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Deep Eutectic Solvent-Assisted Hydrothermal Synthesis of
Chitosan-Based Nanohybrid Films Functionalized with Silver-
Decorated Tungsten Oxide

Shephrah Olubusola Ogungbesan,*? Oluwaseun Hanah Anselm,” Eduardo Buxaderas,c Yanina
Moglie,© César Saldias,¥ Mulenga Kalulu,® Rosemary Anwuli Adedokun,® Enock Olugbenga Dare,f
Michael Olawale Daramola,g David Diaz Diaz*"' and Guodong Fu*2

This study presents the fabrication and characterization of chitosan-based nanohybrid films incorporating silver-decorated
tungsten oxide (Ct-AgWOs). In this work, deep eutectic solvent-assisted hydrothermal synthesis of WO3 nanoparticles was
combined with in situ silver decoration and chitosan reduction to synthesize a nanohybrid film. The effects of the reaction
time on the structural, morphological, and functional properties of the nanohybrid films were investigated over time. The
resulting nanohybrid film was characterized using UV-Vis spectroscopy, FESEM, EDX, FTIR, XPS, Raman spectroscopy, TGA,
and photoluminescence. Morphological analysis revealed the evolution from clustered particulates at 30 min to better-
dispersed nanoparticles after 6 h, with particle sizes between ca. 21 and 48 nm. XPS analysis of the nanofilm confirmed the
presence of the W®* oxidation state and the success of silver decoration. Moreover, the Raman spectra revealed a monoclinic
WO; crystal structure and enhanced electronic properties due to the oxygen vacancies created by Ag decoration. The degree
of degradation resistance was greater than that of the chitosan-WOj; films without silver decoration, as revealed by the

thermal analysis data.

Introduction

There has recently been an increase in the use of n-type
semiconductors in gas sensing, pollution control, drug delivery,
biosensors, and anticancer and antimicrobial activities, among
other applications.'?3 Tungsten trioxide (WOs3) is one of the
most frequently used n-type semiconductors and is widely
applied in the biomedical field because of its tunable energy
bandgap of less than 3.0 eV, which makes it suitable for visible
light absorption, and it has several notable physicochemical
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properties, such as optochromism, electrochromism,
gasochromism, (NIR) light absorption, and
conversion into thermal energy.*#>® Its high resistance to
corrosion is attributed to tungsten having a highly oxidative
state (+6), which prevents further electron loss.” The crystal
structure of WOs3 varies with preparation method and
temperature, exhibiting phases such as orthorhombic,
monoclinic, triclinic, and tetragonal phases.® At room
temperature, WOs3 is most stable in the monoclinic phase, which
is crucial for maintaining its optical and electronic properties in
biomedical applications.? Additionally, nonstoichiometric
tungsten oxides are of significant interest because of their
enhanced electrical conductivity, superior NIR photothermal
conversion ability, and narrower band gap caused by oxygen
vacancies.'® Both stoichiometric and nonstoichiometric
tungsten oxides are small, environmentally friendly, and cost-
effective, making it suitable for various electrochemical and
biomedical applications, including temperature sensors,
photoelectrodes, visible light photocatalysts, biosensors, and
agents for photothermal and photodynamic therapy.!?

The physicochemical properties of WO3 nanomaterials can
be fine-tuned by adjusting their dimensions, crystal structure,
and morphology, which is crucial for enhancing their biomedical
and chemical applications.'? Various techniques exist to alter
the nanoscale geometry. However, introducing dopants (such
as Pt, Au, Ag, Zn, Fe, Cr, Sn, and Bi) into the WOs lattice is the
simplest method to achieve the desired properties.’* For
example, treatment with Cs, Bi, or Rb increases the absorption
of NIR light by WOs3 nanoparticles and their efficient heat

near-infrared


mailto:dddiazdiaz@ull.edu.es
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cp00607h

Open Access Article. Published on 26 May 2026. Downloaded on 5/26/2026 11:36:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Physical.Chemistry Chemical Physics

transfer.?* Decoration with magnetically active metal ions such
as Mn?* or Gd3 is useful for designing MRI-guided
photothermal and photodynamic therapies.>1617 Moreover,
the formation of conjugates or hybrids with other
semiconductor compounds (such as the metal oxides SnO,,
Co304, Fe;03, Zn0O, TiO,, Cu;0, CdS, graphene oxide, and carbon
dots) enhances free radical production under visible light
exposure. Additionally, strong absorbance and good
photoconversion effectiveness are made possible by the
conjugation of WO3 with TeO; in the first near-infrared region
between 650-950 nm and the second between 1000-1350 nm.?

Given the growing use of metal-decorated and hybrid WO3
nanoparticles in biomedicine, developing new synthetic
strategies to increase their production and efficiency is crucial.
The known efficiency of silver nanoparticles in biomedical
applications, such as cancer theragnostic, anti-inflammatory,
tissue engineering, wound healing, antibacterial, dental care,
antiplatelet, antiangiogenic, drug delivery, antiviral, and
antifungal activities, among others, is considered.'® Silver
nanoparticles are postulated to exert microbial effects through
damage to the membrane of microbes and damage the
subcellular structure. Despite their known antimicrobial
efficacy, silver nanoparticles face challenges such as instability,
cytotoxicity to healthy cells, and microbial resistance at high
concentrations, necessitating their optimization. Additionally,
the instability of silver nanoparticles, which is linked to
agglomeration, can be prevented by decorating them with
metal oxides or incorporating them into polymeric
materials.’®2° The decoration of WOs can increasingly generate
valence electrons, which in turn modulate the efficiency and
reactivity of the nanocomposite.

