.95:0.05, W-Mo(E) 0.8:0.2, and W-Mo(E) 
0.7:0.3 were synthesized under the same conditions in 
separate setups using the same volume of DES18,19. 
 
Photochromic activity of the nanocomposite 

The powdered samples were placed on a clean 
sheet of white paper and pressed for the photochromic 
activity test. Light irradiation was performed on the 
sample for 24 s using a xenon lamp (B300 mW cm2) 
UV-visible light source (Beijing NBET Technology 
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Co. Ltd). The reverse fading process was done in the 
open air at a room temperature19. 
 

Basic characterization of all the composites 
Fourier-transform infrared (FTIR) spectroscopy 

was applied to identify the functional groups present 
in the synthesized composites. Data were collected 
using a Shimadzu 8400S spectrometer with KBr pellet 
samples, covering the 400-4000 cm⁻¹ range at a 
resolution of 2.0 cm⁻¹ to ensure sharp and well-
defined absorption features. Structural phase analysis 
was performed by powder X-ray diffraction (PXRD) 
on a Rigaku Ultima IV diffractometer, operated with 
monochromatic Cu Kα radiation (λ = 0.15406 nm). 
Optical characteristics were assessed using a 
Shimadzu UV-2600 UV–visible spectrophotometer, 
recording both reflectance and transmittance spectra 
in the 200–800 nm wavelength range under ambient 
conditions. Morphological and microstructural 
observations were carried out with a scanning electron 
microscope (SEM, FEI model 110730002486) after 
sputter-coating the specimens with a thin conductive 
gold layer. The elemental composition of the 
materials was examined using an energy-dispersive 
X-ray (EDX) detector integrated into the SEM setup. 
SEM imaging was performed at an accelerating 
voltage of 45 kV with a beam current of 45 mA. 
Electrochemical impedance spectroscopy (EIS) 
measurements were conducted to investigate 
interfacial resistance and charge-transfer dynamics. 
The experiments were performed using a 
potentiostat/galvanostat system in the frequency range 
of 0.01 Hz to 100 kHz, applying a sinusoidal 

perturbation of 10 mV at the open-circuit potential. 
The impedance data were represented as Nyquist plots 
and interpreted through equivalent circuit fitting to 
extract relevant electrochemical parameters. 
 
Results and Discussion 
 

FTIR analysis of the composites 
The FTIR spectra of the composites, presented in 

Fig. 2, illustrate the presence of various functional 
groups through their characteristic absorption bands. 
While the functional groups appeared at similar 
wavenumbers across the samples, variations in peak 
intensity were observed. These differences are likely 
associated with interactions among the chemical 
species, particularly the enhancement of certain weak 
absorption bands originating from the deep eutectic 
solvent (DES) upon incorporation of metals at 
different ratios (0.9:0.1 and 0.8:0.2) to form the  

 
 

Fig. 1 — Schematic representation of the preparation method and resulting morphological changes in the nanocomposite 

 
 

Fig. 2 — FTIR spectra of the resulting composites 



INDIAN J CHEM TECHNOL, JANUARY 2026 
 
 

14 

W-Mo(E) 0.9:0.1 and W-Mo(E) 0.8:0.2 composites, 
respectively20,21. The spectra exhibited distinct 
vibrational features, including a sharp N-H stretching 
band at 3729 cm-1 and a broad O-H stretching band 
centered around 3415 cm-1. Additionally, weaker 
bands at 1686 and 1470 cm-1 were identified, 
corresponding to C=O stretching and N-H bending 
vibrations typical of amide groups22. A modest peak 
at approximately 1064 cm-1 was attributed to C-O-C 
linkages. Moreover, absorption bands observed within 
the 947-767 cm⁻¹ range were assigned to W-O and 
Mo-O stretching vibrations, indicative of tungsten-
oxygen and molybdenum-oxygen bonding within the 
composite matrix23,24. 
 
SEM and Energy-Dispersive X-ray spectroscopy 

The composites, produced at different mass ratios 
of transition metal oxides in a deep eutectic solvent 
medium, were examined by scanning electron 
microscopy (SEM). As shown in Fig. 3, the images 
reveal significant particle agglomeration, with 
compact clusters evident across the surface. Such 
aggregation is likely associated with structural 
reorganization during drying, where rapid solvent 
removal promotes interparticle contact. The particles 
exhibit predominantly irregular morphologies with 
coarse surface textures, and the size variation 
indicates heterogeneous nucleation and growth during 
synthesis25. Energy-dispersive X-ray spectroscopy 
(EDX) verified the presence of W, C, O, and Mo, 

with notable C and O abundances that are important 
for the reverse fading response of photochromic 
materials (Table 1)25. 
 
