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O2 nanowire/nanotube
heterostructures for multifunctional
photocatalysis: dye and pesticide degradation,
water splitting, and antibacterial activity

Ngo Ngoc Uyen, ab Nguyen Chi Toan, cde Nguyen Truong,f Ly Anh Tu a

and Phuoc Huu Le *bcd

Methylene blue (MB) and pesticide residues in wastewater pose serious environmental and health concerns.

In this study, TiO2 nanowires grown on nanotube arrays (TNWs/TNAs) and their Au nanoparticle-decorated

counterparts (Au-TNWs/TNAs) were fabricated for multifunctional applications, including photocatalytic

degradation, photoelectrochemical (PEC) water splitting, and antibacterial activity. TNWs/TNAs were

synthesized via anodization, followed by the deposition of ∼19.5 nm Au nanoparticles (6.8–8.7 at%) using

Turkevich synthesis and immersion methods. Both films exhibited uniform morphology with anatase-

phase TiO2. Photocatalytic performance was evaluated under UV-vis light (100 mW cm−2) by monitoring

the degradation kinetics of MB and four common pesticides—dimethoate (DMT), methiocarb (MTC),

carbofuran (CBF), and carbaryl (CBR)—using LC-MS/MS. Au-TNWs/TNAs demonstrated significantly

enhanced degradation rate constants (k): 10.41 × 10−3 min−1 for MB, and 19.8, 18.8, 83.0, and 8.73 ×

10−2 min−1 for DMT, CBF, MTC, and CBR, respectively, representing 1.2–1.46× improvements over

pristine TNWs/TNAs. These enhancements are attributed to the localized surface plasmon resonance

(LSPR) effect of Au, which improves visible-light absorption and charge separation. For PEC

performance, Au-TNWs/TNAs achieved a high and stable photocurrent density of 0.51 mA cm−2 under

UV-vis illumination (100 mW cm−2), representing an ∼70% enhancement compared to the pristine

TNWs/TNAs. Additionally, the Au-TNWs/TNAs demonstrated strong antibacterial activity, achieving an E.

coli inhibition rate of 61.6% under dim laboratory light and up to 99.9% under low-intensity UV-vis

irradiation (6.3 mW cm−2). These findings highlight the potential of plasmon-enhanced Au–TiO2

nanowire/nanotube heterostructures as versatile nanomaterials for integrated applications in dye and

pesticide photodegradation, PEC water splitting and antimicrobial control.
1. Introduction

Methylene blue (MB) is a synthetic dye widely used in the textile
industry and is recognized as a signicant water pollutant.1 Its
heterocyclic aromatic structure makes MB highly soluble in
water and stable at room temperature and under visible light
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exposure.1,2 Uncontrolled discharge of MB into aquatic envi-
ronments threatens human health, aquatic ecosystems, and
ecological balance.1,2

The extensive use of pesticides to boost agricultural
productivity has contributed to the contamination of water
bodies, raising growing environmental and public health
concerns.3,4 Pesticide residues in wastewater are increasingly
identied as emerging contaminants, with potential risks to
both ecosystems and human health.3,4 Among them, dimeth-
oate (DMT), a commonly used organophosphate pesticide, is
known for its severe environmental impact and toxic effects on
the liver, kidneys, pancreas, brain, and the nervous, immune,
and reproductive systems in humans and mammals.5 Similarly,
carbofuran (CBF), a highly toxic N-methyl carbamate pesticide,
is persistent in soil and water, and under acidic conditions.6 Its
strong anticholinesterase activity poses serious threats to
mammals, birds, sh, and wildlife, and in humans, it is linked
to endocrine disruption, cytotoxicity, and genotoxicity.6
Nanoscale Adv., 2025, 7, 7317–7332 | 7317
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Methiocarb (MTC), another carbamate pesticide oen found in
aquatic environments, presents high ecological risks due to the
toxicity of both the parent compound and its metabolites.7,8

Carbaryl (CBR), a broad-spectrum carbamate insecticide with
a long half-life, also persists in soil and water, affecting the
pituitary, adrenal, and thyroid glands in animals and contrib-
uting to ecological degradation.9,10

To address the environmental and health concerns associ-
ated with dye and pesticide contamination in water, various
advanced oxidation processes (AOPs) have been developed,
including electro-Fenton oxidation,11 chlorination,12 ozona-
tion,8 biodegradation using Rhodopseudomonas capsulata,13 and
semiconductor-based nanophotocatalysis.14–18 Among these,
TiO2-based nanomaterials have emerged as particularly effec-
tive due to their strong redox potential, chemical stability, non-
toxicity, and cost-effectiveness.18–21 Regardless of the synthesis
method or morphology, nano-TiO2 consistently outperforms
photolysis in degrading MB and various pesticides in aqueous
environments.18–22

The photocatalytic efficiency of TiO2 is governed by several
parameters, including surface area, charge transfer efficiency,
crystallinity, band gap energy, morphology, agglomeration
degree, light absorption, and the presence of defects or
dopants.23–26 To enhance charge transport and reduce recom-
bination, one-dimensional (1D) TiO2 nanostructures – such as
nanowires, nanorods, nanobelts, and nanotubes – have been
developed.27–30 In particular, TiO2 nanowires grown on nano-
tube arrays (TNWs/TNAs) offer a high surface-to-volume ratio
and improved axial charge transport, delivering better photo-
catalytic activity than nanotubes alone.27–29,31

However, the wide band gap of TiO2 (∼3.2 eV) limits its
absorption to the UV range, which constitutes only 3–5% of the
solar spectrum.23–25,27–29,31 To extend its activity into the visible
region, noble metal nanoparticles – especially gold (Au) – have
been integrated with TiO2 to leverage localized surface plasmon
resonance (LSPR) effects.32–37 The LSPR phenomenon, modu-
lated by nanoparticle size, shape, and the surrounding dielec-
tric environment,36,38 enhances visible light absorption and
facilitates charge separation in metal–semiconductor compos-
ites.33,37,39,40 Compared to quantum dots, which suffer from
photodegradation,41 noble metal nanoparticles offer greater
photostability.33,37,39,40 Au nanoparticles (Au NPs), in particular,
are known for their resistance to oxidation, low cytotoxicity, and
strong LSPR response.33,37,39,40 Acting as optical nanoantennas,
they sensitize TiO2 to sub-bandgap visible light and promote the
formation of additional charge carriers and reactive oxygen
species essential for photocatalysis.33,37,39,40,42

Several studies have conrmed the improved photocatalytic
degradation of organic pollutants by Au-decorated TiO2 under
UV-vis illumination, primarily due to LSPR-enhanced charge
dynamics.33,37,39,40,42 While TiO2 nanotube-based architectures
have been investigated,22,32,43 comprehensive studies integrating
TNWs/TNAs with Au NPs for simultaneous degradation of
multiple pesticide residues are still limited.44 Therefore,
building on the synergistic potential of Au NPs and TNWs/
TNAs, this study explores their combined application to
enhance photocatalytic degradation of MB and pesticide
7318 | Nanoscale Adv., 2025, 7, 7317–7332
mixtures under UV-vis light through the LSPR effect.33,37,39,40,42

Importantly, the lm conguration of Au-decorated TNWs/
TNAs not only enhances performance but also enables easy
recovery and repeated use without the need for separation,
thereby minimizing the risk of secondary pollution from
residual catalysts.

