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Abstract

An Ag>0-Zn/Ti0: (AZT) nanocomposite was developed to overcome the limitations of conventional ZnO- and
TiO2-based sunscreens, which offer UV protection but lack efficacy against high-energy visible (HEV) light.
The nanocomposite was synthesized using a sol-gel co—doping method, incorporating Ag.O to enhance
photocatalytic activity and enable plasmonic absorption in the HEV range. Its morphological structure and
elemental composition were analyzed using field emission scanning electron microscopy (FE-SEM) with
energy-dispersive X-ray spectroscopy (EDX). X-ray diffraction (XRD) was used to assess the crystalline
structure, and optical properties were evaluated using a UV—visible spectrophotometer. The nanocomposite
exhibited crystallite sizes ranging from 28.6 to 33.2 nm, with a predominant rutile phase. Optical properties
revealed an energy bandgap ranging from 2.16 to 3.02 eV and broad-spectrum absorption extending into the
HEV region (417-574 nm). The incorporation of Ag.O improved HEV attenuation compared to conventional
ZnO and TiO.. In vitro SPF testing showed that Ag.O-Zn/Ti0: provided moderate UV protection, with values
comparable to conventional TiO.. Notably, it offered a more balanced UVA/UVB protection profile,
highlighting its potential as an effective broad-spectrum UV filter.
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1 Introduction

Solar radiation consists of approximately 49%
infrared (IR) radiation, 43% visible light, and 5-8%
ultraviolet (UV) radiation, though these values may
vary due to atmospheric conditions and geographic
location. Blue light (high-energy visible: HEV) is a
part of the visible spectrum, with wavelengths ranging
from 450 to 500 nm. It has higher energy and shorter
wavelengths compared to other visible light colors [1].
Blue light is emitted not only by solar radiation but
also by electronic devices such as smartphones,
computers, tablets, TVs, fluorescent lights, and LED-
based lighting. Blue light radiation penetrates deep
into the skin, leading to the production of reactive
oxygen species (ROS), which induce oxidative stress
and cause damage to skin cells, proteins, and lipids,
thereby accelerating the aging process. Additionally,
blue light can trigger inflammatory responses,

exacerbating conditions such as acne and rosacea [2],
[3]. Studies also suggest that blue light can stimulate
melanogenesis, leading to hyperpigmentation,
particularly in individuals with darker skin tones [4].
Furthermore, blue light exposure may accelerate
collagen degradation, contributing to the formation of
wrinkles and fine lines, which are characteristics of
photoaging. Finally, prolonged blue light exposure
can impair the skin barrier function, increasing
susceptibility to environmental damage and moisture
loss [5], [6].

Conventional physical sunscreens, also known as
mineral  sunscreens, typically contain active
ingredients such as ZnO and TiO:, which physically
block or reflect UV radiation. However, these
materials are primarily designed to protect against
UV-A and UV-B radiation, and their blue light
shielding capacity remains limited due to insufficient
absorption in the visible range.
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TiO: is widely applied in UV filtration,
photocatalysis, and solar cells due to its high stability,
low cytotoxicity, and strong photocatalytic activity.
Similarly, ZnO, with a 3.4 eV bandgap and high
exciton binding energy (60 meV), offers excellent
UV-blocking properties, optical transparency, and
thermal stability. Despite these advantages, both TiO:
and ZnO suffer from critical limitations: rapid
electron—hole recombination lowers photocatalytic
efficiency, and their microparticle forms scatter
visible light strongly, leading to an undesirable
whitening effect on the skin [7]-[13].

To address these issues, nanoparticulate forms of
TiO2 and ZnO have been adopted, reducing visible
scattering and improving aesthetic appeal. Moreover,
TiO2 has been coupled with other semiconductors
such as ZnO to suppress recombination and enhance
photocatalytic activity. This coupling facilitates
charge transfer by aligning conduction and valence
band positions, thereby improving carrier separation.
However, despite these advances, TiO2/ZnO-based
systems still exhibit weak absorption in the high-
energy visible (HEV) region (400-500 nm), limiting
their effectiveness for blue light protection.