XRD analysis 

X-ray diffraction analysis of the synthesized 
nanocomposites showed a distinct peak at 10.63o 
corresponding to (2 0 0) of ammonium tungsten oxide 
hydrate, [5(NH4)2Oꞏ12WO3ꞏ5H2O] (JCPDS card No. 
36-0101) is associated with the monoclinic structure of 
MoO4, confirming its presence alongside WO3. Other 
noticeable peaks at 6.92°, 13.31°, and 23.67° 
correspond to (-1 0 1), (-1 0 3), and (1 0 3) of the 
monoclinic tungsten oxide according to the standard 
pattern JCPDS card No 36-0101 (Fig. 4). The detection 
of this low-angle reflection indicates the simultaneous 
formation of hydrated and ammonium-containing 
tungsten oxide phases, alters the interlayer separation, 
and retains structural water within the lattice. 

The diffraction features suggest a semi-crystalline 
nature, where aggregated particles consist of both 
ordered and disordered domains, as reflected by the 
mixture of well-defined and broadened peaks. A 
progressive reduction in peak intensity with 
increasing dopant loading implies that the dopant 
plays a crucial role in modifying the crystallization 
behavior of WO3, possibly reducing crystallite 
dimensions and introducing structural defects25. In 
addition, the average particle size (D) was calculated 
using Scherrer’s equation: 

 
 

Fig. 3 — SEM images of the resulting composites: (a) W-Mo (E) 0.9:0.1, (b) W-Mo (E) 0.8:0.2 and (c) W-Mo (E) 0.7:0.3 
 

Table 1 — Data summary from EDX showing the relative abundance of the element in the composites 

Elements W C O Mo 

Composite/Composition (%) W A W A W A W A 
W-Mo(E) 0.9:0.1 76.2 78.9 8.4 9.2 10.2 11.3 5.2 2.3 
W-Mo(E) 0.8:0.2 67.3 70.2 11.2 13.9 13.4 10.3 8.1 5.6 
W-Mo(E) 0.7:0.3 62.3 66.2 10.2 13.5 14.5 12.2 13.1 9.1 
A: atomic percent; W: weight percent 
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D = 
.

                        … (1) 

 
Where λ is wavelength of Cu Kα radiation  

(λ =0.1518 nm), β is full width at half maximum of 
the diffraction plane, and θ is Bragg diffraction angle. 
Therefore, the average crystalline size from the 
intense peak was 20.47 nm. 
 
EIS analysis 

The Nyquist plots, as illustrated in Fig. 5, show 
semicircular arcs that are indicative of the interfacial 
charge transfer resistance (Rct) between the 
nanocomposite and the electrolyte interface31,32. 

A comparative assessment between the W:Mo 
(0.9:0.1) and (0.8:0.2) samples reveals that the 0.8:0.2 

nanocomposite exhibits a notably smaller semicircle. 
This corresponds to a lower Rct value, suggesting 
enhanced electrical conductivity and more efficient 
charge carrier mobility across the electrode-
electrolyte interface. The observed improvement can 
be attributed to the increased MoO3 content, which 
contributes to a more interconnected structure, 
facilitating electron delocalization and accelerated 
charge transport33,34. 

This electrochemical behaviour plays a pivotal role 
in determining the material’s photochromic response. 
The reduced charge transfer resistance observed in the 
0.8:0.2 composite implies that photogenerated 
electrons can be more readily transferred through the 
material, thereby promoting faster and more 
reversible photochromic transitions35,36. 

Thus, the incorporation of an optimal molybdenum 
content not only enhances electrical conductivity but 
also supports improved photo-induced charge 
dynamics, which are essential for achieving high-
performance photochromic materials. 