Photoelectrochemical (PEC) water splitting has emerged as
a highly promising and environmentally friendly strategy for
hydrogen production, offering a sustainable alternative to fossil
fuels.45–47 This technique enables the direct conversion of solar
energy into chemical energy by splitting water into hydrogen
and oxygen in a PEC cell, with no harmful byproducts.45–47

Typically, PEC devices comprise a semiconducting photo-
electrode coupled with a noble metal counter electrode. The
development of stable, highly active photoelectrodes is critical
to advancing PEC technology toward practical implementation.
TiO2-based nanostructures have attracted considerable atten-
tion for PEC water splitting due to their excellent chemical and
photostability, low cost, and favorable band-edge align-
ment.39,48,49 However, pristine TiO2 suffers from a wide bandgap
and fast recombination of photogenerated charge carriers,39,45

leading to limited visible-light absorption and low solar-to-
hydrogen efficiency.48,50 To overcome these limitations,
various modication strategies have been developed, including
morphological engineering, doping, and noble metal decora-
tion.39,45,48,49,51,52 Gold, a noble metal with excellent corrosion
resistance, exhibits strong LSPR, enabling efficient light har-
vesting in the visible and infrared regions during photoreac-
tions.32,39,45 In this work, a modied one-dimensional (1D)
nanostructure of TNWs/TNAs is designed to enhance the
surface area and directional charge transport, while Au nano-
particle decoration can further improve PEC performance by
boosting light absorption and promoting charge separation.45,53

In addition to their roles in photocatalysis and PEC water
splitting, TiO2 nanostructures also exhibit intrinsic antibacte-
rial properties, particularly under UV light exposure.46,54,55 Upon
irradiation, TiO2 generates reactive oxygen species (ROS), such
as hydroxyl radicals and superoxide anions, which can cause
severe oxidative damage to bacterial membranes, ultimately
leading to cell death.56–59 Escherichia coli (E. coli), a widely used
model organism in antimicrobial research, poses a robust
challenge due to its complex outer membrane and prevalence in
contaminated environments. The antimicrobial efficacy of TiO2-
based nanomaterials is closely tied to factors such as
morphology, particle size, crystal structure, and surface
chemistry.60–62 Notably, the anatase phase of TiO2 demonstrates
the highest photocatalytic and antibacterial performance.63

While the bactericidal effects of TiO2 and Au–TiO2 nano-
structures, including nanoparticles and thin lms, have been
reported,51,64–66 the antimicrobial behavior of Au-TNWs/TNAs
against E. coli remains underexplored.

In this work, we demonstrate the superior photocatalytic
activity, PEC performance, and antimicrobial efficacy of TNWs/
TNAs and Au-decorated TNWs/TNAs in degrading MB and four
widely used pesticides—dimethoate, methiocarb, carbofuran,
and carbaryl—under UV-vis irradiation. We provide detailed
synthesis procedures, structural and morphological
© 2025 The Author(s). Published by the Royal Society of Chemistry
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characterization, and mechanistic insights into the observed
enhancements. Additionally, a robust and reproducible analyt-
ical method based on liquid chromatography-tandem mass
spectrometry (LC-MS/MS) is developed to quantitatively
monitor the degradation of these pesticide residues in aqueous
solutions. This study underscores the multifunctional perfor-
mance of TNWs/TNAs and Au-TNWs/TNAs for pollutant degra-
dation, PEC water splitting, and antibacterial activity, aiming to
reveal the synergistic effects of the modied nanostructuring
and plasmonic enhancement.
2. Materials and methods
2.1. Chemicals and reagents

The chemicals employed in this study included ammonium
uoride (NH4F, 98.99%, SHOWA, Tokyo, Japan), ethylene glycol
(99.5%, Merck), chloroauric acid (HAuCl4$3H2O, 99.9%,
Merck), sodium borohydride (NaBH4, 99%, Merck), trisodium
citrate (Merck), ethanol (70%, JT Baker), acetone (99.5%, JT
Baker), and deionized (DI) water produced using a Milli-Q®
ultrapure water system. Methylene blue (MB, 99.9%, Merck,
India) was selected as a model dye pollutant.

For pesticide degradation studies, four representative stan-
dard pesticides were used: dimethoate (98.5% purity, LGC
Standards, Germany), methiocarb (99.5% purity, LGC Stan-
dards, Germany), carbofuran (99.5% purity, Chem Service Inc.,
USA), and carbaryl (99.5% purity, Chem Service Inc., USA). Stock
solutions of each pesticide were prepared in methanol at
a concentration of 1 ppm and stored at 5 °C, remaining stable
for up to three weeks. Prior to photocatalytic experiments, these
stock solutions were diluted to 200 ppb to simulate environ-
mentally relevant concentrations.
2.2. Preparation of TiO2 nanowires on nanotube arrays
(TNWs/TNAs), Au nanoparticles, and Au-TNWs/TNAs

Titanium dioxide nanowire-on-nanotube arrays (TNWs/TNAs)
were fabricated on titanium (Ti) foil (99.0% purity, dimen-
sions: 1.0 × 2.5 cm2, thickness: 0.4 mm) using a controlled
anodization process. Prior to anodic treatment, the Ti
substrates underwent sequential ultrasonic cleaning in acetone,
methanol, and deionized (DI) water to remove surface
contaminants. The cleaned foils were then dried under a stream
of nitrogen gas.

The anodization was carried out using an electrolyte
composed of 0.5 wt% ammonium uoride (NH4F, SHOWA,
Tokyo, Japan) dissolved in ethylene glycol with the addition of
3 vol% DI water. A two-electrode setup was employed, where the
Ti foil acted as the working electrode (anode) and a stainless-
steel plate (SS304) served as the counter electrode (cathode).
The anodization process was conducted at a constant voltage of
30 V for 5 hours, resulting in the formation of the TNWs/TNAs
architecture (Fig. S1). Aer anodization, the resulting structures
were subjected to thermal treatment in air at 400 °C for 2 hours
to induce crystallinity.

Gold nanoparticles (Au NPs) were synthesized via the well-
established Turkevich reduction method.67,68 In this
© 2025 The Author(s). Published by the Royal Society of Chemistry
procedure, 10 mL of DI water was combined with 100 mL of
25 mM chloroauric acid (HAuCl4$3H3O, Merck) in a conical
ask under vigorous stirring. The mixture was brought to a boil
for 10 minutes, aer which 300 mL of 1% trisodium citrate
solution was rapidly introduced while stirring was continued. A
swi color shi to light red indicated the successful nucleation
and growth of Au NPs. The reaction mixture was stirred for an
additional 5 minutes and then le to cool naturally to room
temperature.

To fabricate Au-TNWs/TNAs, the annealed TNWs/TNAs were
immersed in the as-synthesized Au nanoparticle solution and
kept at room temperature for 8 hours to facilitate uniform
surface deposition of Au NPs. The samples were then gently
annealed at 120 °C for 1 hour to remove residual solvent and
improve interfacial contact between the Au NPs and the TiO2

framework.
2.3. Characterization

The crystallographic structure and phase composition of the
synthesized samples were characterized using an X-ray diffrac-
tion system (XRD, Rigaku SmartLab) equipped with an XSPA-
400 ER detector and Cu Ka radiation (l = 1.5406 Å), operated
in q–2q scan mode. The mean crystallite size was estimated
using the Scherrer formula. Surface morphology and lm
thickness were analyzed using a scanning electron microscope
(SEM, JEOL JSM-IT700HR, Japan). Elemental distribution and
composition were assessed via energy-dispersive X-ray spec-
troscopy (EDS) using an Oxford probe integrated into the SEM
system.