While numerous studies have focused on the synthesis,
properties, and various applications of tungsten oxide
nanoparticles, to the best of our knowledge, there have been
no reports on silver-decorated tungsten oxide chitosan
nanohybrid films. Silver nanoparticles (AgNPs) are unique
among metallic nanomaterials and have a wide range of
applications because of their distinct physicochemical
characteristics (such as optical, thermal, and electrical
conductivity), and the introduction of a small amount of silver
nanoparticles into the semiconductor crystal of WO3
nanoparticles via nontoxic, biodegradable, biocompatible and
bioavailable chitosan as a reducing agent will greatly increase
the optical, conductivity and photocatalytic properties, among
other properties. Research conducted in the past has shown
that silver nanoparticles are effective for antimicrobial
activity,?! and that WOs is effective for photocatalytic activity,??
but the combination of silver nanoparticles in a chitosan
biopolymer matrix has not been studied. This novel
combination may indeed improve the stability of silver
nanoparticles through metal oxide decoration, increase the
photocatalytic efficiency of WO3 via the plasmonic effect of
silver, and provide a biocompatible carrier system through the
chitosan matrix. To this end, this study presents the fabrication
of WOz NPs via deep eutectic solvent DES-assisted
hydrothermal synthesis, in situ decoration and chitosan
reduction of silver ions. The resulting slurry was subsequently

2 | J. Name., 2025, 00, 1-3

cast to form a silver-decorated tungsten nanopartigle film, via
the solvent casting method. A green metRbd AWasERpIRREA iR
this fabrication process; hence, the study was carried out
without the use of harmful chemicals. The working principle of
this nanohybrid system is based on the cooperation among its
three main constituents. The amino and hydroxyl groups of
chitosan act as reducing and stabilizing agents, which
coordinate with WOz and reduce the Agions into nanoparticles.
The inclusion of silver in the WOs system is expected to
influence the electronic structure, potentially introducing
oxygen vacancies and modifying the band gap, which may affect
visible light absorption. Therefore, this electronic modification,
together with the possible formation of Ag—WO; interfaces,
may influence charge transfer processes and consequently
affect the photocatalytic behavior and consequent antibacterial
efficacy through the increased generation of reactive oxygen
species. The creation of this nanohybrid system not only adds
to the list of antibacterial materials but also provides a basis for
tunable antimicrobial functionality without excessive amounts
of silver, which can hamper bacterial resistance and cytotoxic
effects in existing silver systems.

Materials and methods

Materials

All the materials used in this study were of analytical grade,
were supplied by Aladdin Inc. (Shanghai, China) and were used
as purchased without further purification. The materials used
included sodium tungstate dihydrate (Na;W04-2H,0 = 99.95%),
sodium chloride (NaCl > 99.5%), glacial acetic acid 100%,
ethylene glycol (EG = 99.8%), choline chloride (ChCl > 98%), and
silver nitrate (AgNOs). Chitosan with a degree of deacetylation
> 95%, was acquired from BeyoClickTM, China. Double distilled
water was used in the preparation of all aqueous solutions.

Synthesis of WO3; NPs and the Ag-decorated WO3-NP film

Tungsten oxide nanoparticles were prepared as described in our
previous work, with slight modifications.?3 Briefly, prior to the
preparation of WOs3, DES was prepared by dissolving 0.811 g of
ChCl in 50 mL of 0.130 M NaCl and 2.701 mL of ethylene glycol
(EG) and vigorously stirred for 5 min at 80 °C until all the
particles were completely dissolved. After the formation of the
clear DES, 0.851 g of Na,WO04-2H,0 was added while stirring
continuously. The solution was maintained at pH 3.0 by gradual
addition of acetic acid to optimize nanoparticle formation, and
the reaction flask was covered with foil to prevent light-induced
reactions. The solution was then placed in an autoclave oven at
120 °C for 4 h for the hydrothermal reaction (Scheme 1). The
resulting whitish particles in the reaction flask were collected
and washed with ethanol and water. The resulting tungsten
oxide nanoparticles were dried and stored for subsequent
use.?* A total of 0.356 g of the synthesized WO3 nanoparticles

This journal is © The Royal Society of Chemistry 20xx
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was dispersed in 1 mL of H,0. A mixture of 20 mL of 0.1% AgNOs
and 100 mL of 1% chitosan slurry was subsequently added, and
the mixture was stirred. After 30 min, 120 min and 360 min, the
slurry samples were collected and cast in Petri dishes. Film
thickness was determined using a micrometer thickness gauge.
Measurements were performed at least three times, and the
mean values were reported along with the corresponding error.

Characterization

The optical properties of the chitosan-based nanocomposite
films containing tungsten oxide nanoparticles were evaluated
using a molecular fluorescence spectrometer (FluoroMax-Plus)
and a UV—Vis spectrophotometer (UV-2600) in the 200-900 nm
range. Thermogravimetric analysis (TG209 F3) was carried out
to investigate the thermal stability of the films. The morphology
and elemental composition of the nanocomposites were
examined by field emission scanning electron microscopy
coupled  with energy-dispersive  X-ray  spectroscopy
(FESEM/EDX, Nova Nano SEM450). Functional groups, chemical
interactions, and structural features were analyzed using
Fourier transform infrared spectroscopy (FTIR, Nicolet IS50) and
micro-Raman spectroscopy (Xplora Plus).

Results and discussion

Scheme 1 illustrates the schematic representation of the
synthesis processes of the chitosan silver-decorated tungsten
oxide nanohybrid film (Ct-AgWOs3). Initially, WO3 nanoparticles
were synthesized using a deep eutectic solvent under acidic
conditions, followed by a hydrothermal treatment, where the
pH of the Na;WO, precursor solution was adjusted to 3.0. The
details of the mechanism of the synthesis of WO3-NP has been
reported previously.'® . Chitosan was dissolved in diluted glacial
acetic acid to form a transparent slurry, which acts as both a
stabilizing matrix and a reducing agent for the conversion of Ag*
ions into silver nanoparticles. Under acidic conditions, the
amine groups of chitosan become protonated, facilitating the
coordination of WO3 nanoparticles through —NH, and hydroxyl
functional groups. Simultaneously, Ag* ions are reduced by the
amino groups of chitosan and stabilized within the chitosan
matrix.2®

The resulting slurry was cast and dried at room temperature
after reaction times of 30 min, 2 h, and 6 h. These reaction times
were selected to investigate the time-dependent evolution of
the Ag/WOs—chitosan nanocomposites. At 30 min, the presence
of relatively small particles with limited crystallinity suggests an
initial nucleation stage of Ag and WOs3 nanoparticles and their
early interaction with the chitosan matrix. At an intermediate
reaction time of 2 h, enhanced nanoparticle growth and
improved dispersion are observed, while the data suggests the
presence of stronger interfacial, as supported by morphological
and spectroscopic analyses, which may be associated with
improved mechanical and optical behavior of the films.
Extending the reaction time to 6 h is associated with further
particle growth and increased cristalinity, leading to larger
nanoparticles and suggesting more robust interfacial

This journal is © The Royal Society of Chemistry 20xx
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interactions, which may contribute to enhanged, thesmal
stability and improved overall function&OpéPfetiidince Gothe
nanocomposites.
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Scheme 1. Schematic illustration of the fabrication of the Ct-
AgWO0Os3 nanohybrid film. Film thickness = 0.011 + 0.001 mm.

