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One of the main challenges in applying photocatalysts for water treatment is the complex separation and
recycling process. In this study, we developed highly stable, porous zinc oxide nanorods (ZnO NRs) immobilized
on glass vials using a solvent exchange process (SEP) and hydrothermal calcination. Key parameters, including
oleic acid concentration and hydrothermal growth time, were optimized to maximize the active surface
area, significantly enhancing photodegradation performance. Under the best conditions, ZnO NRs-coated vials
achieved nearly 100% degradation of sulfamethoxazole (SMX) in 10 h of simulated solar irradiation. Depositing
silver nanoparticles on the surface of ZnO NRs (Ag/ZnO NRs) further improved performance, reducing
degradation time to 4 h and increasing photocatalyst stability. The Ag/ZnO NRs-coated vials, optimized with
an Ag precursor concentration of 0.05 M, also demonstrated high degradation rates (>99%) for eight organic
micropollutants at environmentally relevant concentrations over multiple reuse cycles and with minimal metal
leaching. This study presents an innovative, tunable method for immobilizing photocatalysts on glass substrates,
offering high surface area, excellent photocatalytic activity, and mechanical properties, making it highly

suitable for water treatment applications.

1. Introduction

The increasing global concern over the presence of micropollutants
(MPs) in water bodies has driven extensive research towards the de-
velopment of efficient decontamination technologies. MPs, including
pharmaceuticals, pesticides, and personal care products, are frequently
detected in water bodies worldwide, yet their persistence and potential
adverse effects on both human health and aquatic life make their
removal an important environmental challenge (van Dijk et al., 2023;
Qiu et al., 2024; Singh et al., 2024; Xu et al., 2021). Unfortunately,
conventional water treatment processes are generally inadequate for
the complete degradation of these compounds, demanding the inves-
tigation of advanced treatment methods (Li et al., 2022a; Sher et al.,
2021).

Advanced oxidation processes (AOPs) are efficient methods to de-
grade and mineralize a wide range of MPs in water by generating
reactive oxygen species (ROS) in-situ, such as hydroxyl radicals (*OH),
sulfate radicals (*SO,~), superoxide radicals (O,7), singlet oxygen
(10,), and others (Li et al., 2024; Kim et al., 2024; Lin et al., 2022; Dong
et al., 2022; Su et al., 2024; Zhang et al., 2019a). Among the various
AOPs, solar-driven catalysis has emerged as a promising strategy due
to its efficiency, cost-effectiveness, and sustainable approach (Xie et al.,
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2023; Cheng et al., 2023; Tang et al., 2022; Yang et al., 2019; Guo
et al., 2023). Photocatalysis effectiveness is based on the ability of a
semiconductor to generate ROS through electron-hole (e~/h*) pairs
upon light irradiation (Yang et al., 2023; Alansi et al., 2022; Yuan
et al., 2022). Photogenerated h* oxidizes water molecules or hydroxyl
ions to produce *OH, while photoexcited e~ reduces adsorbed molecular
oxygen to generate ‘O,~ (Rodriguez-Gonzalez et al., 2020; Luo et al.,
2023).

Zinc oxide (ZnO) has been extensively studied as a photocatalyst
due to its favorable band gap energy (E, = 3.37 eV), chemical stability,
and cost-effectiveness (Ramasamy et al., 2021; Ahmad et al., 2020).
However, pure ZnO has limitations, such as the recombination of e~ /h*
pair and susceptibility to photocorrosion, which reduces its photocat-
alytic efficiency (Mirzaei et al., 2018b; Lee et al., 2016; Fatima et al.,
2022). To overcome these drawbacks, the combination of ZnO with
noble metals such as silver (Ag) has been proposed (Ramasamy et al.,
2021; Vinh et al., 2021; Ahmad et al., 2022). Research has shown that
Ag deposition significantly enhances the photocatalytic performance of
ZnO under solar irradiation by increasing charge separation, extending
the light absorption range, and providing additional reactive sites for
pollutant degradation (Mahrsi et al., 2023; Buengkitcharoen et al.,
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2023; Zhang et al., 2019b; Wang et al., 2021; Li et al., 2021a; Guo
et al., 2022; Pham et al., 2020).

Most studies on ZnO-based photocatalysts have focused on the
formation of ZnO nanoparticles in suspension (Zhang et al., 2022a;
El Golli et al., 2021; Li et al., 2021b). Although these offer a large
surface area that facilitates efficient mass transfer, they are complex to
recover from the treated solution (Le et al., 2022; Vaiano and Iervolino,
2018; Zandsalimi et al., 2022). Therefore, immobilizing photocatalysts
on substrates is also crucial for practical applications, as it allows for
easy recovery and reuse, reducing the operational costs and environ-
mental impact of the treatment process (Le et al., 2022; Rana et al.,
2022; Maeng et al., 2015). During the immobilization process, a wide
range of ZnO nanostructures could be obtained by tuning the synthesis
parameters in hydrothermal, sol-gel, spin-coating, and dip-coating pro-
cesses, such as films, rods, spheres, and others (Ghos et al., 2021; Luo
et al., 2020b; Deebansok et al., 2021; Luo et al., 2020a). Compared to
the immobilized ZnO nanoparticles and nanofilms, immobilized ZnO
nanorods (NRs) exhibit higher loading amounts and surface area to
volume ratio, which increases the photocatalytic degradation efficiency
of immobilized ZnO (Zhang et al., 2022b). In addition, NRs structure
improves electrical conductivity, charge transfer, carrier mobility, and
light absorption efficiency (Mohammed et al., 2020).