Furthermore, increasing the concentration of
these metal oxides to improve HEV light scattering
often intensifies the whitening effect, compromising
their cosmetic applicability. Thus, a more effective
strategy is needed to extend visible light absorption
without sacrificing transparency, particularly in the
context of developing next-generation sunscreen
formulations that address both UV and HEV exposure
risks [14]-[20].

Recent studies on co-doped systems such as
Ag/TiO: [21], Sr—ZnO [22], and Al/Ni-TiO: [23] have
demonstrated improved photocatalytic activity,
primarily in the UV region. In contrast, the Ag.O—
Zn/Ti0O2 nanocomposite developed in this study was
designed to extend absorption into the high-energy
visible (HEV) range while maintaining cosmetic
transparency.

Its structural, optical, and UV—visible shielding
properties were systematically evaluated for potential
sunscreen applications, with particular focus on HEV
protection. The Ag.0-Zn/TiO> nanocomposite was
synthesized by co-doping titanium dioxide (TiO2) with
silver oxide (Ag20) and zinc oxide (ZnO). This design
enhances charge separation efficiency, suppresses
electron-hole recombination, and leverages surface
plasmon resonance (SPR) to achieve efficient high-
energy visible (HEV) light absorption within the 400—

500 nm wavelength range while maintaining desirable
cosmetic properties.

2 Materials and Methods
2.1 Synthesis of Ag20-Zn/TiO: nanocomposite powders
Ag:0-Zn/TiO2 nanocomposite  powders were

synthesized via a sol-gel co-doping method, following
methodologies validated in recent studies of ZnO-—

TiO2  composites.  Zinc  acetate  dihydrate
(Zn(0O2CCHs)2-2H.0, >99%  purity, KEMAUS,
Australia), titanium(I'V) isopropoxide

(Ti(OCH(CHzs)2)s, Sigma-Aldrich), and silver nitrate
(AgNOs, 99.9% purity, POCH, Poland) were used as
precursors. The synthesis employed a 9:1 molar ratio
of titanium isopropoxide to zinc acetate dihydrate, a
proportion optimized in prior work to stabilize
anatase—rutile TiO» phases and enhance interfacial
charge transfer in ZnO-TiO: systems [24]-[26]. Silver
nitrate concentrations were varied at 0%, 0.1%,
0.25%, and 0.5% to modulate plasmonic and defect-
mediated optical properties. The molar concentrations
of Ag and Zn precursors were calculated relative to the
amount of titanium precursor. A titanium isopropoxide
solution was prepared by dissolving the precursor in
deionized water and ethanol, followed by 30 min of
stirring. Separately, a nitric acid solution was prepared
by mixing HNOs in deionized water, which was then
slowly added to the titanium isopropoxide solution
under vigorous stirring at 60 °C for 2 h. A solution
containing zinc acetate dihydrate and silver nitrate
dissolved in ethanol was introduced to the mixture,
and the pH was adjusted to 3 using NaOH, followed
by stirring at 60 °C for 2 h until a white sol-gel formed.
The synthesized samples were washed with a 50%
ethanol solution and collected via membrane filtration
using a polycarbonate membrane (0.22 pm pore size).
After drying overnight in a hot-air oven at 120 °C, the
powders were calcined at 600 °C for 2 h, a temperature
demonstrated to optimize crystallinity and
photocatalytic activity in Ag20—Zn/TiO: hybrids.