UV-Vis analysis

The optical characteristics of the synthesized nanohybrid film
formed after 30 min, 2 h and 6 h of reaction, as determined via
diffuse reflectance spectrophotometry, are illustrated in Figure
la-c. The spectra of the nanohybrid films show absorption
peaks between 400 and 500 nm. This indicates that induced
charge transfer occurred between the O 2p and W 5d orbitals.26
The reduction in reflectance with time from 30 min to 6 h
denotes the time-dependent nature of silver ion reduction by
the chitosan slurry, which directly influences nanoparticle
formation and optical properties (Figure 1a-b).

This demonstrates the progressive evolution of silver
nanoparticle formation through chitosan-mediated reduction.
This finding aligns with Din and co-workers?’” on silver-
decorated semiconductor systems, although the present
system shows enhanced absorption characteristics, possibly
due to the presence of chitosan. As the particle size increases,
the absorption edge migrates towards longer wavelengths.
Particle size and energy gap are two major parameters that
affect light absorption.28

Figure 1d-f shows the absorption spectra of the three film
samples. As the degree of decoration (Ag) and nanoparticle
formation increased, the absorption edge migrated towards
longer wavelengths. UV-Vis absorption spectra provide insight
into the development of electronic transitions and the
formation of nanoparticles within the nanohybrid films. Initially,
after 30 min (green line), the absorption peak is relatively weak,
indicating the early stages of silver ion reduction and its
interaction with the chitosan matrix. At 2 h (red line), the
absorption intensity increases, with a more pronounced peak at
approximately 400 nm, suggesting the occurrence of WOs-
related electronic transitions and the formation of Ag
nanoparticles via localized surface plasmon resonance (LSPR).
As the reaction progresses to 6 h (blue line), the absorption
band broadens and undergoes a redshift, indicative of
enhanced silver incorporation and possible nanoparticle

J. Name., 2025, 00, 1-3 | 3
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aggregation. The gradual integration of silver into the WO;
matrix modifies the electronic structure and optical properties
of the nanohybrid film, as evidenced by the increasing
absorption intensity and peak shift over time. These
observations suggest that an extended reaction time improves
silver incorporation efficiency and significantly influences the
optoelectronic behavior of the material.

It should be noted that the distinct shape observed for the
2 h sample may be associated with differences in nanoparticle
distribution and surface morphology, as suggested by SEM
analysis. This intermediate stage of growth may lead to
variations in light scattering and optical response compared to
the 30 min and 6 h samples. Moreover, the spectral region
below 300 nm exhibits strong and irregular features, which can
be attributed to instrumental limitations and enhanced light
scattering effects at high absorption energies. Such effects are
commonly observed in nanostructured films and may lead to
signal distortion in this spectral range. It is also important to
consider that absorbance measurements in nanostructured
films are highly sensitive to film thickness, surface roughness,
and light scattering effects, which can influence the spectral
shape. This may explain the apparent differences between
absorbance and reflectance data of these materials.

The optical band gap (Eg) was estimated using Tauc plots
based on the Kubelka-Munk function derived from diffuse
reflectance data, assuming an indirect allowed transition for
WOs. The band gap values were obtained by extrapolating the
linear region of the (F(R)-hv)"2 vs. hv plots to the energy axis. It
should be noted that the determination of Eg is subject to
uncertainty due to the selection of the linear fitting region and
baseline variations, with an estimated uncertainty of
approximately £0.05—-0.10 eV. The decrease in the energy band
gap (Figure 1 g-i) observed in the films synthesized at 30 min, 2
h, and 6 h suggests the formation of localized states within the
bandgap, induced by the incorporation of Ag into the WOs-
chitosan matrix. These localized states facilitate electronic
transitions at lower energy levels, contributing to the observed
bandgap narrowing. As the reaction time increases, the
enhanced silver incorporation and interaction with WO3 likely
lead to improved charge carrier mobility, which in turn can
enhance the material’'s photocatalytic efficiency and
optoelectronic performance. These results suggest that Ag
incorporation and structural evolution may influence the optical
properties of the system. Additionally, this decrease in the
energy band gap over time suggests successful silver
decoration, potentially enhancing the photocatalytic activity of
the material in biological systems.?° For comparison, the optical
band gap of WO3; was independently estimated from UV-Vis
absorption data to be approximately 2.66 eV, which is
consistent with reported values for WOsin the range of 2.5-3.0
ev.?

The reduced band gap can be attributed to multiple factors.
Chitosan, acting as both stabilizing and reducing agent,
introduces additional electronic interactions within the
nanohybrid system, potentially modifying its electronic
structure and contributing to band gap narrowing3® The
hydroxyl (-OH) and amino (-NH,) functional groups in chitosan

4| J. Name., 2025, 00, 1-3

can coordinate with WOs and Ag, modifying the,elestronic
structure and potentially generating DRiidgHp 94ta€8906hat
contribute to band gap reduction. Additionally, the extent of Ag

incorporation plays a crucial role, as higher silver
concentrations can enhance localized surface plasmon
resonance (LSPR) effects. The interaction between Ag

nanoparticles and WOs3 can introduce impurity states within the
band structure, further lowering the optical band gap and
influencing the material’s optoelectronic properties.3!