This study proposes a novel method to immobilize Ag/ZnO
nanorods (Ag/ZnO NRs) on the inner surface of a glass container using
a combination of solvent exchange process (SEP) and hydrothermal
method. The structural and morphological properties of the fabricated
materials were extensively characterized as a function of the conditions
in the SEP and hydrothermal treatment time, and their photocatalytic
activities were evaluated by degrading a mixture of eight MPs under
simulated solar light (SSL). Finally, the re-usability of the coated vials
was investigated through several photodegradation cycles, and metal
leaching was examined.

2. Materials and methods
2.1. Materials and chemicals

Zinc acetate dihydrate (Zn(CH;C0OO),-2H,0, 97%) and silver nitrate
(AgNO;, 0.1 N) were purchased from Fisher Science. Zinc nitrate
hexahydrate (Zn(NO3),-6H,0, 98%), hexamethylenetetramine (HMTA,
(CH,)gNy, > 99%), octadecyltrichlorosilane (OTS, 95%) and the MPs,
including atrazine (ATZ, CgH;4CINs, > 98%), caffeine (CAF,
CgH;oN,0,, 99%), carbamazepine (CBZ, C5H;,N,0, > 98.5%), gem-
fibrozil (GBZ, C;5Hy,03, > 99%), ibuprofen (IBF, Gi3H;g0,, 98%),

naproxen (NPX, C;4H;403, > 98.5%), sulfamethoxazole (SMX,
C19H;1N303S, > 98%), and trimethoprim (TMP, C;4H;gN,O3, > 98%)
were acquired from Sigma-Aldrich. 5,5-Dimethyl-1-pyrroline N-oxide
(DMPO, CgH;,NO, 99%) was purchased from Dojindo Laboratories and
3,4-dihydro-2-methyl-1,1-dimethylethyl ester-2H-pyrrole-2-carboxylic
acid-1-oxide (BMPO, C;yH;7;NO3, > 98%) was purchased from Cayman
Chemical. All chemicals were used without any further purification.
Ultra-pure water (Millipore Milli-Q system, p > 18.2 MQ cm) was
employed for solutions preparation.

2.2. Immobilization of ZnO-NRs on the inner surface of glass vials

Hydrophobization pre-treatment: 30 mL glass vials capacity were
first cleaned with a 3:1 H,SO4:H,0, solution to remove any organic
matter from the inner surface, followed by several washings with
ultra-pure water. The vials were then hydrophobized with octade-
cyltrichlorosilane (OTS vials) as described elsewhere (Zhang et al.,
2015).

Immobilization of ZnO nanoseeds (ZnO NSs) on OTS vials: ZnO
NSs were grown inside pre-hydrophobized glass vials using a SEP, as
shown in Fig. 1(a). In step 1, the OTS vial was filled with solution
A (oleic acid in ethanol/water 70:30 V/V). Subsequently, solution B
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(water) was injected into the vertically oriented vial reactor at a 4
mL/min fixed flow rate through a tube at its center. The total volume
of solution B used for the SEP was 60 mL. During this process, oleic
acid droplets were formed on the inner surface of the vial due to the
oversaturation of oleic acid in the mixture. Next, 30 mL of 0.05 M
zinc acetate aqueous solution were added into the vial at a 4 mL/min
rate, reacting with the oleic acid droplets and forming zinc oleate
nanoparticles. Finally, the vial was rinsed with deionized water and
annealed at 500 °C for 2 h to complete the immobilization of the
ZnO-NS layer.

Growing of ZnO NRs: ZnO NRs were grown on the pre-seeded inner
surface of vials using a wet chemical process. The growth solution was
prepared by mixing aqueous solutions of 0.04 M zinc nitrate and 0.04
M HMTA, which had been stirred for 15 min in a 1:1 volume ratio. After
an additional 10 min of stirring for homogenization, the pre-seeded
vials were filled with the growth solution and maintained at 90 °C for
specified duration periods (2, 4, 6, 8, or 10 h), as shown in step 2 of
Fig. 1(a). Subsequently, the vials were rinsed with deionized water and
dried using airflow before a final annealing process at 500 °C for 3 h
to stabilize the material structure.

2.3. Synthesis of Ag/ZnO NRs

Step 3 in Fig. 1(a) shows the process for preparing ZnO NRs with Ag
nanoparticles. ZnO NRs-coated vials were filled with aqueous AgNO4
solutions at different concentrations (0.01, 0.03, 0.05, 0.07, and 0.1
M) and kept in dark conditions for 1 h to allow for adsorption. After
this period, the vials were washed with deionized water and dried
using airflow. Next, to photoreduce Ag* to zerovalent Ag, each vial was
exposed to UV irradiation for 30 min using a UVA lamp (365 nm, 8 W,
Analytikjena) (Liu et al., 2015). The resultant Ag/ZnO NRs-coated vials
were then rinsed several times with deionized water to remove residual
Ag* ions and dried overnight at room temperature.