2.2 Characterization of Ag20-Zn/TiO: nanocomposite
powders

The crystalline structures of the synthesized
nanocomposites were analyzed using X-ray
diffraction (XRD; Bruker D8) with a Cu-Ka radiation
source (A = 1.54 A). Diffractograms were recorded
over a 20 range of 20° to 80°. Field emission scanning
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electron microscopy (FE-SEM; JEOL JSM-IT800),
equipped with an  energy-dispersive  X-ray
spectrometer (EDS), was used to examine morphology
and average particle sizes. Particle size distributions
were determined from FE-SEM images using Image]
software. Optical band gaps were calculated via Tauc
plot analysis derived from UV-visible spectrophotometry
(PerkinElmer Lambda 950), with spectra recorded
across 250-800 nm at a step size of 1.0 nm.
Conventional ZnO- and TiO:-based sunscreen
formulations served as reference materials for UV
absorbance comparisons. A 0.01% w/w dispersion of
the synthesized nanocomposites in ethylene glycol
was prepared by sonication for 30 minutes. /n vifro sun
protection efficacy (SPF) was evaluated for both the
synthesized nanocomposites and conventional as ZnO
and TiO: sunscreens. Polymethyl methacrylate
(PMMA) plates (Helioscience, 5 cm X 5 cm, 5 um
roughness) were used as substrates. Samples (0.0325 g)
were uniformly dispersed onto PMMA plates to
achieve a film thickness of 1.2 mg/cm?, followed by
air-drying for 30 min under controlled conditions (25 °C,
50% relative humidity). UV transmittance measurements
were performed using a Labsphere UV-2000
Ultraviolet Transmittance Analyzer, spanning 250—
450 nm with 1 nm resolution. Absorbance spectra
were recorded in triplicate for statistical reliability.

3 Results and Discussion
3.1 Physical appearance and characterization

A high-energy visible light-protective compound was
developed for cosmetic sunscreen applications,
utilizing titanium dioxide (TiO:) as the primary
physical UV filter. To achieve this, the targeted
material was required to be a fine, white powder
devoid of any gray or black impurities. The inclusion
of Ag:O was found to influence the physical
characteristics of the powder, with higher
concentrations leading to a grayish-white appearance
due to the formation of silver oxide clusters.
Consequently, the proportion of Ag.O was carefully
controlled and maintained below 0.5% of the
nanocomposite to ensure a predominantly white
appearance. This precise regulation allowed the
material to retain desirable cosmetic properties while
providing effective blue light blocking and UV
protection (Figure 1).

=

Figure 1: Physical appearance of the synthesized

AgyO-Zn/TiO: nanocomposite in: (a) 0.1% AgO-Zn/TiOx;
(b) 0.25% AgrO-Zn/Ti02; and (c) 0.5% Ag>0-Zn/TiOs.

The FE-SEM images (Figure 2(a)—(d)) confirmed
nanocrystalline morphology and revealed increased
particle size with higher Ag.O content. This trend was
attributed to silver nanoparticles promoting aggregation
and growth. The observed size dependence suggested
that Ag nanoparticles acted as nucleation sites,
facilitating controlled growth and selective aggregation
during synthesis. Complementary EDS mapping
(Figure 2(e)—~(h)) confirmed the presence and
distribution of Zn and Ag throughout the TiO- matrix,
as indicated by characteristic emission peaks. The
uniform elemental dispersion indicated effective
doping with minimal phase segregation. The uniform
distribution of these elements suggested that effective
doping had been achieved with minimal phase
segregation. The powder XRD analysis (Figure 3) was
conducted and revealed a complex phase composition
in the synthesized nanocomposites, attributed to
competing phase stabilization mechanisms and
multicomponent interactions. The rutile phase was
predominantly observed in TiO-, as indicated by strong
diffraction peaks at 20 =27.28° (110), 35.95° (101), and
40.88° (111), matching the standard rutile pattern
(JCPDS 88-1175). A minor anatase phase was
identified by a broadened peak at 20 = 25.32° (101),
resulting from incomplete phase transformation under
the subcritical calcination temperature (600 °C). At this
temperature, a kinetic barrier inhibited the anatase-to-
rutile transition, as the thermodynamic driving force
becomes significant only above 700 °C [27].