Another critical factor to consider is the formation of oxygen
vacancies, induced by the incorporation of Ag into the WOs3
structure.3?2 These vacancies act as donor states within the band
gap, introducing additional energy levels that contribute to
band gap narrowing. Moreover, the extended reaction time
during synthesis influences crystallinity, particle size, and the
extent of Ag incorporation. A longer reaction time enhances
decoration efficiency and strengthens electronic interactions,
further promoting band gap reduction.33

Additionally, the hybridization of electronic states, arising
from the interaction of WO3 with chitosan’s functional groups,
along with Ag reduction and capping, can modify both the
conduction and valence bands, thereby altering the overall
electronic structure of the nanocomposite.

The observed bandgap reduction can also be attributed to
the structural and morphological characteristics of the material,
including its crystallinity, nanostructure size, and interfacial
interactions among Ag, WOs, and chitosan. A less ordered
structure, increased surface states, or modifications in
electronic transitions can shift the absorption edge, leading to
further band gap narrowing. Nevertheless, a direct comparison
with WO3 or Ct—WO3 reference samples would be required to
isolate the specific effect of Ag incorporation, which is beyond
the scope of the present study.
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Morphological analysis

Field emission scanning electron microscopy (FESEM) was
employed to examine the morphology of the nanohybrid film
samples. Figure 2 shows the corresponding micrographs and
particle size distributions. All three film samples exhibited the
attributed to WOs
nanoparticles decorated with Ag and embedded within the
chitosan matrix, as supported by SEM observations in
conjunction with EDX mapping, XPS, and Raman analyses. In this
context, the term “nanoparticles” refers to WOs-based
nanoscale domains with Ag decoration distributed within the

formation of nanoscale structures

chitosan matrix.

The nanohybrid film obtained after 30 min of reaction
(Figure 2a) showed noticeable particle aggregation and
irregular shapes. In contrast, the Ct-AgWOs3 nanohybrid film
formed after 2 h of reaction displayed smaller and more
dispersed nanoparticles (Figure 2b). However, the particle
density at this stage was lower than that observed in the
nanohybrid film synthesized after 6 h, which exhibited well-
dispersed, densely populated nanoparticles with a more
defined spherical morphology (Figure 2c). This morphology
suggests uniform particle growth and reduction of surface
energy, which are essential for enhanced dispersion within the
chitosan matrix.

The average particle size of the film synthesized after 30 min
was 48.03 nm, whereas that of the film obtained after 2 h of
reaction was 29.29 nm. This difference in particle size may be
attributed to incomplete dispersion of the nanoparticles within
the chitosan matrix at shorter reaction times, resulting in
particle aggregation in the 30 min sample. The particle size
distribution of the 30 min film revealed a broad range of sizes,
indicating a high degree of polydispersity. After 2 h of reaction,
the total number of nanoparticles increased and the average
particle size decreased to 21.29 nm (Figure 2b), which may be
attributed to the increased reduction of silver ions by chitosan.
The higher nanoparticle density in the 6 h film sample indicates
enhanced nanoparticle formation, while the increase in the
average particle size at this stage can be attributed to the
successful decoration of a larger number of WO3 nanoparticles
by silver atoms. This significant increase in particle density
suggests that the reduction of silver ions to silver-decorated
tungsten oxide nanocomposite are time dependent processes.
The formation of Ct-AgWO3 nanohybrid films likely follows a
nucleation and growth mechanisms driven by specific chemical
interactions among the components. The aggregation observed
at the initial reaction stage (30 min) can be ascribed to the rapid
reduction of silver ions by the amino group of chitosan,
consistent with the mechanism proposed by Zaheer,'7:3* in
which -NH; groups act as both reducing and stabilizing agents.
The subsequent evolution toward well-dispersed nanoparticles
after 2 h suggests effective chelation between the silver
nanoparticles and the chitosan matrix through coordinate
covalent bonding, similar to the approach reported by An and
co-workers.3>

The changes in particle density observed after 6 h are
supported by the controlled size distribution (21.29-48.03 nm),

This journal is © The Royal Society of Chemistry 20xx
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indicating a two-step growth process in whijch.Silver
nanoparticle nucleation occurs first, folloWad ByHRFECHHIAN
with WOs.

This growth mechanism differs from the conventional metal
oxide growth pathways reported by Chen and co-workers.3¢ The
ability of chitosan to provide a suitable chemical environment
arises from its polycationic nature. The predominantly spherical
morphology of the nanoparticles suggests low surface energy
during growth, while their homogeneous dispersion indicates
efficient surface stabilization by the hydroxyl and amino
functional groups of chitosan. Furthermore, the gradual
increase in silver content, as confirmed by EDX analysis,
demonstrates that chitosan effectively controls the reduction
kinetics, thereby minimizing aggregation compared with of
uncontrolled synthesis of silver nanoparticles in the absence of

Mean: 45.89 nm
Std. err: 1.339

Mean: 21.29 nm
Std. err: 1.137

Mean: 48.03 nm
Std. err: 2.151
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Fig. 2 SEM micrographs and corresponding particle size
distribution curves of the Ct-AgWOs films prepared after (a) 30

min, (b) 2 h, and (c) 6 h of reaction.
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Figure 3 presents the EDX spectra, elemental mapping and
atomic composition of the nanohybrid film formed after 30 min,
2 h and 6 h of reaction. Figure 3a-c confirm the presence of C,
N, O, Ag and W in the all samples, although at different atomic
ratios. The EDX spectra also reveal a relatively uniform
distribution of tungsten atoms. The time-dependent ability of
chitosan to reduce silver ions into silver nanoparticles results in
a progressive increase in the percentage of silver detected at
longer reaction times.