2.4. Characterization

Optical images of the ZnO NSs and ZnO NRs were captured using
a Nikon H6001 microscope equipped with a Nikon DSFi 3 camera.
Powder X-ray diffraction (XRD) analysis was performed with a Bruker
D8 Discover diffractometer (CuKa 1.5406 A) to determine the structural
properties. X-ray photoelectron spectroscopy (XPS) analysis was con-
ducted to assess the material purity and examine the composition and
defect characteristics using a PHI 5000 Versa Probe III spectrometer.
Monochromatic Al Ka (hv = 1486.6 eV) served as the X-ray source, and
the base pressure in the analysis chamber was maintained at 3.0x 10710,
The Au 4f;,, peak at 84.0 eV was used to calibrate each spectrum.
A pass energy of 224 eV was applied for survey scans, while 26 eV
was used for high-resolution spectra. In the XPS spectra, all binding
energies were calibrated using the carbon peak (284.8 eV) as the
reference. Morphological analyses of ZnO NRs were conducted using a
field emission scanning electron microscope (FESEM; HITACHI S4800).
The plasma-focused ion beam scanning electron microscope (PFIB-SEM,
Helios 5 Hydra DualBeam, Thermo Scientific) was employed for the
characterization of the cross-section structure of ZnO NRs. Before the
PFIB-SEM characterization, ZnO NRs were spin-coated with AZ1505
photoresist (5000 rpm, 40 s) for sample protection. Length and diam-
eter distribution of the ZnO NRs were measured from FESEM images
using ImageJ software. The formation of the Ag/ZnO heterostructure
was further confirmed by scanning transmission electron microscopy
(STEM), selected area electron diffraction (SAED), and TEM energy-
dispersive X-ray (TEM-EDX) analyses using a JEOL JEM-ARM200CF
S/TEM with EDX (Narwhal). Diffuse reflectance spectra of ZnO NRs
and Ag/ZnO NRs were acquired using a Hitachi U-3900H UV-visible
spectrophotometer. Zn and Ag ion concentrations in the treated solu-
tions were measured using inductively coupled plasma-optical emission
spectroscopy (ICP-OES; Thermo iCAP6300 Duo).
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Fig. 1. (a) Steps in the fabrication of ZnO NSs, ZnO NRs, and Ag/ZnO NRs and the main chemical reactions involved. (b) Photos of vials coated with ZnO NSs, ZnO NRs, and

Ag/ZnO.
2.5. Photocatalytic activity

Several parameters were investigated to evaluate the photocatalytic
performance of the fabricated coated vials, including the oleic acid
concentration in solution A during the SEP for ZnO NSs, the growth
time of ZnO NRs, and the concentration of Ag in the fabrication of
Ag/ZnO NRs. The photocatalytic activity was initially analyzed for the
degradation of aqueous solutions containing SMX (5 mg/L) as a model
organic contaminant under simulated solar light (SSL, SS200AAA Solar
Simulation System, Photo Emission Tech) with a fixed irradiance of
112.53 W/m2. Finally, the Ag/ZnO NRs-coated vial fabricated at the
best synthesis conditions was applied under SSL for the treatment of
a mixture containing eight MPs, including CAF, TMP, SMX, CBZ, ATZ,
NPX, IBP, and GBZ, each at an initial concentration of 100 pg/L. The
photodegradation efficiency (5) was calculated using Eq. (1):

G -G
n=——— %X 100% (@))]
G

where C, and C, are the initial concentration and the concentration
at time t of each MP, respectively. To evaluate the stability of the
Ag/ZnO NRs immobilized on the glass surface, four reuse experiments
were performed to degrade the eight MPs in the matrix under the same
reaction conditions. After each cycle, the Ag/ZnO NRs-coated vial was
washed several times with deionized water and used in the next cycle
of the photocatalytic treatment.

2.6. Analytical procedures

The evolution of SMX concentration during and after treatment with
the coated vials was monitored using a UV-Vis spectrometer (Thermo
Fisher Genesys 150). The concentrations of MPs in the mixture were
analyzed using an Agilent 1290 Infinity II ultra-high-performance liquid
chromatography (UHPLC) system coupled with an Agilent 6495 triple
quadrupole mass spectrometer (LC-QQQMS, Agilent Technologies Inc.).
Detailed information can be found in Text S1 in the supplementary
information. Multiple reaction monitoring (MRM) transitions of the
eight MPs are listed in Table S1. Before analysis, samples were collected
and filtered through a 0.22 pm PTFE filter.

2.7. Reactive oxygen species (ROS) identification
ROS generated during the photocatalytic process were detected by

electron spin resonance (ESR) measurements using a Bruker ELEXSYS-
I E500 ESR spectrometer. ESR spectra were recorded with a magnetic

field modulation of 100 kHz, an amplitude of 1.0 G, microwave power
of 20 mW, and a sweep time of 60 s. Samples were collected from the
systems using a disposable microtube, sealed, and inserted into a 4 mm
quartz ESR tube for analysis. *OH and *OH/°O, " species were detected
using DMPO (50 mM) and BMPO (200 mM) solutions as spin-trap
reagents, respectively.