 
UV-visible spectroscopy analysis  

The photochromic response of transition metal oxide 
nanocomposites is known to be highly dependent on 
both the dopant concentration and the synthesis 
medium. Varying mass ratios of molybdenum (0.05, 
0.1, 0.2, and 0.3g of Mo) were incorporated into a WO3 
matrix to evaluate their effect on optical properties and 
colour-switching efficiency. The absorption spectra 
(Fig. 6) confirmed that increasing Mo content 
enhanced light absorption across the UV-visible region. 
This behaviour aligns with previous reports where 

 
 

Fig. 6 — UV-visible screening of the photochromic responses of
different nanocomposites before exposure to UV-light 

 
 

Fig. 4 —XRD plots of as-prepared samples at 80oC; W:Mo(E)
0.9:0.1; W:Mo(E)0.8:0.2; W:Mo(E) 0.7:0.3 
 

 
 

Fig. 5 — EIS spectra of as-prepared samples at 80℃; W:Mo(E)
0.9:0.1 and W:Mo(E) 0.8:0.2 
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transition metal dopants, such as Cu2⁺, introduced 
additional donor states that effectively narrowed the 
bandgap of WO3, thus extending the photo response 
into the visible light region29. 

UV-visible screening of the photochromic 
responses of the nanocomposite after exposure to light 
at different time intervals is shown in Fig. 7. The 
optimal photochromic behaviour was observed at a 
Mo loading of 0.2 g, where a pronounced colouration, 
bleaching reversibility, and increased light absorption 
were recorded. This enhanced performance is due to 
improved charge separation and suppressed electron-
hole recombination, facilitated by the substitution of 
W6+ with Mo6+ ions29 (Fig. 8). Similar trends have 
been reported in Cu-doped WO3 systems, where 
moderate doping levels improve photoactivity, while 
excessive dopant concentrations result in defect states 
that act as recombination centers, reducing overall 

efficiency29. The 0.05 g Mo sample displayed weak 
optical absorption, suggesting insufficient dopant 
levels for meaningful alteration of the electronic 
structure.  

In contrast, the 0.3 g Mo sample exhibited 
diminished visible light activity, with absorption 
restricted largely to the UV region, due to 
oversaturation of Mo leading to structural disorder or 
the formation of non-conductive molybdate phases19. 

Furthermore, the role of deep eutectic solvents 
(DES) as the reaction medium was critical in tailoring 
the morphological and optical characteristics of the 
composites. The DES used comprises quaternary 
ammonium salts (choline chloride) and hydrogen 
bond donors (ethylene glycol) molecules, promoting 
the formation of uniform nanostructures and a 
hydrogen-bonded network conducive to electron 
mobility. Prior studies have shown that DESs 
influence nucleation, particle growth, and surface 
properties of metal oxides, affecting charge transport 
and redox behavior8,10. In particular, DESs' alcohol-
based hydrogen bond donors contribute protons 
essential for the photo-induced redox reactions, thus 
facilitating the reversible colour change. 

Additionally, the presence of the quaternary 
ammonium group (R₃N⁺) within the DES matrix 
further assists in photogenerated electron transfer 
processes. These cationic centers are known to 
promote charge separation at the oxide interface; an 
effect observed in DES-mediated synthesis of 
photochromic materials such as V2O5 and TiO2

10,11. 
The hydrogen bonding interactions between chloride 
anions and ethylene glycol further stabilize the 
reaction environment, enabling uniform dispersion of 
the molybdenum oxide and contributing to the 
consistent optical behaviour across the composite 
samples 12,13. 

Taken together, the findings indicate that both the 
MoO3 and the DES-assisted synthesis route are 
critical parameters in tuning the photochromic 
performance of W-Mo (E) nanocomposites. The 
observed enhancement in colouration reversibility and 
absorption characteristics for the 2 g Mo sample 
underscores the importance of optimizing dopant 
concentration to balance electronic structure 
modification with structural integrity. These results 
provide insight into the design of advanced 
photochromic materials using transition metal oxides 
and sustainable solvent systems for smart 
optoelectronic applications. 

 
 

Fig. 7 — UV-visible screening of the photochromic responses of
the nanocomposite after exposure to light at different time
intervals 
 

 
 

Fig. 8 — Schematic illustration of the excitation and electron
transfer in the photochromic binary metal oxide nanocomposites 
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Photochromism behaviour of the composites 
The photochromic response of the as-prepared W-

Mo(E) was investigated under visible light irradiation 
using a 300 mW cm⁻² xenon lamp. As shown in  
Fig. 9, the composite initially displayed a creamy 
yellow colour, which transformed into a distinct blue 
hue within three seconds of exposure. The colouration 
intensity increased with prolonged irradiation, 
reaching saturation after approximately 24 s. This 
rapid, light-induced transition and its reversibility 
suggest a highly active photochromic mechanism 
operating within the W-Mo oxide matrix29. 