The nanohybrid film synthesized after 30 min (Figure 3a)
exhibits the presence of silver; however, the EDX elemental
mapping indicates a non-uniform distribution. At, this stage, the
tungsten content is relatively low (approximately 13.3 wt%),
while silver accounts for 25.8 wit%, suggesting that the
reduction process is still incomplete. The slightly scattered
elemental distribution implies that the reaction remains in its
early stages, and silver nanoparticles have not yet fully formed
or dispersed homogeneously within the polymeric matrix. In
contrast, the film obtained after 2 h of reaction (Figure 3b)
shows a significant increase in silver content, reaching 38.8
wt%, which indicates that a larger fraction of silver ions has
been reduced, resulting in a higher nanoparticle density. The
elemental distribution is notably more homogeneous than the
observed for the 30 min sample, as observed in the EDX
mapping images. In addition, the tungsten content increases to
approximately 20.8 wt%, suggesting enhanced incorporation of
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tungsten oxide into the nanohybrid structure. These results
indicate that chitosan promotes the reduction of silver ions,
leading to a higher yield of silver nanoparticles that become
progressively embedded within the chitosan-tungsten oxide
matrix.

For the nanohybrid film formed after 6 h (Figure 3c), the
silver content reaches its highest value at 44.1 wt%, further
confirming the progressive and time-dependent reduction of
silver ions. This increase is associated with enhanced
nanoparticle formation and improved uniform dispersion,
reinforcing the structural integrity of the nanohybrid film. The
elemental mapping reveals a higher and more uniform
dispersion of silver, indicating the formation of a homogeneous
nanohybrid film.

The tungsten content remains nearly constant compared to
the 2 h sample, showing a slight decrease to 19.7 wt%, which
can be attributed to the predominance of silver in the overall

[Element [Weight %[ Atom % |
c 27.43 48.05

N 7.79 11.70

o 25.62 33.69

Ag 2583 504
w 13.33 1.53
Total 100 100

5

O Kat
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25um 5um
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composition at longer reaction times. Meanwhile, the.garhen
content remains nearly constant, suggeStiigl@RaEYRE 653N
matrix effectively stabilizes nanoparticle formation without
undergoing degradation. Overall, the EDX results confirm that
longer reaction times enhance silver incorporation and
promote improved homogeneity, which is particularly relevant
for the antimicrobial performance of the films, as a higher and
more uniformly distributed silver content is expected to
enhance antimicrobial activity.

It should be noted that SEM provides information primarily
on surface morphology and does not allow a definitive
determination of the internal structure of the nanocomposite.
A more detailed structural characterization (e.g., by TEM or
XRD) would be required to fully resolve the internal architecture
and phase distribution, which is beyond the scope of the
present study.

[ Element [Weight %[ Atom % |

c 20.44 49.12
N 4.57 9.42
o 15.42 27.82
Ag 38.80 10.38
w 20.77 3.26
Total 100 100

[ Etement [Weight %[ Atom % |

c 21.55 55.18
N 3.20 7.02
o 11.41 21.92
Ag 44.13 12.58
w 19.72 3.30
Total 100 100
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CKal,2
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SHm
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Fig. 3 EDX spectra and corresponding elemental mapping of Ct-AgWOs films prepared after (a) 30 min, (b) 2 h and (c) 6 h of reaction

FTIR analysis

To determine the functional groups, present in the synthesized
Ct—AgWO3 nanohybrid film, Fourier transform infrared (FTIR)
spectroscopy was employed. The FTIR spectra of the
synthesized nanohybrid samples (at 30 min, 2 h, and 6 h) in the
range of 400—4000 cm™ are shown in Figure 4. The three sample
films displayed similar characteristic peaks to those of chitosan
and tungsten oxide, with increasing intensity over reaction
time. The stretching vibrations of —OH and —NH groups are
responsible for the broad band between 3667 and 3183 cm-?,
with a maximum at approximately 3264 cm™. The peaks at 2933
and 2887 cm™ are assigned to C—H stretching vibrations. The

6 | J. Name., 2025, 00, 1-3

peaks at 1654, 1560, 1387, 1319, 1147, and 1012 cm™ are
attributed to the carbonyl group of amides (amide 1), N-H
bending vibrations of amine groups, symmetric deformation
modes of CHs3/CH, bending vibrations, C—H deformation
vibrations associated with amide Ill N—H, C—O—C vibrations, and
C—-O stretching vibrations, respectively. The peaks at 882 and
818 cm™ are attributed to W=0 vibrations, whereas the O-W—
O bond stretching vibrations are responsible for the peaks
observed at 559 and 489 cm™.

These observations, based on FTIR spectral analysis of the
Ct—AgWOs3 nanohybrid films, indirectly indicate the presence of
various molecular interactions and binding phenomena within
the composite system. The broad absorption band centered at

This journal is © The Royal Society of Chemistry 20xx
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3264 cm™ suggests that the chitosan network exhibits a high
density of hydrogen bonding involving both —OH and —NH
groups. This broadening, compared with the pure chitosan
spectra reported by Algethami and co-workers,3® indicates
enhanced intermolecular interactions resulting from silver
decoration. Compared with the undecorated systems, the
characteristic peaks at 2933 and 2887 cm! corresponding to the
C—H stretching vibrations of chitosan exhibit slight shifts, which
may indicate modification of the chitosan backbone through
metal coordination.

The appearance of peaks at 882 and 818 cm?, characteristic
of W=0 vibrations, along with the O—W-0 stretching modes at
559 and 489 cm™!, demonstrates the successful incorporation of
tungsten oxide within the chitosan matrix. Variations in these
peaks with reaction time are reflected by the relative increase
in their intensities, consistent with observations reported by
Karimi-Maleh and co-workers?? in similar metal-oxide systems.
The bands attributed to the amide | region (1654 cm) and
amine group vibrations (1560 cm™) further confirm
coordination interactions between chitosan functional groups
and silver and tungsten species. Such interactions are expected
to contribute to enhanced mechanical strength and
antibacterial properties. This coordination mechanism differs
from conventional metal-polymer composite systems
described by Vigani and co-workers,*° suggesting the presence
of a three-component interaction that enhances mechanical
integrity and may influence antibacterial activity through
controlled metal ion release.

6h

30 min

Transmittance (%)

i
OHI CH
N-H

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Fig. 4 FTIR spectra of the Ct—AgWO3 nanohybrid films formed
after 30 min, 2 h, and 6 h of reaction.