3. Results and discussion
3.1. Characterization of ZnO NRs and Ag/ZnO NRs

X-ray diffractograms were obtained for ZnO NRs and Ag/ZnO NRs
samples, as shown in Figure S1. Both samples exhibit a well-crystallized
and highly oriented hexagonal wurtzite ZnO structure, with a peak
at a 20 value of 34.4°, indexed as the (002) plane (JCPDS, File No.
036-1451) (Alharthi et al., 2020). In addition to the ZnO wurtzite
structure, the Ag/ZnO NRs sample displays an additional peak at 38.1°,
corresponding to the (111) plane of Ag nanoparticles (JCPDS, File No.
04-0783), confirming the formation of the Ag cubic structure on the
ZnO NRs (Zamiri et al., 2014).

The morphology of the immobilized Ag/ZnO NRs was revealed by
FESEM images, as shown in Figs. 2(a) and (b). ZnO was observed
to grow in a rod-like structure with a rough surface and forming a
circular pattern, while Ag nanoparticles were dispersed on the surface
of ZnO NRs. FIB-SEM images of the cross-section of the Ag/ZnO NRs
confirmed that this circular pattern consists of individual ZnO NRs
(Fig. 2(c)), which exhibit a rough and porous surface (Fig. 2(d)). The
size distribution of the internal pores in the Ag/ZnO NRs structure was
analyzed using the ImageJ program, resulting in an average size of
23.93+6.67 nm (Figure S2). The NRs surface was also examined using
STEM analyses, as shown in Figs. 2(e) to (g). Although smaller pores
were observed, with an average size of 3.59+1.20 nm (Figure S3), the
porous structure of the Ag/ZnO NRs is evident. This high surface area
and large pore volume could enhance the photocatalytic performance
of the immobilized material (Ahamad et al., 2021; Wu et al., 2021).

Moreover, as shown in 2(h), numerous spherical-like nanoparticles
are visible on the surface of the ZnO NRs, contributing to the overall
surface morphology. Fig. 2(i) presents a magnified image of one of
these like-spherical nanoparticles, where well-defined lattice fringes
indicate its crystalline nature. The lattice fringe with an interplanar
spacing of 0.24 nm corresponds to the (111) plane of Ag, indicat-
ing the successful deposition of Ag nanoparticles into the ZnO NRs
structure. The SAED pattern of the Ag/ZnO (Fig. 2(j)) also indicates
a high crystallinity of the sample, with the spot indexing confirming
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Fig. 2. Characterizations: FESEM images with (a) low and (b) high magnification. PFIB-SEM images of the cross-section pattern with (c) low and (d) high magnification. (e) STEM
image and STEM images with (f) high-angle annular dark-field (HAADF-STEM) and (g) high-angle annular bright-field (HAABF-STEM). High-resolution TEM images with (h) low
and (i) high magnification. (j) SAED pattern. TEM-EDX analyses from (k) to (o). (p) XPS survey scan spectrum and XPS scan spectra of (q) Ag 3d, (r) Zn 2p, and (s) O 1s for ZnO
NRs and Ag/ZnO NRs.
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the wurtzite structure of ZnO, as discussed in the XRD results above.
Furthermore, EDX analysis was carried out further to confirm the
elemental composition of the material. According to the EDX elemental
mapping images shown in Figs. 2(k) to (o), rod-like structures are
predominantly composed of Zn (in red) and O (in blue) elements,
while Ag (in green) nanoparticles are distributed along the NRs surface,
confirming their successful incorporation in the photocatalyst.

To demonstrate the impact of Ag deposition on the surface chemical
state of ZnO NRs, a detailed XPS analysis of ZnO NRs and Ag/ZnO
NRs samples was conducted. The corresponding survey XPS spectra,
along with high-resolution Ag 3d, Zn 2p, and O 1s XPS spectra, are
shown in Fig. 2(p)-(s). The binding energies in the XPS spectra were
calibrated using C 1s (284.8 eV). Strong signals from Zn, O, Ag, and C
elements are observed in the Ag/ZnO survey spectra (Fig. 2(p)), indi-
cating the high purity of the Ag/ZnO photocatalyst. Fig. 2(q) presents
the high-resolution Ag 3d XPS spectra of Ag/ZnO NRs, where two
peaks at 367.20 and 373.20 eV correspond to Ag 3ds;, and Ag 3d;,,
respectively. The splitting of the 3d doublet is approximately 6.0 eV,
indicating the metallic nature of Ag (Chen et al., 2024). Symmetrical
peaks in Fig. 2(r) at 1021.32 and 1044.54 eV for ZnO and Ag/ZnO
NRs samples correspond to Zn 2p;,, and Zn 2p, ,, respectively. The
splitting of Zn-2p states was about 23 eV, confirming the presence
of Zn?* lattice ions (Mou et al., 2018; Chen et al., 2024). Fig. 2(s)
illustrates the oxygen levels (O) in both samples. The O 1s curve
is asymmetric and was fitted with three Gaussian peaks. The peaks
located at approximately 530.01 eV, 531.17 eV, and 532.12 eV in
both ZnO and Ag/ZnO samples are attributed to lattice oxygen (O,,,,),
adsorbed oxygen (O,,,), and oxygen vacancies (O,) (Mahrsi et al.,
2023). Quantitative XPS analysis shows that the percentage of O,,,, and
O, in Ag/ZnO increased from 14.1% and 10.3% to 22.0% and 12.6%,
respectively, indicating that the concentration of oxygen vacancies and
surface hydroxyl oxygen in Ag/ZnO NRs is higher than in ZnO NRs.
Oxygen vacancies and surface hydroxyl oxygen play crucial roles in
semiconductor photocatalysis and enhance photocatalytic activity (Li
et al., 2022b). Therefore, the photocatalytic activity of ZnO NRs should
increase following the Ag deposition process.