For high-resolution structural analysis at the nanoscale,
high-resolution transmission electron microscopy (HRTEM,
JEM-2100, JEOL Ltd, Japan) was employed at an accelerating
voltage of 200 kV. TEM specimens were prepared by gently
scraping the lm surface to detach particles, which were
subsequently transferred onto copper grids by direct collection
of the particles in close proximity.

The elemental composition and chemical states in the
optimized Au-decorated TiO2 lm were analyzed using an X-ray
photoelectron spectroscopy system (XPS, Thermo Scientic
ESCALAB 250Xi), equipped with a monochromated Al Ka X-ray
source (photon energy: 1486.6 eV; maximum power: 300 W).
Spectral calibration was performed using the C 1s peak at
284.6 eV. Peak deconvolution and quantitative analysis were
carried out using XPSPEAK 4.1 soware, applying Shirley
background correction and Gaussian–Lorentzian mixed tting
functions to ensure high-precision results.

The optical properties and bandgap energies of the TiO2

nanostructured lms were characterized using diffuse reec-
tance spectroscopy (DRS), conducted with a JASCO V-670 UV-vis-
NIR spectrophotometer. Measurements were recorded over the
wavelength range of 200–900 nm at a scan speed of 100
nm min−1, with BaSO4 as the reectance standard.

To investigate the generation of reactive oxygen species
(ROS), particularly hydroxyl radicals (cOH), electron para-
magnetic resonance (EPR) spectroscopy was conducted using
a Bruker ELEXSYS-II E580 FT/CW system. The measurements
Nanoscale Adv., 2025, 7, 7317–7332 | 7319
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were performed in the X-band range (9.49–9.88 GHz) with
amicrowave power of 8.02mW. For radical trapping, a 50mM 5-
dimethyl-1-pyrroline N-oxide (DMPO) solution was mixed with
a small amount of Au–TiO2 powder, obtained by gently scraping
the surface of Au-TNWs/TNAs lms and transferring the
collected material into a vial containing 2-mL deionized water.
EPR spectra were recorded under both dark conditions and
photo-irradiation, the latter induced using a 500 W xenon arc
lamp to simulate UV-vis light exposure.
2.4. Photocatalytic performance evaluation of the TNWs/
TNAs and Au-TNWs/TNAs nanostructured lms

The photocatalytic efficiencies of both TNWs/TNAs and Au-
TNWs/TNAs were assessed by monitoring the degradation of
methylene blue (MB) and a mixed solution of four selected
pesticides including dimethoate, methiocarb, carbofuran, and
carbaryl under UV-vis irradiation (100 mW cm−2) provided by
a xenon arc lamp. Prior to illumination, the samples were
immersed in 30 mL of either MB solution (initial concentration
C0 = 10 mg L−1) or the pesticide mixture (200 ppb) and kept in
the dark for 20 minutes to establish adsorption–desorption
equilibrium. Photocatalytic reactions were conducted at room
temperature (∼30 °C).

For MB degradation studies, aliquots were collected at pre-
determined intervals (0, 20, 40, 60, 80, 100, and 120 minutes)
and analyzed using a UV-vis spectrophotometer (Hitachi U-
2900, Hitachi, Tokyo, Japan) over a wavelength range of 400–
800 nm. In the case of pesticide degradation, 1 mL of the
reaction solution was withdrawn at 0, 5, 10, 15, 20, and 25
minutes, passed through a 0.22 mm membrane lter, and
transferred into dark vials to prevent photodegradation. These
samples were then analyzed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS; Acquity H-Class, Waters, Mil-
ford, MA, USA). A comprehensive description of the LC-MS/MS
instrumentation and analytical conditions is provided in SI S2.
Fig. 1 XRD patterns of TNWs/TNAs and Au-decorated TNWs/TNAs.
Reference powder XRD patterns from the AMCSD database for Ti,
anatase-phase TiO2, and Au are included in the figure for comparison.
2.5. Photoelectrochemical (PEC) water splitting experiments

Photoelectrochemical (PEC) measurements were performed in
a standard three-electrode conguration using an Ag/AgCl
reference electrode, a Pt counter electrode, and 0.5 M Na2SO4

aqueous electrolyte (pH = 6.8). The working electrodes con-
sisted of TNWs/TNAs and Au-TNWs/TNAs lms (effective area:
2.0 cm2) synthesized on conductive titanium substrates. An SP-
200 potentiostat (BioLogic) was used to record current–voltage
(I–V) curves under both dark and illuminated conditions at
a scan rate of 10 mV s−1. UV-vis irradiation was provided by
a 350 W xenon lamp, delivering a light intensity of 100 mW
cm−2 over the electrode area. Amperometric photoresponse
measurements were conducted under chopped illumination
(30 s light/dark cycles) at a constant potential of 0.9 V vs. Ag/
AgCl to assess photocurrent reversibility. Photocurrent
stability was evaluated by monitoring the current density at
0.9 V vs. Ag/AgCl under continuous UV-vis exposure for 1 hour.
Electrochemical impedance spectroscopy (EIS) was carried out
in the dark and under UV-vis illumination at open-circuit
7320 | Nanoscale Adv., 2025, 7, 7317–7332
potential using a 5 mV AC perturbation over the frequency
range of 0.03 Hz to 100 kHz.

2.6. Antimicrobial activity tests

The antibacterial activity was evaluated using Escherichia coli
(ATCC 25922) as the model organism. Bacterial cultures were
grown in nutrient broth at 37 °C for 22 hours to reach
a concentration of approximately 1 × 108 CFU mL−1. Cell
growth was monitored by measuring the optical density at
600 nm (OD600), with an OD value of approximately 0.6 indi-
cating logarithmic-phase growth. The culture was subsequently
diluted in Luria Bertani (LB) broth (BioShop Canada Inc.) to
a working concentration of 1 × 104 CFU mL−1.

For the assay, 100 mL of the diluted bacterial suspension was
carefully pipetted onto a 1.0 cm × 2.0 cm area on each test
sample (TNWs/TNAs and Au-TNWs/TNAs), which had been pre-
sterilized and placed in individual Petri dishes. The samples
were then either kept in the dim laboratory light (DLL) or irra-
diated under weak UV-vis light (253 nm, 32W, 6.3 mW cm−2) for
10 minutes. Following treatment, the samples were gently
rinsed to recover the bacteria and incubated at 37 °C for 22
hours.

Post-incubation, bacterial viability was assessed by counting
colony-forming units (CFU mL−1), allowing for quantitative
comparison of surviving bacteria under dark and UV-exposed
conditions. A schematic representation of the synthesis, char-
acterization, and experimental methodology is shown in Fig. S1
in the SI.