XPS analysis

The three synthesized Ct—AgWOs3 nanohybrid film samples were
characterized by X-ray photoelectron spectroscopy (XPS), and
the corresponding spectra are shown in Figure 5. The XPS survey
scan presented in Figure 5a confirms the presence of O 1s, C 1s,
Ag 3d, N 1s, and W 4f peaks. The deconvoluted core-level
spectra of the corresponding elements are shown in Figures 5b—
d, respectively. Due to spin—orbit splitting of the W 4f core level,
the W 4f spectra of the film formed after 6 h exhibit a doublet
with binding energies at 35.63 eV (W 4f;2) and 37.76 eV (W
4fss;). Similar doublets were observed for the 2 h sample at

This journal is © The Royal Society of Chemistry 20xx
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35.65 and 37.83 eV and for the 30 min sample @t,35.87-and
37.80 eV. The close similarity of these pB&k positidmirdicates
that tungsten exists predominantly in the W®* oxidation state in
all three samples, with a characteristic intensity ratio of
approximately 4:3. The weak feature observed in the 41-42 eV
binding energy range corresponds to WO3 loss features. The
gradual increase in peak intensity from 30 min to 6 h can be
attributed to the time-dependent ability of chitosan to reduce
silver ions to metallic silver in the absence of external
catalysts.?”

Detailed XPS analysis reveals the complex nature of the
interface at the Ag—WOs junction, which is characterized by
electronic interactions between silver and tungsten atoms and
the formation of localized electronic states. These interactions,
manifested as small shifts in binding energies and valence band
features, suggest the formation of a composite electronic
system that may enhance photocatalytic properties. Notably,
this system exhibits different band alignment characteristics
compared with conventional Ag—semiconductor interfaces
reported by Viorica and co-workers,*! due to the mediating role
of the chitosan matrix. Core-level spectral analysis further
provides evidence for the existence of distinct chemical
environments at particle surfaces and within the bulk, as well as
interface-specific electronic states that differ from those
reported by Dickens and co-workers*? for similar metal—oxide
systems. The asymmetry observed in the W 4f spectral region
suggests the formation of oxygen vacancies at the interface,
which generate localized regions of high electron density and
may enhance charge carrier mobility. These XPS features, which
evolve with reaction time, indicate complex interfacial
synergies between silver reduction kinetics and tungsten oxide
structural characteristics, extending beyond simple surface
decoration effects commonly reported in the literature.

The XPS results further confirm the successful incorporation
of silver into the WO3 framework within the chitosan matrix.
The consistent presence of Ag 3d peaks in all samples confirms
the existence of silver in the nanohybrid films, while the
progressive increase in peak intensity with reaction time
indicates enhanced reduction of silver ions to metallic silver.
Additionally, slight binding energy shifts in the Ag 3d spectra
suggest strong electronic interactions between silver and the
surrounding matrix components, particularly chitosan and
tungsten oxide. The W 4f peaks remain consistent with the W¢*
oxidation state across all samples, confirming that WO3 retains
its chemical stability throughout the synthesis process. Minor
shifts observed in the W 4f and O 1s spectra further indicate
electronic interactions between tungsten oxide and embedded
silver nanoparticles, supporting the conclusion that silver is not
merely adsorbed on the WOsz surface but effectively
incorporated into the nanohybrid structure. The C 1s and N 1s
spectra provide additional evidence of chitosan’s role in
stabilizing silver nanoparticles, as changes in their chemical
states indicate strong interactions between the polymer matrix
and metal species. In particular, nitrogen-related peaks
associated with protonated and amine functionalities confirm
that chitosan actively participates in the reduction and
stabilization of silver, promoting its uniform dispersion within
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the WOs framework. Moreover, shifts in the O 1s spectra
further support that silver incorporation modifies the electronic

environment of WOs, potentially enhancing the, funstignal
performance of the nanohybrid films.  DOI: 10.1039/D6CP00607H
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Fig. 5 a) XPS survey spectra of the Ct—AgWOs3 nanohybrid films recorded after 30 min, 2 h, and 6 h of reaction; b) C 1s, c) Ag 3d, d)

N 1s, e) W 4f, and f) O 1s high-resolution spectra.
Raman analysis

Raman spectroscopy is an extremely sensitive and powerful
technique for identifying structural defects and assessing crystal
quality. In this study, Raman analysis was used to confirm the
structure of WO3 and to evaluate the effect of Ag decoration
within the chitosan matrix. The Raman spectra were recorded
using a laser wavelength of 532 nm.

The W-0 stretching vibrations of WO3 can be assigned to the
peak at 73 cm™, while the bending vibrations of the bridging
oxygen in W—0O—-W bonds are associated with the peaks at 216
and 337 cm™1.%3The peaks observed at 547 and 637 cm,
attributed to the bending vibrations of WOs, reflect the integrity
of the monoclinic crystal structure and the influence of silver
decoration on the vibrational modes.3? The O—W-0 stretching
vibrations of monoclinic WOs3 can be correlated with the peak
at 808 cm™, whereas the peak at 915 cm™ is characteristic of
W=0 bonds in the hexagonal WO3; phase. Among these, the
peaks at 73, 216, and 808 cm™ correspond to the major
vibrational modes of monoclinic WOs3, while the peak at 547 cm-
lis considered a minor mode.**

Due to the formation of structural and surface defects,
oxygen vacancies, and stoichiometric distortions arising from
the mismatch in valence states and ionic radio between Ag*/Ag®
and W¢* ions, the Ag-decorated samples exhibit noticeable peak
shifts and peak broadening.3?2 As a result, the WOs3 lattice
contains a higher density of oxygen vacancies induced by the
incorporation of Ag® and Ag* ions, which enhances the
electronic properties of the material. The increase in peak
intensity can also be attributed to the higher dopant

8 | J. Name., 2025, 00, 1-3

concentration resulting from the time-dependent reduction of
silver ions to silver nanoparticles.

Raman spectral analysis further provides insight into the
vibrational behavior of the chitosan matrix and the Ag—WO3;
interface. The observed peak broadening and frequency shifts,
particularly in the low-frequency region, indicate modifications
in WOz phonon modes caused by silver incorporation,
exceeding similar effects reported in other metal-oxide systems
by Kirit.*>* The appearance of an additional vibrational mode at
879 cml, distinct from the characteristic WOs; modes, suggests
the formation of new chemical interactions at the metal—oxide
This interaction may facilitate photon-coupling
processes, thereby influencing the electronic and optical
properties of the nanohybrid material.