3.2. Effect of oleic acid concentration on the fabrication of ZnO NSs

ZnO NSs were pre-immobilized inside OTS glass vials using a SEP, as
illustrated in step 1 of Fig. 1(a). During this process, the oversaturation
of oleic acid in the mixture leads to the formation of oleic acid droplets
on the inner surface of the vial, which serve as a pattern for forming
zinc oleate nanoparticles and ZnO NSs after calcination. In this sense,
adjusting the concentration of oleic acid in solution A during SEP can
influence the average size of the droplets and the surface coverage on
the substrate, potentially affecting the growth of ZnO NRs in step 2 and
the photocatalytic performance of the system (Lu et al., 2024).

To investigate this parameter, different concentrations of oleic acid
(ranging from 1% to 4% V/V) in solution A were tested, and the size
distribution and surface coverage rate of ZnO NSs were analyzed. The
photocatalytic performance of ZnO NRs grown on ZnO NSs was also
evaluated for SMX degradation under SLL. Figs. 3(a) and (c) display
representative photos of ZnO NSs-coated vials and ZnO NRs-coated
vials at various oleic acid concentrations, respectively. ZnO NSs were
immobilized across the inner surface of the vials, which remained
almost transparent after the process, especially for oleic acid concentra-
tions of 1% and 2%. The transmittance of each coated vial is shown in
Figure S4. Optical microscopic images were captured at the top, middle,
and bottom positions of each vial to evaluate the size distribution of
ZnO NSs along the vertical axis, as shown in Fig. 3(b). The particle size
of ZnO NSs increased with higher concentrations of oleic acid, resulting
in a wider size distribution. Lower levels of oleic acid (i.e., 1% and 2%)
resulted in a more homogeneous and uniform distribution of ZnO NSs,
while higher concentrations led to the formation of larger ZnO NSs and
a more heterogeneous size distribution.

Water Research 268 (2025) 122736

The effect of fabrication conditions on the surface coverage rate and
the average size of ZnO NSs was analyzed using ImageJ software, as
shown in Figs. 3(d) and (e), respectively. A maximum surface coverage
rate of 34.5% was achieved with 2% oleic acid, while a minimum rate
of 18.3% was observed with 1%. Intermediate coverage rates of 28.9%
and 26.4% were observed with 3% and 4% oleic acid, respectively. In
addition, the average diameter of ZnO NSs showed a clear trend to in-
crease with the oleic acid concentration, ranging from 3.4 pm to 11.6 pm
for concentrations from 1% to 4%. Moreover, the photodegradation
efficiency of ZnO NRs grown on ZnO NSs fabricated with different oleic
acid concentrations was evaluated for SMX degradation. Fig. 3(f) shows
that all conditions demonstrated effective degradation performance
after 10 h of exposure to SSL, with photodegradation efficiencies of
over 90.0%. However, the ZnO NR-coated vial fabricated with 2% oleic
acid achieved a degradation percentage of 97.1%, compared to 90.0%
at the highest oleic acid concentration of 4%. Interestingly, 1% oleic
acid, which resulted in the lowest coverage rate and average diameter,
exhibited better photodegradation performance (94.0%) than 4%. This
suggests that coverage rate and average diameter are not the only
factors influencing the photocatalytic performance of ZnO NRs.

As shown in Fig. 4(a), FESEM images of ZnO NRs with varying
pattern sizes were captured to analyze the ZnO NRs structure in detail.
When the pattern size of ZnO NRs is 2.1 pm, the NRs grow randomly and
interlace with each other. At a pattern size of 3.0 pm, ZnO NRs continue
to grow randomly, interlacing primarily at the edges. However, at
pattern sizes over 5.0 um, the NRs exhibit an ordered alignment trend
in the central area. This phenomenon is more clearly observed in FIB-
SEM images of the cross-section of each ZnO NRs pattern, as shown in
Fig. 4(b). It is evident that NRs grow independently when the bottom
seed size is around 2.0 pm but become organized and densely packed
in the central area at larger sizes. Additionally, top-view and cross-
sectional images of ZnO NRs show that the thickness remains at 1.0 pm,
indicating that ZnO NRs begin to grow densely in the central area at
seed sizes larger than 2.0 pm. This dense growth may reduce the active
surface area of the photocatalyst, thereby decreasing its performance
in degrading SMX. To quantify this effect, the total active surface area
(TASA) of each ZnO NR pattern was calculated considering the central
and edge areas, as illustrated in Fig. 4(c), and using the equations
below.