3. Results and discussion
3.1. Crystal structure, morphology, and composition
analysis of TiO2 and Au–TiO2 nanostructured lms

Fig. 1 displays the X-ray diffraction (XRD) proles of TNWs/
TNAs and Au-TNWs/TNAs. All samples exhibit distinct peaks
corresponding to the anatase phase of TiO2, with major reec-
tions observed at 25.1° (101), 37.8° (004), and 53.8° (105),
aligning well with the standard JCPDS No. 21-1272 and AMCSD
© 2025 The Author(s). Published by the Royal Society of Chemistry
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0019093 and previous literature.29,69,70 The lack of detectable
rutile-phase peaks conrms that the synthesized TiO2 nano-
structures consist solely of the anatase phase. The diffraction
peaks at 44.4°, 64.6°, and 77.6° can be indexed to the (200),
(220), and (311) planes of face-centered cubic Au (AMCSD
0011140), respectively. The characteristic Au (111) peak at 38.2°
is likely overlapped with the TiO2 (004) reection. Notably, these
XRD results are consistent with those reported for TiO2/Au/TiO2

heterostructures,46 conrming the successful decoration of
anatase TiO2 with nanocrystalline Au nanoparticles. The crys-
tallite sizes of TNWs/TNAs and Au-TNWs/TNAs were estimated
to be 28.2 nm and 30.2 nm, respectively, based on peak
broadening of the TiO2 (101) reection using the Scherrer
equation: D = 0.9l/(b cos q), where l = 1.5406 Å is the X-ray
wavelength for Cu Ka radiation, and b and q are the full width
at half maximum (FWHM) and the Bragg angle, respectively.
These results suggest that the TiO2 samples prepared using
different baths exhibit comparable grain sizes. The differences
in grain size and crystallinity between TNWs/TNAs and Au-
TNWs/TNAs are negligible.

Fig. 2 shows top-view and cross-sectional SEM images of
TNWs/TNAs and Au-TNWs/TNAs captured at both low and high
magnications. The TNWs/TNAs display well-dened nano-
wires, approximately 6.0 mm in length, that are slightly vertically
oriented and uniformly distributed over the underlying nano-
tube arrays. These nanotubes exhibit an average diameter of
∼80 nm and a length of 6.05–6.28 mm (Fig. 2a, b and insets). The
Au-TNWs/TNAs exhibit a similar overall morphology, with Au
nanoparticles (∼20 nm in diameter) uniformly and homoge-
neously deposited across the surface of the nanowires and
nanotubes, as illustrated in Fig. 2b.

Fig. 3 displays the representative EDS spectrum of Au-TNWs/
TNAs, conrming the presence of Au, Ti, and O as the primary
Fig. 2 Top-view and cross-sectional SEM images of (a) TNWs/TNAs and

© 2025 The Author(s). Published by the Royal Society of Chemistry
elements. The corresponding elemental composition was
determined to be 6.77 at% Au, 28.23 at% Ti, and 58.72 at% O.
These values suggest that the Ti and O contents are close to the
stoichiometric ratio of TiO2. EDS elemental mapping further
veried the uniform distribution of Ti, O, and Au across the
sample surface. Trace amounts of Na and C were also detected,
likely originating from trisodium citrate used during Au NP
synthesis. The combined SEM and EDS mapping analyses
revealed that Au NPs were relatively homogeneously dispersed
over the TNWs/TNAs. This uniform distribution, along with the
intimate contact between Au and the TiO2 matrix, is expected to
facilitate efficient charge carrier transfer, thereby enhancing the
photocatalytic performance.

Fig. 4(a–d) show TEM images captured from various regions
of the Au-TNWs/TNAs surface, revealing Au NPs with sizes
ranging from 15 to 34 nm (average size of 19.53 ± 4.67 nm,
Fig. 4b inset) relatively uniformly dispersed across the TiO2

nanowire–nanotube architecture. Fig. 4c and d highlight
a representative region of the Au-TNWs, where the HRTEM
image reveals distinct lattice fringes with a d-spacing of 0.23 nm
corresponding to the Au (111) planes, and 0.35 nm associated
with the TiO2 (101) planes (Fig. 4d). These observations conrm
the presence of face-centered cubic (fcc) Au crystallites—
consistent with the XRD results shown in Fig. 1—incorporated
into anatase TiO2 to form Au–TiO2 heterostructures. In the
Turkevich method, auric salt is reduced to aurous salt and
elemental Au0 using trisodium citrate as both a reducing and
stabilizing agent.67,68 The resulting Au0 atoms serve as nucle-
ation sites for the assembly of aurous species, ultimately
forming small Au nanoparticles (NPs).67,68 Due to gold's high
atomic mobility and low crystallization energy barrier, the
resulting Au NPs tend to be highly crystalline. This crystallinity
is crucial for supporting localized surface plasmon resonance
(b) Au-TNWs/TNAs.
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Fig. 3 EDS spectrum, elemental composition, and elemental mapping of Au-TNWs/TNAs, illustrating the spatial distribution of Au, Ti, and O,
along with trace elements Na and C.

Fig. 4 (a–d) TEM images of Au-TNWs/TNAs captured from various regions of interest. The inset (b) provides the size distribution of the Au NPs.
(e) A typical EDS spectrum of Au-TNWs/TNAs, in which presents its elemental atomic % composition. (f) An electron diffraction patterns of Au-
TNWs/TNAs.
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(LSPR), which plays a key role in enhancing photocatalytic
performance through improved light harvesting and hot elec-
tron generation.67,68

The density of Au NPs varies slightly depending on the
location, with Au concentrations ranging from 4.9 to 12.5 at%.
Fig. 4e shows a representative EDS spectrum of the Au-TNWs/
7322 | Nanoscale Adv., 2025, 7, 7317–7332
TNAs, revealing an elemental composition of 8.67 at% Au,
29.23 at% Ti, 57.64 at% O, and 4.46 at% C. This indicates that
the composite retains a nearly stoichiometric TiO2 composition
with notable Au decoration. The presence of carbon is attrib-
uted to the adsorption of airborne carbonaceous species. In
Fig. 4f, the selected area electron diffraction (SAED) pattern
© 2025 The Author(s). Published by the Royal Society of Chemistry
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exhibits spot-ring features, characteristic of nanocrystalline
TiO2 and Au. The d-spacing values were calculated using the
reciprocal radii of the diffraction rings, and the corresponding
lattice planes are annotated in Fig. 4f. In agreement with the
XRD results, these ndings further validate the presence of Au-
decorated TiO2 nanocrystals.

Fig. 5a presents the wide-scan XPS survey spectra (0–1200 eV)
of TNWs/TNAs and Au-TNWs/TNAs. The spectra clearly display
the characteristic photoelectron and Auger peaks of Ti and O for
TNWs/TNAs, and Ti, O, and Au for Au-TNWs/TNAs, conrming
successful surface modication. Additionally, a prominent C 1s
peak at 284.6 eV is observed in both samples, attributed to C–C/
C–H bonding. This peak arises from ubiquitous adventitious
carbon contamination adsorbed on the sample surface due to
exposure to ambient air during storage and handling –

commonly used for internal calibration in XPS analysis.33 As
shown in Fig. 5b, the Au 4f7/2 peak for Au-TNWs/TNAs appears at
83.0 eV, signicantly shied (∼1.0 eV) to a lower binding energy
(B.E.) compared to the standard value for metallic Au (84.0 eV).33

This negative shi suggests electron transfer from TiO2 to Au,
most likely originating from oxygen vacancies in TiO2, resulting
in partial charge transfer and the formation of an interfacial
dipole. Such a shi is indicative of strong metal–support inter-
action and has been widely reported in Au/TiO2 systems.71