The observed optical transformation is 
characteristic of transition metal oxides with mixed-
valence states. In particular, both W and Mo are 
known for their ability to undergo reversible redox 
reactions under photon excitation. Upon exposure to 
visible light, electron transfer is initiated within the 
lattice, leading to the reduction of W6+ to W5+ and 
Mo6+ to Mo5+. These reduced species introduce 
localized electronic states in the bandgap, contributing 
to visible light absorption and thus the appearance of 
blue coloration9,13. This mechanism is consistent with 
earlier studies on WO3 and MoO3 films, where 
photochromic switching was attributed to intervalence 
charge transfer (IVCT) between adjacent W or Mo 
cations in different oxidation states13. 

In this W-Mo system, the interplay between both 
metal centers further enhances the electron hopping 
process. The intervalence charge transfer can occur 
not only between similar ions (W6+/W5+ or 
Mo6+/Mo5+) but also across different metal centers 

(Mo5+ → W6+ or W6+→ Mo5+), facilitating a dynamic 
and efficient redox process9,10. The mixed oxide 
matrix, enriched with multiple valence states (W6+, 
W5+, Mo6+, Mo5+), creates a conducive environment 
for fast coloration under light and stable bleaching in 
the dark16,18. 

The reversibility of this process was demonstrated 
by allowing the irradiated sample to recover in a dark, 
oxygen-rich environment (Fig. 10). Within 50 min, 
the blue coloration faded, and the sample returned to 
its original creamy yellow color. This behavior is 
indicative of the reoxidation of W⁵⁺ and Mo⁵⁺ back to 
their respective +6 oxidation states, a process 
commonly reported in reversible photochromic 
systems13. Oxygen in the atmosphere acts as an 
electron scavenger, facilitating the restoration of the 
initial valence state and thereby enabling the 
bleaching mechanism19. 

The significant decrease in reflectance intensity in 
the visible region during light exposure further 
confirms the formation of photo-induced absorption 
bands. These bands are attributed to the transition of 
electrons from oxygen 2p orbitals to the d orbitals of 
W and Mo atoms, or to the creation of polaronic states 
that absorb visible light8,9. Notably, the coloration 
intensity saturated after 24 s, suggesting the redox 
process reached a thermodynamic limit under 
continuous illumination (Fig. 9). 

The synthesis route using DES may also contribute 
to the photochromic enhancement. The DES 
environment introduces protons and facilitates 
uniform dispersion of metal ions, which enhances the 

 
 

Fig. 9 — Visible eye screening before and after the exposure to UV-light 
 

 
 

Fig. 10 — Reverse fading process at different time intervals 
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structural homogeneity and the mobility of charge 
carriers29. Studies have shown that DES-based 
synthesis often results in smaller particle sizes and a 
high concentration of surface-active sites, both of 
which are beneficial for fast redox kinetics and strong 
coloration effects in metal oxides29,30. 
 
Conclusion 

Tungsten oxide-molybdenum oxide (WO3-MoO3) 
nanocomposites were successfully synthesized via 
Ethaline. Characterization confirmed the effective 
incorporation of metal oxides into the DES matrix, 
with FTIR revealing characteristic metal-oxygen 
interactions and SEM showing irregular, 
agglomerated particle morphologies. XRD analysis 
indicated the formation of a monoclinic 
semicrystalline phase. The nanocomposites exhibited 
a rapid and reversible photochromic response, 
transitioning from pale yellow to deep blue under UV 
irradiation, supported by UV-visible spectral changes 
involving LMCT and d-d transitions. Electrochemical 
impedance spectroscopy further validated the 
enhanced charge transport and interfacial conductivity 
of the DES-assisted composites, confirming efficient 
electron mobility critical to their photochromic 
switching behaviour. The stable and responsive 
performance under anaerobic conditions highlights 
the potential of these materials for advanced 
applications in smart windows, optical switches, and 
photo-responsive coatings. 
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