TASApan‘ern = Npygs* ASANR (2)
NNRS = Apattern/CANR (3)
ASAyg =n-(Dyg/2)* + CAyg @

Here, N g, is the number of NRs in one pattern, ASAyy is the
active surface area of a single NR, A, is the total area of the pattern,
CApp is the contact area of one NR with ZnO NS, and Dy is the
diameter of a single NR. When the seed size is less than 2.0 pm, each
ZnO NR has 100% active surface area (ASA). At seed sizes larger than
2.0 pm, ZnO NRs at the 1.0 pm edge still have 100% ASA, but in the
central area, due to the dense growth, only the top 20% of the area is in
contact with contaminants. Therefore, TASA was calculated as follows:

TASApgitern = TASAggge + TAS A oprer 5)
TASAyqge = Noggenrs - ASANR (6)
TASAopier = Neenternrs - ASANR - 20% (@]

Where TASA,,,, and TAS A, are the total active surface area of

NRs at the edge and center areas of each pattern, respectively. Noyq,n gy
and N_,...,vrs are the number of NRs at the edge and center areas
of each NRs pattern, respectively. The calculated TASA per unit area
of each ZnO NR pattern in shown in Fig. 4(f), assuming a surface
coverage rate of 30% (average of surface coverage rates in Fig. 3(d)).
The TASA per unit area is constant at 5.75 m? /m? for seed sizes less than
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2.0 pm but decreases when seed size exceeds 2.0 pm. Thus, lower oleic
acid concentrations in solution A during the SEP are more suitable for
obtaining smaller ZnO NR patterns that result in higher TASA values.

However, adjusting the oleic acid concentration also affects the
surface coverage rate of ZnO NR patterns (Fig. 4(d)), which is another
crucial parameter for TASA calculation. Fig. 4(g) shows the TASA
of ZnO NRs calculated using the analyzed average size and surface
coverage rate of ZnO NR patterns fabricated at different oleic acid
concentrations. The calculated results show the order: TASAQ2%) >
TASA(1%) > TASA(3%) > TAS A(4%), which correlates well with the
photodegradation performance observed in Fig. 3(g). Notably, a larger
surface coverage rate does not always imply better photodegradation
efficiency, as the growth mechanism of the nanoparticles affects their
active photocatalytic area (Kusiak-Nejman et al., 2021).

3.3. Influence of growth time on the morphology of ZnO NRs

Growth time is an important experimental parameter that influences
the morphology of ZnO NRs (Khan et al., 2020; Zhang et al., 2020b).
Figs. 5(a) and (b) show side and top views, respectively, of FESEM
images of ZnO NRs grown for different times (from 2 to 10 h). The
statistical average length (Fig. 5(c)) and average diameter (Fig. 5(d))
of individual ZnO NRs were determined by randomly measuring the
captured FESEM images of the side and top views, respectively. It
was observed that growth time had a slight influence on the average
length, increasing from 0.89+0.09 pm at 2 h to 0.97+0.024 pm at 10 h.
However, a significant increase in the average diameter was noted,
ranging from 0.11+0.03 pm to 0.31+0.09 pm over the same period.
This indicates that lateral growth was favored over axial growth as
the time increased from 2 to 10 h, a behavior also reported in other
studies (Shabannia, 2016).

In this study, as shown in Fig. 1(a), ZnO NRs were grown on a pre-
seeded substrate by mixing solutions of Zn(NO3), and HMTA (0.04 M
each) in a 1:1 volume ratio at 90 °C using a hydrothermal synthesis
method. ZnO crystals have polar faces ((001) and (002)) with higher
surface energy than non-polar faces ((100) and (101)) (Tan et al.,
2021). These polar faces are metastable and more likely to participate
in chemical reactions to decrease the free energy of the system (such
as during hydrothermal growth and etching effect) (Tan et al., 2021;
Montero-Munoz et al., 2020). Typically, during the growth process of
bulk ZnO NRs, OH~ ions supplied by HMTA (chemical Egs. (8) and (9))
settle on the oppositely charged (001) face and react with Zn>* ions to
form Zn(OH), (Eq. (10)), promoting growth along the (001) direction.
Finally, Zn(OH), decomposes into ZnO (Gerbreders et al., 2020; Tan
et al., 2021), as can be seen in Eq. (11). In our approach, the highly
oriented ZnO NRs selectively grew on the (002) plane, as discussed in
the XRD patterns in Figure S1. This preferred orientation in the (002)
direction is consistent with previous reports (Cerrén-Calle et al., 2019;
Young et al., 2021; Zheng et al., 2020).

(CH,)gN, + 6H,0 — 6CH,0 + 4NH;, ®)
NH; + H,0 — NH} + OH~ )
20H™ +Zn>* « Zn(OH), 10)
Zn(OH), <« ZnO +H,0 an

The ZnO NR growth process can be divided into two stages based
on growth time. The first stage begins with a high OH~ concentration
produced during the hydrolysis of HMTA ((CH,)¢N,). In this stage,
the dissolution-secondary precipitation process is dominant, resulting
in the formation of uniform and long ZnO NRs. As the growth time
increases, the OH™ concentration and the amount of Zn?* ions decrease
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Fig. 4. (a) FESEM images of the top view of ZnO NR patterns with different pattern sizes. (b) FIB-SEM images of the cross-sections of each ZnO NR pattern. (c) Sketch of ZnO
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TASA for each ZnO NR pattern, assuming a surface coverage rate of 30%. (g) Calculated TASA of ZnO NRs as a function of the oleic acid concentrations in solution A.

significantly, leading to slower growth on both the polar and non-polar
faces. Meanwhile, an etching process occurs on the polar face, reducing
the length of the ZnO NRs after a prolonged growth period (Gerbreders
et al., 2020). Thus, longer growth times result in a slight increase in the
length of ZnO NRs while significantly increasing their diameter. This
dual effect influences the TASA in two opposing ways: the increase
in average length enhances the TASA due to the larger surface area,
while the increase in diameter can reduce the overall efficiency of light
absorption due to decreased space between the ZnO NRs. Consequently,
TASA is affected both positively and negatively by changes in the
dimensions of the ZnO NRs with varying growth times.