In Fig. 5c, the high-resolution Ti 2p spectra exhibit doublets at
458.5 eV (2p3/2) and 464.3 eV (2p1/2) for TNWs/TNAs, character-
istic of Ti4+ in TiO2.33 In Au-TNWs/TNAs, these peaks shi slightly
to 458.7 eV and 464.4 eV, respectively. The observed ∼0.2 eV
increase in B.E. indicates a reduction in electron density around
Ti atoms, corroborating the electron transfer from TiO2 to Au
Fig. 5 XPS spectra of TNWs/TNAs and Au-TNWs/TNAs: (a) wide range su
spectra of TNWs/TNAs and Au-TNWs/TNAs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
NPs.33,71 This result aligns with previous ndings for Au nano-
crystal–TiO2 nanotube arrays.72 Fig. 5d displays the deconvoluted
O 1s spectra, revealing two main components: the low B.E. peak
at ∼529.7 eV (TNWs/TNAs) and ∼529.9 eV (Au-TNWs/TNAs)
corresponds to lattice oxygen (O2− in TiO2), while the higher
B.E. peak at ∼531.4 eV in both cases is attributed to surface
hydroxyl groups (Ti–OH) or chemisorbed species such as carbonyl
groups (C]O).32 Consistent with the Ti 2p trend, a slight upward
shi (∼0.2 eV) in the O 1s lattice oxygen peak is also evident in Au-
TNWs/TNAs, further corroborating the electron depletion in TiO2

due to interfacial charge redistribution toward Au.72
3.2. Photocatalytic activity in degradation of methylene blue
by TiO2 and Au–TiO2

The photolysis and photocatalytic degradation kinetics of
TNWs/TNAs and Au-TNWs/TNAs were analysed using the
Langmuir–Hinshelwood model,73 based on a pseudo-rst-order
kinetic approximation: Ct = C0 × e−kt, where C0 is the initial
concentration, Ct is the concentration at time t, and k is the
reaction rate constant (min−1). The degradation kinetics of MB
and four pesticides were investigated under UV-vis irradiation
(100 mW cm−2) via photolysis and photocatalysis using TNWs/
TNAs and Au-TNWs/TNAs. The degradation was monitored by
tracking the decrease in the characteristic absorption peak of
MB at 659 nm and the reduction in LC-MS/MS peak areas of the
pesticides–dimethoate (DMT), carbofuran (CBF), malathion
(MTC), and carbaryl (CBR) (Fig. 6a, b, and S2, Table S3).

The reaction rate constants (k) in MB degradation under the
three conditions are shown in Fig. 6c. Photolysis yields the
rvey scan (0–1200 eV), (b) Au 4f, (c) Ti 2p, and (d) O 1s high-resolution

Nanoscale Adv., 2025, 7, 7317–7332 | 7323
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Fig. 6 (a) Photodegradation kinetics of methylene blue (MB) under UV-vis irradiation via photolysis and photocatalysis using TNWs/TNAs and
Au-TNWs/TNAs. (b) Corresponding −ln(Ct/C0) vs. time plot derived from the data in (a). (c) Reaction rate constants (k) for MB degradation under
photolytic and photocatalytic conditions using TNWs/TNAs and Au-TNWs/TNAs.
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lowest k value, 3.63 × 10−3 min−1, indicating that MB remains
relatively stable under UV-vis irradiation alone. In contrast,
under photocatalytic conditions, the k values increase to 7.14 ×

10−3 min−1 for TNWs/TNAs and 10.41 × 10−3 min−1 for Au-
TNWs/TNAs (Fig. 6c). Notably, the presence of Au NPs
enhances the photocatalytic efficiency, with the rate constant
for Au-TNWs/TNAs approximately −1.4 times higher than that
of TNWs/TNAs, underscoring the benecial role of Au in
boosting TiO2 activity.

Compared with previously reported results, the k value of
TNWs/TNAs in this study (7.14 × 10−3 min−1) is three time
higher than the reported k of 13.05 × 10−2 h−1 (or 2.18 ×

10−3 min−1) for 40 nm-TNWs/20 nm-TNAs.28 The observed
enhancement is likely due to the greater surface area of TNWs/
TNAs in this work, as they feature thicker TNAs and longer
TNWs compared to the 40 nm-TNWs/20 nm-TNAs as well as the
stronger UV-vis light source than that in ref. 28. In comparison,
the k value of Au-TNWs/TNAs 1(0.41 × 10−3 min−1) is compa-
rable to that of Ag/TiO2 nanoparticles (0.65 h−1 or 10.83 ×

10−3 min−1) reported in ref. 74.
To evaluate stability and reusability, Au-TNWs/TNAs under-

went four consecutive cycles of MB photocatalytic degradation
under identical conditions, as shown in Fig. 7 and S3. Before
each cycle, the samples were immersed in deionized water for 2
hours and annealed at 70 °C for 1 hour to remove surface
Fig. 7 (a) Photocatalytic degradation of MB by Au-TNWs/TNAs over fou
a function of cycle number.

7324 | Nanoscale Adv., 2025, 7, 7317–7332
impurities and improve Au–TiO2 adhesion through thermal
treatment. Although the reaction rate constant slightly
decreased from 10.41× 10−3 to 9.40× 10−3 min−1 – a reduction
of just 9.7% (Fig. 7b) – the material retained strong photo-
catalytic performance, achieving approximately 74% MB
removal aer 120 minutes of irradiation in the fourth cycle
(Fig. 7a). The modest drop in activity may be attributed to
residual MB or degradation by-products on the surface, as well
as minor Au loss during the soaking and drying steps.
3.3. Photodegradation of dimethoate (DMT), carbofuran
(CBF), methiocarb (MTC) and carbaryl (CBR) pesticides by
TiO2 and Au–TiO2

Building on the strong photocatalytic performance of Au-TNWs/
TNAs in MB degradation, this material was further evaluated for
pesticide degradation, using TNWs/TNAs as a reference. Fig. 8a
presents the degradation of DMT under UV-vis illumination
(100 mW cm−2) via photolysis and photocatalysis with TNWs/
TNAs and Au-TNWs/TNAs. In all cases, the relative concentra-
tion of DMT decreased over time (Fig. 8a), following rst-order
kinetics.

As shown in Fig. 8b, the k for photolysis was the lowest across
all pesticides, while Au-TNWs/TNAs consistently exhibited the
highest photocatalytic activity. For instance, in the degradation
r consecutive cycles. (b) Corresponding reaction rate constants (k) as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Photodegradation kinetics of dimethoate (DMT) under UV-vis irradiation (96 mW cm−2) via photolysis and photocatalysis using TNWs/
TNAs and Au-TNWs/TNAs. (b) Reaction rate constants (k) for the degradation of four pesticides—DMT, methiocarb (MTC), carbofuran (CBF), and
carbaryl (CBR)—under photolytic and photocatalytic conditions (initial concentration: 200 ppb). (c) Optical absorption spectra of Au NPs, TNWs/
TNAs, and Au-TNWs/TNAs. (d) UV-vis absorption spectra of DMT, MTC, CBF, and CBR (200–800 nm).
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of DMT, the k values were 7.5 × 10−2 min−1 for photolysis, 15.4
× 10−2 min−1 for TNWs/TNAs, and 19.8 × 10−2 min−1 for Au-
TNWs/TNAs. A similar trend was observed for CBF, with corre-
sponding k values of 5.3 × 10−2 min−1, 14.9 × 10−2 min−1, and
18.8 × 10−2 min−1. For MTC, the k values were signicantly
higher – 19.7 × 10−2 min−1, 78.0 × 10−2 min−1, and 83.0 ×

10−2 min−1 – highlighting its rapid degradation. In the case of
CBR, the k values were 4.3 × 10−2 min−1, 6.51 × 10−2 min−1,
and 8.73 × 10−2 min−1 under photolysis, TNWs/TNAs, and Au-
TNWs/TNAs, respectively. Generally, the incorporation of Au
NPs into TNWs/TNAs improved the reaction rate constant by
approximately 1.2 times compared to TNWs/TNAs alone, and by
about 2.6 times compared to photolysis, demonstrating the
enhanced photocatalytic performance of the hybrid material.
Supporting results from Table S3 and Fig. S3 further conrm
this trend, showing a consistent decline in LC-MS/MS peak
areas for DMT, CBF, MTC, and CBR during photocatalytic
treatment using Au-TNWs/TNAs.