Nanoscale crystallites were confirmed by the
broadened anatase peak, indicating restricted growth at
lower temperatures. Ag.0O phases were clearly detected
at20=32.52°(111) and 37.58° (021), while the absence
of ZnO signals suggested that Zn>* ions were
incorporated into the TiO: lattice via interstitial or
substitutional mechanisms. This was further supported
by a 0.15° shift in rutile peaks toward lower angles in
undoped ZT composites, indicating lattice expansion
due to Zn?* incorporation (ionic radius 0.74 A vs. Ti*
0.605 A) [28].
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Figure 2: FE-SEM images demonstrate that the
morphologies of Ag,O-Zn/TiO2 nanocomposites in:
(a) undoped ZT; (b) 0.1% Agr0-Zn/TiOz; (c) 0.25%
Agr0-Zn/Ti0z; and (d) 0.5% Ag>0-Zn/TiO-. Energy
dispersive X-ray spectroscopy (EDS) pattern of (e)
undoped ZT; (f) 0.1% AgO-Zn/TiO2; (g) 0.25%
Agr0-Zn/Ti0z; and (h) 0.5% Ag,0-Zn/TiOs.
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Figure 3: Powder X-ray diffraction (XRD) of (a)
commercial ZnO; (b) commercial TiO; (¢) ZT; (d)
0.10% Ag>0-Zn/TiOz; (e) 0.25% Ag,0-Zn/TiO-; and
(f) 0.5% Ag>0-Zn/TiOs.

Table 1: Average particle sizes, crystal structures, and
optical band gaps of the synthesized Ag,O-Zn/TiO:

nanocomposites.
Property 0.0% 01% 0.25% 05% TiO: ZnO
AZT AZT AZT AZT
Ti
K) 92.1 903 924 87.7
Atomic % Zn 7.9 9.63 738 11.8 - -
K)
Ag
K) 0.10  0.18 0.51
Crystal _ TiO:.  30.7 30.8  30.3 30.1 277 -
Size Zn0 - - — — — 489
(nm) Ag:0 - 28.6 309 332 - —
Optical
Bandgap 2.58 255 241 2.01 330 3.18
(eV)
Critical
Wavelength 482 486 515 617 376 390
(nm)

In contrast, no detectable lattice parameter
changes were exhibited by Ag-O-doped composites,
implying surface segregation of Ag species at grain
boundaries. A progressive increase in crystallite size
with Ag doping (28.6 nm in undoped ZT to 33.2 nm
in 0.5% Ag,0-Zn/TiO2), as shown in Table 1, was
revealed by Scherrer analysis, attributed to
heterogeneous growth of TiO: and ZnO domains
promoted by Ag-O clusters acting as nucleation sites.
This agglomeration-driven growth was corroborated
by rising XRD signal-to-noise ratios, reflecting
improved crystallinity and reduced lattice strain.

3.2 UV-visible absorbance of the Ag:0-Zn/TiO:
nanocomposite

The UV-visible absorbance spectra of the synthesized
Agr0-Zn/TiO: (ZT) nanocomposites were compared
to conventional TiO2.- and ZnO-based sunscreens
(Figure 4). Bandgap energies (Eg) were calculated
using the Tauc relation for direct semiconductors
(Equation (1)), [29], [30].

@ =K(hv — E))"/h (1)

Where a represents the absorption coefficient, K is a
constant related to the properties of the material, hv
denotes the energy of the photon, n is an exponent that
depends on the nature of the bandgap, and E, is the
bandgap energy. The bandgap energies were
determined by constructing a Tauc plot, in which
(ahv)* was plotted against hv, and extrapolated to the
x-axis at o = 0.
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Figure 4: (a) UV-vis spectra of conventional
sunscreens and the synthesized Ag.0-Zn/TiO:
nanocomposite. (b) Tauc plots constructed for optical
bandgap determination.