To determine the optimal growth time of ZnO NRs for achieving the
best photocatalytic performance, SMX photodegradation experiments
were conducted using ZnO NRs-coated vials fabricated with different
growth times. As shown in Fig. 5(e), the ZnO NRs-coated vial with a
growth time of 6 h exhibited the highest photodegradation efficiency,
followed by those grown for 4 h. As expected, the longest growth time
(10 h) resulted in the lowest photodegradation efficiency. These results
further confirm the dual effect of growth time on the photocatalytic
performance of ZnO NRs.

3.4. Effect of Ag deposition on the photocatalytic activity of ZnO NRs

Depositing Ag nanoparticles into ZnO has been proven to enhance
photocatalytic activity by narrowing the band gap energy and im-
proving charge carrier separation efficiency (Ahmad et al., 2022).
Additionally, Ag/ZnO exhibits better stability against photo-corrosion
than pure ZnO (Singh, 2022). In our study, Ag nanoparticles were
coated onto the surface of ZnO NRs via the photo-reduction of Ag*
by UV light, as represented in Fig. 2. Ag/ZnO NRs-coated vials with
different Ag deposition content were used to degrade SMX aqueous
solutions (5 mg/L) under 10 h of exposure to SSL, as shown in Fig. 6(a).
Experiments under dark conditions (adsorption) and using only SSL
(photolysis) were conducted as a control, and negligible degradation
rates were observed. In contrast, a 97% photodegradation efficiency
was achieved using the ZnO NRs-coated vial. Despite this excellent per-
formance, depositing Ag into the ZnO NRs structure further improves
photodegradation rates, reaching almost 100% efficiency in only 4 h for
vials fabricated from 0.05 M to 0.1 M of AgNO;. This positive effect on
degradation kinetics is also noticeable for 0.01 M and 0.03 M AgNOs;,
although to a lesser extent.
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Moreover, a kinetic analysis for the photodegradation of SMX by
ZnO NRs and Ag/ZnO NRs under SSL was conducted using Eq. (12).

Co.
ln(a) =kt 12)

Where C, and C, represent the concentration of SMX at time 0 h and
at time t, respectively, and k represents the pseudo-first-order kinetic
constant (h~1). Table S2 summarizes the pseudo-first-order kinetic
constants obtained with their corresponding R?. From Figure S5, it
is clear that k values increase when increasing the concentration of
AgNO; in the fabrication process, reaching the highest value at 0.05
M. Additionally, the enhancement factor of ZnO NRs with Ag was
calculated according to Eq. (13), with k,,,7,0 and kz,o being the
pseudo-first-order kinetic constants for the Ag/ZnO NRs and ZnO NRs
systems, respectively.

k n
ZAg/Zn0 13)

Enhancement f actor =
kZ no

As shown in Fig. 6(b), Ag deposition has a significant enhancement
on the photodegradation performance of ZnO NRs. The enhancement

factor reached the maximum value at 2.9 when increasing the AgNO,
concentration from 0.01 M to 0.05 M. In this sense, 0.05 M was
selected as the best Ag™ precursor concentration to investigate the
photocatalytic activity of the Ag/ZnO NRs in the following analyses.

To further investigate the enhancement effect of Ag deposition on
the photodegradation performance of ZnO NRs, the UV-Vis diffuse
reflectance spectra of ZnO NRs and Ag/ZnO NRs (0.05 M Ag precursor)
samples were measured, as shown in Figure S6. The E, of these samples
was calculated based on the diffuse reflectance spectra using Tauc’s
equation (Lopez and Gémez, 2012).

(F(R)hv)'/* = B(hv - E,) a4

Where F(R) is the Kubelka-Munk function, h is the Planck constant,
v is the photon’s frequency, E, is the band gap energy, and B is a
constant. The E, of ZnO NRs was observed to be 3.20 eV, while a slight
decrease to 3.18 eV was observed after the deposition of Ag (Figs. 6(c)
and (d)). As previously reported, incorporating Ag nanoparticles into
ZnO generates oxygen vacancies, thereby reducing the Eg and enhanc-

ing the efficiency of visible light absorption (Singh, 2022). Moreover,
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ESR spectra were recorded to compare the main ROS generated using
both materials under SSL. *OH and *O,~ have been reported as the
dominant radicals in ZnO-based photocatalytic systems (Liu et al.,
2020; Shen et al., 2022; Feng et al.,, 2020). DMPO was used as a
trapping agent to detect the generation of *OH species during the
ESR analysis. Fig. 6(e) shows that no signals of the adduct DMPO-
*OH were observed in the blank experiment, conducted using only SSL
for 15 min. In contrast, typical DMPO-*OH signals were detected after
the illumination of both ZnO NRs and Ag/ZnO NRs-coated vials with
SSL, indicating the generation of *OH species in both systems. Notably,
the intensity of the DMPO-"OH peaks in the Ag/ZnO NRs system was
higher (around 1.60 times) than in the ZnO NRs, as shown in Figure
S7. Additionally, the possible generation of *O,~ was investigated using
BMPO as a trapping agent. Results in Fig. 6(f) show that signals for the
BMPO-'0,~ adduct were observed in both ZnO NRs and Ag/ZnO NRs
systems. Similarly, the intensity of the BMPO-'O,~ signals was higher
in the Ag/ZnO NRs vial, indicating that Ag successfully increased the
generation of ROS, further enhancing the photocatalytic activity of ZnO
NRs.