Consistent with the theoretical

interface.

analysis reported by
Scaccabarozzi and co-workers,*® increased charge transfer is
expected in such decorated semiconductor systems. The
relative intensities of the W—O—-W bridging modes and terminal
W=0 vibrations provide an indication of the extent of silver
decoration, while the presence of combination bands suggests
a close interaction between the metal oxide network and the
chitosan polymeric backbone. Overall,
features point to a more complex and synergistic interaction
mechanism than those previously reported for similar
composite systems.

these vibrational

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 Raman spectra of the Ct-AgWOs nanohybrid films
synthesized after 30 min, 2 h, and 6 h of reaction.

Thermogravimetric analysis (TGA)

Thermal analysis was performed to evaluate the thermal
stability of the synthesized nanohybrid films under temperature
variations, highlighting their potential suitability for drug
delivery and biomedical applications. The thermal behavior was
assessed by thermogravimetric analysis (TGA), and the TGA
curves of the three Ct—AgWO3 nanohybrid films were compared
with those of the chitosan—tungsten oxide (Ct—WOs3) film
reported previously (Figure 7).47

Two major weight-loss stages were observed for all samples.
The films synthesized after 6 h, 2 h, and 30 min exhibited an
initial weight loss of approximately 13% between 0 °C and 102
°C, whereas the Ct—WOs film showed a weight loss of about 12%
between 0 °C and 139 °C. This initial weight loss is attributed to
the removal of physically adsorbed moisture, indicating
relatively low hydration, which is a desirable feature for
maintaining thermal stability in biomedical applications. The
occurrence of dehydration at lower temperatures in the Ct—
AgWOs3 samples suggests the effect of silver decoration, which
likely reduces the accessibility of hydrophilic active sites.*8

The second major weight-loss step occurred between 200
and 450 °C for the Ct—AgWOj3 nanohybrid films, while for the Ct—
WO:s film it was observed between 240 and 450 °C. At 800 °C,
the total weight losses for the 6 h, 2 h, 30 min, and Ct—-WOs films
were 51.30%, 51.30%, 53.05%, and 62.06%, respectively. This
noticeable difference demonstrates that the thermal stability of
the chitosan—tungsten oxide film is significantly enhanced upon
decoration with silver nanoparticles.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 TGA curves of the Ct—AgWOs nanohybrid films
synthesized after 30 min, 2 h, and 6 h, compared with the Ct—
WO3 film.

Overall, the chitosan silver-decorated tungsten oxide
nanohybrid films exhibit superior thermal stability compared to
the undecorated chitosan—tungsten oxide film, as evidenced by
their higher degradation onset temperatures and lower total
weight loss. The incorporation of silver into the WOs—chitosan
matrix reinforces the hybrid structure, thereby reducing the
rate of thermal degradation. Differential thermogravimetric
analysis (DTG) further confirms the presence of distinct
degradation steps, with the main weight-loss peaks shifting
toward higher temperatures in the silver-decorated samples,
indicating enhanced thermal resistance.

Comparative analysis of the TGA and DTG results suggests
that silver incorporation plays a key role in improving the
thermal stability of the nanohybrid films. In contrast, the Ct—
WOs3 film, which lacks silver, exhibits lower thermal resistance
and greater weight loss at lower temperatures, likely due to the
limited structural reinforcement provided by tungsten oxide
alone. The delayed thermal decomposition observed for the
silver-decorated films indicates stronger interfacial interactions
among chitosan, silver, and tungsten oxide components.

The stabilizing effect of silver is attributed to its ability to
enhance structural rigidity and interfacial bonding within the
hybrid matrix, effectively acting as a thermal barrier that slows
polymer degradation.*?50 Similar behavior has been reported in
previous studies, where noble metal decoration in polymer—
metal oxide hybrids improved thermal resistance through
enhanced metal dispersion and stronger polymer-metal
interactions. Additionally, silver nanoparticles are known to
improve thermal stability by restricting polymer chain mobility
and delaying the degradation of the polymeric phase, as
previously observed in other chitosan-based metal
nanocomposite systems.>!

Overall, the enhanced thermal stability of the chitosan
silver-decorated tungsten oxide nanohybrid films, compared to
the pristine chitosan-tungsten oxide film, is attributed to the
synergistic effects of silver incorporation and tungsten oxide
reinforcement within the chitosan matrix.>2:53
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Analysis of photoluminescence spectra

The photoluminescence (PL) properties of the prepared
nanohybrid film samples were investigated to gain insight into
the band gap, oxygen deficiency, impurity energy levels, and
surface defects of the semiconducting oxide present in the
system. The de-excitation process from the conduction band
(CB; WS¢, 4f) to the valence band (O 2p) leads to the appearance
of a broad emission peak with a maximum at 459 nm, which is
attributed to band-edge transitions. This emission is associated
with an energy level of approximately 2.7 eV and reflects
radiative recombination processes influenced by charge
transfer interactions among WOs, Ag, and the chitosan matrix
within the hybrid structure.

The emission peak observed at 380 nm is associated with
defect-related  states, particularly oxygen
Additionally, the peak detected at 534 nm is also associated
with Vo* oxygen vacancy—related states. Variations in PL
intensity among samples cast after different reaction times (30
min, 2 h, and 6 h) indicate modifications in the electronic
structure and defect density. Notably, the samples prepared
after 2 h and 6 h exhibit higher PL intensities compared to the
30 min sample, which may be associated with increased radiative
recombination pathways and defect-related emissions. This
behavior is likely related to enhanced Ag—WOs interactions and
the stabilization of defect sites with prolonged reaction time. It
should be noted that the PL spectra were not normalized with
respect to absorbance at the excitation wavelength. Therefore, the
PLresults are interpreted qualitatively in terms of emission pathways
rather than as a direct measure of recombination efficiency.