The results indicated that conventional sunscreens
containing nano-TiO: and nano-ZnO primarily
absorbed light in the UV region (250—400 nm), with
characteristic absorption peaks at approximately 388
nm and 375 nm, respectively. TiO: exhibited strong
absorption in the UVB region (320-380 nm), while
ZnO showed greater emphasis on UVA protection
(315400 nm). However, a significant drop in
absorption intensity was observed across the visible
spectrum (400-500 nm), highlighting the limited
efficiency of these materials in shielding high-energy
visible (HEV) light [31], [32].

In contrast, undoped ZnO-TiO: composites
(0.0% Ag:0-Zn/TiO2) were found to extend the
absorption edge to 410 nm, while maintaining UV-
dominant absorption due to the wide band gaps of the
individual components (ZnO: 3.31 eV; TiO2: 3.20 eV)
[33]. The bandgap narrowing to 3.02 eV in the
undoped composite was attributed to Zn** substitution
within the TiO- lattice, resulting in the formation of

oxygen vacancies and localized mid-gap states. These
electronic modifications lowered the Fermi level,
reduced the bandgap, and induced a redshift in the
absorption edge. In addition to the Tauc analysis, the
increase in Urbach energy and noticeable absorption
tailing in Ag-doped samples indicate the formation of
mid-gap states, which contribute to enhanced sub-
bandgap absorption and improved light-harvesting
efficiency [34].

This limitation was further addressed through
Ag:0 doping, whereby intermediate energy states
were introduced via the 4d orbitals of Ag" and oxygen
vacancies (VO?), reducing the bandgap to 2.16-2.58
eV. Additionally, synergistic heterojunction effects
between ZnO and TiO: enhanced charge separation,
while the interaction between Ag and the TiO—ZnO
matrix promoted efficient electron transfer, collectively
improving HEV light absorption performance.

Furthermore, efficient charge transfer was
facilitated by the interaction between the Ag d-orbitals
and the conduction band of ZnO-TiO-, which reduced
recombination losses. Although no distinct ZnO
diffraction peaks were detected by XRD, the enhanced
charge separation behavior strongly supports the
formation of localized ZnO-like domains or subphases
at the TiO: interface, which may not be sufficiently
crystalline or concentrated to generate separate
diffraction signals. This is consistent with previous
studies reporting that Zn?" can be partially substituted
into the TiO: lattice while concurrently forming
interfacial heterojunctions at the nanoscale [22], [23],
[35], [36]. This modification led to a broad-spectrum
absorption range (250—650 nm), extending coverage
into the HEV range [37].

The optical band gaps of conventional
sunscreens containing nano-ZnO and nano-TiO: were
determined to be 3.31 eV and 3.20 eV, respectively.
The bandgap energies of the synthesized undoped and
doped Ag>O-Zn/TiO2 nanocomposites were measured
as 3.02 eV (0.0%Ag.0-Zn/TiO2), 2.58 eV
(0.1%Ag,0-Zn/Ti0z), 2.47 eV (0.25%Ag0-
Zn/Ti02), and 2.16 eV (0.5%Ag>0-Zn/TiO2). These
values corresponded to absorption wavelengths in the
blue-light region at 410 nm, 480 nm, 502 nm, and 574
nm, respectively, indicating a significant redshift in
optical activity with increasing Ag.O doping. The
reduction in bandgap for the undoped ZT composites
was attributed to the incorporation of Zn?*" into the
TiOs- lattice, which altered the electronic structure of
the material. Further reduction in the band gap with
Ag:0 doping was explained by the introduction of
intermediate energy states within the ZnO-TiO: bandgap,
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resulting from the incorporation of Ag. These
intermediate states, associated with Ag" ions and
oxygen vacancies, significantly modified the electronic
structure and enhanced absorption in the visible light
range. This synergistic modification led to a significant
enhancement of visible-light activity, making the
Ag,0O-Zn/TiO:> nanocomposites highly effective for
applications requiring blue-light protection, such as
transparent sunscreens, digital screen filters, and
photocatalytic systems that relied on panchromatic
responsiveness. The optimal performance was achieved
with 0.1%Ag,0-Zn/Ti02, which exhibited absorption
wavelengths in the blue-light region (450-490 nm) and
enhanced photocatalytic activity. It was found that
higher doping levels (>0.25% Ag0) resulted in the
formation of metallic Ag clusters, which acted as
recombination centers, reducing charge separation
efficiency and quantum yield, and thus decreasing
absorption activity [38]. These properties made Ag,O-
Zn/TiO: composites highly promising for advanced
applications in blue-light screening technologies and
environmental remediation [39]-[43].