Among the four studied pesticides, methiocarb (MTC)
exhibited the fastest degradation under UV-vis irradiation
(Fig. 8b), while dimethoate (DMT), carbofuran (CBF), and
carbaryl (CBR) showed comparatively slower degradation rates.
These variations can be primarily attributed to differences in
their molecular structures, functional groups, and optical
absorption properties.75,76 MTC contains a phenyl ring,
© 2025 The Author(s). Published by the Royal Society of Chemistry
a carbamate group, and a thiomethyl moiety. The presence of
the aromatic ring facilitates p–p* transitions, resulting in
strong UV-vis absorption,77,78 as conrmed in Fig. 8c. This effi-
cient light absorption, combined with the reactive sulfur-
containing group, makes MTC particularly susceptible to pho-
todegradation, especially in the presence of Au-modied TiO2,
which promotes charge separation and reactive oxygen species
(ROS) generation.78,79 Although CBF and CBR also exhibit strong
UV absorption (Fig. 8c), their degradation proceeds more slowly
due to their greater structural stability. CBR contains two
aromatic rings and a carbamate group, which not only enhance
conjugation but also increase molecular rigidity and resistance
to photocatalytic attack.80–82 CBF features a fused benzofuran
ring and an amide group, both of which contribute to electron
delocalization and chemical stability.82 The amide linkage in
CBF is more stable than the carbamate group in CBR, contrib-
uting further to its reduced photocatalytic reactivity.81

DMT has the simplest structure among the four pesticides,
lacking any aromatic ring. Instead, it contains a thioether,
phosphorodiamidate, and ester functionalities. Its weak UV-vis
absorbance limits photon capture and results in a low photo-
catalytic performance.16,83 Furthermore, the electron-donating
alkyl groups and the absence of conjugated p-systems reduce
its susceptibility to ROS attack during photocatalysis.16 Briey,
these structural and electronic factors explain why MTC
Nanoscale Adv., 2025, 7, 7317–7332 | 7325
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degrades more rapidly than CBF, CBR, and DMT, under iden-
tical TNWs/TNAs and Au-TNWs/TNAs photocatalytic
conditions.

Since the materials were in lm form, the TNWs/TNAs and
Au-TNWs/TNAs lms were ultrasonicated in a DI water
container. The resulting suspensions were diluted, and their
absorption spectra were measured using a UV-vis spectropho-
tometer. As shown in Fig. 8d, TNWs/TNAs displayed strong
absorption in the UV region below 387 nm. In contrast, Au NPs
exhibited a distinct absorption peak at 536 nm due to the
localized surface plasmon resonance (LSPR) characteristic of Au
NPs.40 Because the synthesized Au NPs had a non-uniform size
distribution (average diameter: 19.5 ± 4.7 nm), the Au-TNWs/
TNAs composite demonstrated a broadened absorption band
in the visible range (450–620 nm). This broadening is a result of
LSPR effects, which are highly dependent on nanoparticle size,
shape, and distribution.84 The extended visible-light absorption
contributed by Au NPs enhances light harvesting and facilitates
charge separation at the Au–TiO2 interface, ultimately
improving photocatalytic efficiency (Fig. 8d).

The diffuse reectance spectra (DRS), shown in the inset of
Fig. 9, were used to estimate the optical band gaps of the TNWs/
TNAs and Au-TNWs/TNAs lms. The band gap values were
determined by extrapolating the linear portion of the [F(RN)$
hn]0.5 plots, based on an indirect electronic transition. The
estimated band gaps were 3.13 eV for TNWs/TNAs and 3.01 eV
for Au-TNWs/TNAs (Fig. 9). The slight reduction in the band gap
observed for the Au-decorated TiO2 may be attributed to the
formation of Schottky junctions at the Au/TiO2 interface, which
alters the local electronic environment and enables sub-
bandgap optical transitions or red-shied absorption features.
Notably, more signicant band gap narrowing (Eg = 2.6–2.8 eV)
in Au–TiO2 systems has been reported in previous studies.53

Meanwhile, the band gap of the pristine TNWs/TNAs closely
Fig. 9 Tauc plots derived from the transformed Kubelka–Munk
function [F(RN)$hn]0.5 as a function of photon energy, used to estimate
the optical band gaps of TNWs/TNAs and Au-TNWs/TNAs. The
extrapolated linear regions indicate the corresponding band gap
energies. The inset shows the diffuse reflectance spectra (DRS) of both
samples.

7326 | Nanoscale Adv., 2025, 7, 7317–7332
matches the well-established range for anatase TiO2, typically
between 3.10 and 3.22 eV.85–88 It is also worth mentioning that
no LSPR peak was observed in the DRS spectrum of Au-TNWs/
TNAs, likely due to the low reectance intensity (below 25%).
The absence of a distinct LSPR feature in this case is consistent
with earlier reports on similar Au/TiO2 nanocomposite
systems.33,53

Fig. 10a illustrates a proposed mechanism for the enhanced
photocatalytic activity of Au NP-decorated TiO2. During pho-
tocatalysis, nano-TiO2 is photoexcited by UV light, which
promotes electrons from the valence band (VB) to the
conduction band (CB), leaving behind positive holes in the VB.
Simultaneously, under visible light irradiation, Au NPs are
excited due to their LSPR, generating energetic plasmon-
induced electron–hole pairs. Plasmonic electrons from Au
can be injected into the CB of TiO2, while photogenerated
electrons from the TiO2 CB can transfer to Au and recombine
with plasmon-induced holes (Fig. 10a).89 Electrons originating
from both TiO2 and Au can react with dissolved O2 in the
solution, producing superoxide radicals (O2c−), while the
remaining holes oxidize water to generate hydroxyl radicals
(cOH). These reactive oxygen species (e.g., cOH and O2c−)
effectively degrade the organic MB pollutant and pesticides
through stepwise oxidation, ultimately producing small
molecules like SO4

2−, PO4
3−, NH4

+, NO3
−, NO2

−, CO2, and
H2O.16,76 The enhanced photocatalytic activity of Au-TNWs/
TNAs over pristine TNWs/TNAs arises from the LSPR of Au
nanoparticles, which extends light absorption into the visible
range and facilitates charge separation by acting as electron
sinks, thereby reducing recombination and increasing reactive
radical formation.

The EPR spectrum in Fig. 10b conrms the photoinduced
generation of cOH using DMPO as a spin trap under UV-vis
irradiation. No signal is observed in the dark, indicating that
cOH formation is light-dependent. Upon the UV-vis illumina-
tion, the signal intensity increases progressively from 0 to 6
minutes, reecting the accumulation of cOH radicals during
photocatalysis. While the typical quartet signal of the DMPO–
cOH adduct (1 : 2 : 2 : 1 ratio) is expected, additional peaks are
observed. These deviations likely result from overlapping
signals of other radical adducts such as DMPO–cOOH, insta-
bility and secondary reactions of DMPO–cOH, and possible
interactions with the Au–TiO2 surface that alter the magnetic
environment or stabilize surface-bound radicals. Collectively,
these factors contribute to the broader and more complex EPR
spectra compared to that of pure DMPO–cOH.