The prominent emission centered at 459 nm corresponds to
characteristic band gap transitions of WOs-based
nanostructures, which are commonly reported for tungsten
oxide nanocomposites and fall within the visible region.>* Silver
decoration plays a significant role in modifying the optical
properties of the nanohybrid films. The incorporation of Ag
nanoparticles induces localized surface plasmon resonance
(LSPR) effects, which can either enhance or quench PL emissions
depending on their interaction with the WO3; matrix. The
observed PL behavior suggests that Ag nanoparticles promote
charge transfer processes, highlighting the potential of the Ct—
AgWOs3 nanohybrid films for optoelectronic and photocatalytic
applications. Compared to undecorated WOs3 films, which
typically display PL emissions in the blue region (ca. 420-460
nm) associated with oxygen vacancy states, the Ct—-AgWOs3
nanohybrid films exhibit a redistribution of emission intensity,
reflecting the influence of silver incorporation on the electronic
structure.

The chitosan matrix acts as both a reducing and stabilizing
agent during nanohybrid film formation. Its functional groups
can coordinate with metal ions, facilitating the formation and
stabilization of metal nanoparticles within the polymeric matrix,
thereby influencing the optical properties of the resulting
composites. Previous studies have shown that the
incorporation of semiconductor nanocrystals into chitosan-
based biopolymer systems leads to materials with distinct PL
characteristics. In the present Ct—AgWOs nanohybrid films,

vacancies.
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chitosan likely plays a crucial role in stabilizing Ag nanaprarticles
and maintaining a uniform film structu?&): WhitkoKigh ARty
affects the observed PL behavior.>>

Similar trends have been reported for other chitosan-based
nanocomposites with tunable PL properties depending on their
composition and synthesis conditions. For example,
chitosan/poly(vinyl alcohol)/ZnO nanocomposite films have
shown enhanced PL intensity and red-shifted emission
compared to chitosan-based films without ZnO nanoparticles,
emphasizing the role of metal oxides in modulating optical
behavior.®¢ Furthermore, the incorporation of reduced
graphene oxide or carbon nanotubes into chitosan matrices has
been reported to improve both electrical conductivity and
photoluminescence properties. These findings highlight the
versatility of chitosan as a functional matrix for designing
nanocomposites with tailored optical characteristics.
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Fig. 8 Photoluminescence spectra comparing the emission of
the nanohybrid films synthesized after 30 min, 2 h, and 6 h at
an excitation wavelength of 280 nm and emission wavelengths
between 300 and 540 nm.

The proposed photocatalytic mechanism of the prepared
nanohybrid material is illustrated in Figure 9. When photons
with energy equal to or greater than the band gap energy of the
nanomaterial irradiate the catalyst surface, photoexcitation
occurs, generating electrons in the conduction band and holes
in the valence band.5”*8 The photogenerated electrons can
react with dissolved oxygen to form superoxide radical anions
(02°7), reactive oxygen species (ROS), or hydrogen peroxide
(H203). Simultaneously, the holes in the valence band interact
with water molecules or hydroxide ions (OH") to generate
hydroxyl radicals (OH®).

These reactive species, including H*, O,*", OH*®, and H,0,,
play a crucial role in the photocatalytic process and induce
oxidative stress in biological systems, ultimately leading to cell
death via necrosis or apoptosis. The presence of silver may
contribute to interfacial charge transfer process at the Ag—WO3
interface, trapping photogenerated electrons and suppressing
electron-hole recombination. However, a detailed assessment of
charge-carrier dynamics still  require

would time-resolved
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photoluminescence or transient spectroscopic techniques, which are
beyond the scope of the present work.
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Fig. 9 lllustration of a plausible photocatalytic mechanism of
silver and tungsten oxide in the nanohybrid film.

Owing to the difference in work function between Ag and
WOs, photogenerated electrons tend to migrate from Ag to the
conduction band of WOs3, resulting in band bending and the
formation of a space-charge region. This charge separation
enhances the lifetime of photogenerated carriers, enabling
efficient redox reactions and promoting ROS generation, which
underpins the photocatalytic and bioactive performance of the
Ct—AgWOs3 nanohybrid films.

Conclusions

To investigate the effect of reaction time on the morphology,
growth process, and structural and optical properties of the
samples, Ct—AgWOs3; nanohybrid films were successfully
fabricated via a green synthesis and reduction approach at
reaction times ranging from 30 min to 6 h. The presence of
tungsten oxide within the chitosan matrix under all investigated
conditions was confirmed by FTIR analysis. The FTIR spectra of
samples prepared at different hydrothermal reaction times
showed increasing peak intensities over time, indicating the
influence of silver nanoparticle incorporation.

Distinct morphological evolutions were observed with
increasing reaction time, including agglomerated spherical
particles at 30 min, relatively well-dispersed and sparse
particles after 2 h, and well-dispersed, densely populated
particles after 6 h. These morphological changes are attributed
to limited reaction time during the initial stages of silver
reduction and a lower availability of silver nanoparticles for
decorating WOj3 within the polymer matrix. As the reaction time
increased, the particle size initially decreased and subsequently
increased.

Overall, the synthesized Ct—AgWOs3 nanohybrid material
exhibits effective structural, optical, and functional properties.
The time-dependent synthesis resulted in spherical
nanoparticles with a narrow size distribution (21.29-48.03 nm)
and improved thermal stability up to 800 °C. The material
showed strong optical activity in the 400-500 nm region and
efficient charge transfer behavior, as evidenced by the
retention of the WS oxidation state and controlled silver

This journal is © The Royal Society of Chemistry 20xx
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decoration. The results suggest potential improvements inthe
optical and functional properties dueDfd: ScHBfIP GRREGISN
formation under UV-light irradiation. Owing to its
multifunctional properties, the green-synthesized Ct—-AgWOs;
nanohybrid film shows strong potential for applications in
antimicrobial coatings, photocatalytic water treatment, medical
devices, self-cleaning materials, and food packaging. Its potent
antibacterial activity, controlled silver release, thermal stability,
and uniform film-forming ability further support its suitability
for medical textiles, protective packaging, and coatings for
biomedical and industrial applications.
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