3.3 Evaluation of sun protection efficiency

The in vitro SPF testing results are shown in Table 2.
Differences in UV protection efficiency and
UVA/UVB balance were evaluated using SPF,
UVAPF, SPF/UVAPF ratio, and UVA/UVB values.
SPF values 0f 9.27, 11.5, and 8.32 were measured for
0.1% Ag:O/ZT, TiO2, and ZnO, respectively. TiO:
showed the highest SPF (11.5) and UVAPF (10.79),
due to its high refractive index and strong UVB
scattering [42]. Ag:O/ZT exhibited moderate SPF
(9.27) and UVAPF (8.79), while ZnO showed the
lowest SPF (8.32) but a relatively high UVAPF (8.74),
confirming its known UVA attenuation capability
[44], [45].

Table 2: The SPF, UVAPF, SPF/UVAPF ratio, and
UVA/UVB values for the tested samples.

Samples SPF  UVAPF SPF/UVAPF UVA/UVB
0.1%Ag,0- 9.27 8.79 1.054 0.992
Zn/TiOz
TiO, 11.5 10.79 1.065 0.932
ZnO 8.32 8.74 0.952 0.957

The SPF/UVAPF ratio was used to assess the
uniformity of UV protection. Values near 1 were found
for Ag20-Zn/TiO: (1.054) and TiO: (1.065), indicating
balanced UVA/UVB protection. ZnO’s lower ratio
(0.952) reflected its stronger UVA preference [29].

Given the focus on UVA protection in modern
sunscreens, ZnO’s performance was considered beneficial
for reducing oxidative stress and photoaging [46].

The UVA/UVB ratio was analyzed to
characterize spectral balance. TiO2 showed the lowest
value (0.932), indicating stronger UVB absorption,
while Ag.0-Zn/TiO: displayed the highest (0.992),
providing the most balanced protection. ZnO’s ratio
(0.957) was slightly lower, showing a UVA-biased
response [20], [47].

Notably, many commercial mineral-based
sunscreens typically show UVA/UVB ratios in the
range of 0.8-0.95, with a focus on UVB protection. In
comparison, the Ag-0-Zn/TiO2 nanocomposite offers
more uniform spectral attenuation, indicating its
strong potential for wuse in broad-spectrum
formulations that address both short-term UVB effects
and long-term UV A-induced skin damage.

4 Conclusions

In this study, Ag.O-Zn/TiO: nanocomposites were
successfully synthesized via sol-gel co-doping. Ag-O
doping introduced impurity levels and oxygen
vacancies, narrowing the optical bandgap from 3.02 to
2.16 eV and enhancing blue-light absorption (410-574
nm). The 0.1% Ag-0-Zn/TiO2 sample showed the best
photocatalytic activity under visible light due to
improved electron-hole separation. The composites
also demonstrated strong potential as sunscreen
agents, achieving a high UVA/UVB ratio of 0.992 and
an SPF of 9.27. Compared to conventional TiO: and
ZnO, the Ag.O-doped materials offered more
balanced UV protection and effective HEV light
shielding, making them promising for broad-spectrum
sunscreen applications. Future investigations will include
compatibility testing with sunscreen formulations,
clinical evaluation of sun protection efficacy, and
stability testing of sunscreen products to confirm the
suitability of the nanocomposites for sunscreen applications.
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