In this study, Au-TNWs/TNAs demonstrated superior pho-
tocatalytic performance, achieving 99.87% DMT degradation
within 25 minutes, compared to 95.2% for TNWs/TNAs under
identical conditions. This efficiency far surpasses that of the
TiO2 P25/polymer lm system, which required 3 hours for
complete DMT degradation.90 For CBR removal, Au-TNWs/TNAs
and TNWs/TNAs achieved 92.4% and 88.18% degradation,
respectively, with corresponding reaction rate constants of 8.73
× 10−2 and 6.51 × 10−2 min−1 – both signicantly higher than
the 2.2–2.5 × 10−2 min−1 reported by Jampawal et al.91 using
TiO2-coated glass ber lters under sunlight. These ndings
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Proposed mechanism for the photocatalytic degradation of methylene blue (MB) and pesticides by Au–TiO2 under UV-vis illumi-
nation. (b) DMPO–cOH radical EPR spectrum for Au-TNWs/TNAs.
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highlight the enhanced activity of Au-TNWs/TNAs. It is worth
noting that direct comparison of photocatalytic performance
across different studies remains challenging due to substantial
variations in material characteristics (e.g., morphology, crys-
tallinity, surface area, elemental composition, decoration
density, and doping) and experimental parameters (e.g., catalyst
dosage, light intensity, pollutant type, and concentration).
Nonetheless, TiO2-based nanomaterials in this work showed
consistent and effective reductions in MB and pesticides under
UV-visible light.
3.4. Photoelectrochemical (PEC) water splitting and
antibacterial performance of TiO2 and Au–TiO2

Fig. 11a presents the linear sweep voltammetry (LSV) proles of
both TNWs/TNAs and Au-TNWs/TNAs photoanodes, recorded
over a potential range of 0 to 1.6 V versus Ag/AgCl. In the absence
of light, both electrodes exhibited negligible background
current, indicating minimal electrochemical activity under dark
conditions. Upon UV-vis irradiation, the TNWs/TNAs generated
a stable photocurrent density of approximately 0.30 mA cm−2

across the 0.4–1.6 V range (Fig. 11a). Notably, the photocurrent
density of Au-TNWs/TNAs reached a high value of ∼0.51 mA
cm−2 at 0.9 V vs. Ag/AgCl, signicantly outperforming the
pristine TNWs/TNAs. This 70%-enhancement clearly reects
the positive role of plasmonic Au NPs in boosting the PEC
performance by improving light absorption and promoting
more efficient charge generation, separation, and transport in
the Au–TiO2 heterostructure.

To evaluate the photoconversion efficiency (h), the measured
potential (vs. Ag/AgCl) was rst converted to the reversible
hydrogen electrode (RHE) scale using the Nernst equation:48

ERHE = EAg/AgCl + 0.059 × pH + E0
Ag/AgCl

Given that the pH of the Na2SO4 electrolyte was 6.9 and
E0Ag/AgCl = 0.194 V at 25 °C, the potential conversion becomes:
© 2025 The Author(s). Published by the Royal Society of Chemistry
ERHE = EAg/AgCl + 0.601 (volt)

The photoconversion efficiency was calculated using the
following expression:48

h = I(Erev
q − V)/Jlight

where I is themeasured photocurrent density (mA cm−2), Erev
q is

the standard water-splitting potential (1.23 V vs. RHE), V is the
applied potential (vs. RHE), and Jlight is the incident light
intensity (0.1 W cm−2).

As shown in Fig. 11b, the h of the pristine TNWs/TNAs reached
a maximum of 0.86% at 0.81 V vs. RHE, whereas Au-TNWs/TNAs
showed a slightly higher efficiency of 0.95% at 0.83 V vs. RHE.
This improvement is attributed to the LSPR effect of the Au
nanocrystals, which enhances light absorption and charge
generation. Comparatively, the obtained efficiency for Au-TNWs/
TNAs surpasses the reported h of 0.75% at 0.6 V vs. RHE for B–
TiO2/Au NPs/Au NRs;48 however, it remains slightly lower than the
1.25% reported for Au/TiO2 branched nanorod arrays (BNRs).45

The transient photocurrent response (I–t curves) measured at
0.9 V vs. Ag/AgCl under chopped UV-vis illumination is presented
in Fig. 11c. Both photoanodes displayed rapid and reproducible
photocurrent responses upon light on/off switching, indicating
prompt charge separation and transport within the TiO2 and
Au–TiO2 heterojunctions. Au-TNWs/TNAs achieved a maximum
photocurrent density of 0.51 mA cm−2—representing a 1.72-fold
increase compared to the unmodied TNWs/TNAs. This value
exceeds the photocurrent of Au/TiO2 BNRs (0.13 mA cm−2)45 but
remains lower than those of B–TiO2/Au NPs (1.3 mA cm−2) and
B–TiO2/Au NPs/Au NRs (1.5mA cm−2).48 Such variations are likely
inuenced by differences in TiO2 morphology, Au nanoparticle
size, shape, and loading.

Fig. 11d evaluates the long-term photoelectrochemical
stability of the electrodes under continuous UV-vis irradiation
for 1 hour. Both TNWs/TNAs and Au-TNWs/TNAs maintained
relatively stable photocurrents—approximately 0.30 mA cm−2
Nanoscale Adv., 2025, 7, 7317–7332 | 7327
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Fig. 11 (a and b) Linear sweep voltammetry (LSV) curves and calculated photoconversion efficiency (%) of TNWs/TNAs and Au-TNWs/TNAs
measured under dark and UV-visible illumination (100 mW cm−2) conditions. (c) Amperometric I–t responses recorded at 0.9 V vs. Ag/AgCl
(approximately 1.5 V vs. RHE) under chopped UV-vis light irradiation. (d) Photocurrent stability of TNWs/TNAs and Au-TNWs/TNAs photo-
electrodes measured at 0.9 V vs. Ag/AgCl under continuous UV-visible illumination. (e) Electrochemical impedance spectroscopy (EIS) Nyquist
plots of the photoelectrodes measured under dark and UV-vis illumination conditions. (f) Simplified schematic illustration, energy level diagram,
and charge transfer mechanism in Au–TiO2 under UV-visible illumination.
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and 0.48 mA cm−2, respectively—with minimal decay over time.
These results suggest that the structural and functional integ-
rity of both materials is preserved during extended PEC opera-
tion, consistent with observations in Au/TiO2 BNRs.45

To further probe the interfacial charge dynamics, electro-
chemical impedance spectroscopy (EIS) was conducted under
dark and illuminated conditions, with the resulting Nyquist
plots shown in Fig. 11e. The semicircular arc in the high-
frequency region of the Nyquist plot reects the charge-
transfer resistance at the electrode–electrolyte interface. The
EIS data were tted using an equivalent circuit model (Rs + Rct/
CPE), where Rs represents the series resistance, Rct denotes the
charge transfer resistance, and CPE is the constant phase
element representing double-layer capacitance.

The extracted Rct values were 5486 U for TNWs/TNAs in the
dark and 2646 U for Au-TNWs/TNAs in the dark, which
decreased signicantly to 561 U and 461 U, respectively, under
UV-vis illumination. These results clearly demonstrate that Au
decoration substantially reduces the interfacial resistance in
7328 | Nanoscale Adv., 2025, 7, 7317–7332
both dark and light environments. The lower Rct observed under
illumination is attributed to the enhanced generation and
separation of electron–hole pairs, which accelerate interfacial
charge transfer. In contrast, the higher Rct in the dark is
a consequence of the reduced availability of charge carriers.
Overall, the incorporation of plasmonic Au NPs not only
improves light harvesting via LSPR but also facilitates faster and
more efficient electron transport, leading to enhanced PEC
water-splitting performance.

Based on the above ndings, the proposed charge transfer
mechanism in the Au–TiO2 heterostructure is illustrated in
Fig. 11f. Under UV-vis illumination, TiO2 absorbs photons,
promoting electrons from the VB to the CB of the TNWs/TNAs,
thereby generating electron–hole pairs. Simultaneously, the
plasmonic Au NPs absorb vis light through the LSPR effect,
producing energetic “hot” electrons and holes. Although
a Schottky barrier is typically formed at the Au–TiO2 interface,
which can act as an electron trap, the LSPR-induced hot elec-
trons possess sufficient energy to overcome this barrier and are
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) Photographs of E. coli colonies after 22 hours of incubation under different conditions: control, TNWs/TNAs, and Au-TNWs/TNAs,
evaluated both in dim laboratory light (DLL) and after 10minutes of UV irradiation (6.3 mW cm−2); colony counts for each condition are indicated
in the top-right corner of the corresponding images. (b) Quantitative comparison of antibacterial activity (%) for each sample under the respective
conditions.
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injected into the CB of TiO2. Under an applied bias during the
PEC process, these photogenerated electrons are efficiently
transported through the TiO2 network to the underlying tita-
nium substrate and then to the counter electrode,48 where they
participate in the water reduction reaction. Meanwhile, the
remaining holes in TiO2 and Au contribute to the oxidation half-
reaction, completing the water splitting process.

Fig. 12 shows the antibacterial performance of TNWs/TNAs
and Au-TNWs/TNAs under dim laboratory light (DLL) and weak
UV irradiation (253 nm, 32 W, 6.3 mW cm−2), with bacterial
colony counts noted in the upper right corner of each sample.
Under UV exposure, TNWs/TNAs achieved a high antibacterial
efficiency of 98.2%, while Au-TNWs/TNAs reached an even higher
rate of 99.9%. In contrast, UV irradiation alone exhibited only
48.7% inhibition of E. coli, clearly highlighting the critical role of
the photocatalysts. This antibacterial activity is attributed to the
generation of reactive oxygen species (ROS) such as hydroxyl
radicals (cOH) and superoxide anions (O2c

−) by TiO2, which are
well known for disrupting bacterial membranes and intracellular
structures.51,92 These ROS rapidly damage the bacterial cell wall
and membrane, penetrate the cytoplasm, and interfere with
essential biological functions including respiration, DNA repli-
cation, and the uptake of iron and phosphate—cumulatively
enhancing antibacterial efficacy.54 The superior performance of
Au-TNWs/TNAs under UV light is attributed to the LSPR effect of
Au NPs, which facilitates enhanced electron–hole (e–h) pair
generation and separation, thereby increasing ROS production.

Notably, under DLL conditions, TNWs/TNAs still show
moderate antibacterial activity (∼27.1%), which improves
markedly to 61.6% with Au-TNWs/TNAs—surpassing the 48.7%
© 2025 The Author(s). Published by the Royal Society of Chemistry
efficacy achieved under UV light alone (Fig. 12). This DLL-
condition activity of TiO2 arises from its ability to disrupt
bacterial membranes via electrostatic interactions or direct
contact with the nanomaterial.92 Additionally, TiO2 inhibits
bacterial aggregation and biolm formation, both key patho-
genic traits.93

The signicantly improved antibacterial effect of Au-TNWs/
TNAs under DLL conditions could be due to the LSPR of Au
NPs, which enables the excitation of hot electrons even under
low-vis light conditions (DLL). These hot electrons can transfer to
TiO2's conduction band, migrate to the surface, and drive redox
reactions, thereby promoting ROS generation. Importantly, the
observed E. coli inhibition of 99.9% under weak UV and 61.6%
under DLL for Au-TNWs/TNAs is comparable to that reported for
1% Au/TiO2, which exhibited a low E. coli survival percentage of
32.4% (or 67.6% bacterial killing) under intense 400–700 nm-
visible light from a 300 W xenon lamp equipped with lters.
Importantly, the Au-TNWs/TNAs achieved a remarkable 99.9% E.
coli inhibition under weak UV light and 61.6% under dim labo-
ratory light (DLL), which is comparable to the performance of 1%
Au/TiO2 that exhibited only 32.4% E. coli survival (i.e., 67.6%
bacterial inactivation) under strong visible light (400–700 nm)
from a 300 W xenon lamp equipped with optical lters.51
4. Conclusions

TiO2 nanowires/nanotubes (TNWs/TNAs) were fabricated via
anodization, and∼19.5 nm Au nanoparticles (6.8–8.7 at%) were
synthesized using the Turkevich method and uniformly
deposited onto the TNWs/TNAs through an immersion process
Nanoscale Adv., 2025, 7, 7317–7332 | 7329
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to form Au-TNW/TNA heterostructures. Structural and spectro-
scopic analyses conrmed anatase-phase TiO2 with uniform Au
distribution, intimate metal–semiconductor contact, and effi-
cient interfacial electron transfer. Under UV-vis irradiation, Au-
TNWs/TNAs exhibited markedly improved photocatalytic
degradation of methylene blue (MB) and four pesticides—
dimethoate (DMT), carbofuran (CBF), methiocarb (MTC), and
carbaryl (CBR)—compared to pristine TNWs/TNAs. The degra-
dation rate constant for MB increased 1.46-fold (from 7.14 ×

10−3 to 10.41 × 10−3 min−1), while pesticide degradation rates
rose by ∼1.2×. These enhancements are attributed to the
localized surface plasmon resonance (LSPR) effect of Au, which
extends light absorption into the visible range, accelerates
charge separation, and boosts reactive oxygen species (ROS)
generation. The photocatalysts retained ∼90% of their initial
activity aer four cycles, indicating excellent stability and
reusability. Diffuse reectance spectroscopy revealed a slight
band gap narrowing from 3.13 eV (TNWs/TNAs) to 3.01 eV (Au-
TNWs/TNAs), consistent with Schottky junction formation at
the Au/TiO2 interface. Photoelectrochemical tests showed
a stable photocurrent density of 0.51 mA cm−2 at 0.9 V vs. Ag/
AgCl – 70% higher than that of pristine lms – and a photo-
conversion efficiency increase from 0.86% to 0.95%. Electro-
chemical impedance spectroscopy further conrmed reduced
charge-transfer resistance in Au-TNWs/TNAs under illumina-
tion, indicating more efficient interfacial electron transport.
Antibacterial assays demonstrated 99.9% E. coli inactivation
under weak UV-vis light (6.3 mW cm−2) and 61.6% under dim
laboratory light, both outperforming pristine TNWs/TNAs. This
superior antibacterial performance is linked to LSPR-driven hot
electron transfer, which enhances ROS-mediated bacterial
damage. Overall, Au-TNWs/TNAs integrate high photocatalytic
activity, enhanced PEC water-splitting performance, and strong
antibacterial capability, making them versatile and recyclable
nanomaterials for sustainable water purication, renewable
energy production, and microbial control.
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