Based on the discussion above, the photocatalytic mechanism of
Ag/ZnO NRs is proposed in Figure S8. When ZnO NRs are exposed
to the SSL, electrons in the valence band (VB)are excited to the con-
duction band (CB), generating electron-hole pairs. The photogenerated
electrons in the CB transfer to Ag particles because the CB energy level
of ZnO is higher than the Fermi level of metallic Ag (Rabell et al.,
2021). As a result, the separation efficiency and the lifetime of the
photogenerated e~/h* pairs are improved. The generated h* in the
VB of ZnO oxidize water and hydroxyl groups to form °*OH, while
the photogenerated e~ react with oxygen to form *O,~ species (Zhang
et al.,, 2020a; Qi et al., 2021). These *OH and O, species, along
with the holes are responsible for effectively degrading the target
contaminant (Shang et al., 2023).

Finally, the SMX degradation efficiency using immobilized Ag/ZnO
NRs in the best fabrication conditions (2% of oleic acid concentra-
tion during SEP, 6 h of hydrothermal growth time, and 0.05 M of
AgNO; precursor) were compared with those of other dispersed and
immobilized ZnO-based photocatalysts reported in the literature (Ta-
ble S3). This immobilized Ag/ZnO NRs exhibit similar photodegrada-
tion performance for SMX degradation as dispersed ZnO-based pho-
tocatalysts, albeit with a longer irradiation time (Akbari et al., 2023;
Makropoulou et al., 2020; Dhiman et al., 2021; Mirzaei et al., 2018a;
Roy et al., 2023). Furthermore, the current photocatalyst exhibited a 5-
fold higher photodegradation efficiency compared to immobilized ZnO
nanocaps (Li et al., 2023).

3.5. Application in the photodegradation of a mixture of MPs

A solution containing eight MPs, including CAF, TMP, SMX, CBZ,
ATZ, NPX, IBP, and GBZ (see chemical structures in Table S4), with a
total initial concentration of 800 pg/L (100 pg/L each MP), was used
to further investigate the performance of ZnO NRs and Ag/ZnO NRs-
coated vials. These contaminants were selected due to their frequent
detection in natural water and wastewater, typically at concentrations
ranging from ng/L to pg/L (Fekadu et al., 2019; Adeleye et al., 2022;
de Albuquerque et al., 2020).

Before the photocatalysis degradation of the mixture of MPs, con-
trol experiments using only SSL were performed. As can be seen in
Figure S9, no important photodegradation was observed for all the
MPs (except NPX with 38.0% photodegradation) in 6 h of exposure to
only SSL, whereas photodegradation percentages close to 100% were
achieved when using the ZnO NRs-coated vial under the same irra-
diation time (Fig. 7(a)). ATZ shows slower photodegradation kinetics
than the other MPs but reaches 92.0% degradation after treatment.
Remarkably, Ag/ZnO NRs-coated vial under SSL led to almost complete
photodegradation of all eight MPs (including ATZ) within just 4 h, as
shown in Fig. 7(b). The total photodegradation efficiency in this system,
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i.e., considering the eight MPs, was calculated and shown in Figure
$10. Photodegradation kinetics analyses conducted for the eight MPs
in the ZnO NRs and Ag/ZnO NRs systems, showed in Figs. 7(c) and
(d), respectively, confirm the superior performance of the Ag/ZnO NRs-
coated vial. Table S5 presents the pseudo-first-order kinetic constants
with their corresponding R? values. Furthermore, Fig. 7(e) presents the
enhancement factors for the Ag-coated material. A 3.06-fold enhance-
ment factor was obtained for ATZ, while enhancement factors between
1.33- and 2.15-fold were obtained for the other 7 MPs compared to
those in the ZnO NRs-coated vial.

To evaluate the stability of the immobilized material on the glass
container, the Ag/ZnO NRs-coated vial was reused in four consecutive
cycles of photodegradation experiments. Solutions containing the eight
MPs were used as the working matrix, with a fixed irradiation time of
6 h for each cycle. As shown in Fig. 7(f), even after four reuse cycles,
the photodegradation efficiency of the Ag/ZnO NRs-coated vial for the
total degradation of MPs remained close to 100%. This suggests that
the catalyst is stable to photocorrosion and minimal metal leaching
occurred. This latter was confirmed by ICP-OES, quantifying the Zn and
Ag content in the solution after a long-term experiment (24 h). The
concentration of Zn in solution was below the limit of detection (LoD
= 0.004 mg/L) of the instrument, indicating less or no Zn leached from
the Ag/ZnO NRs. For comparison, the concentration of Zn measured
in the solution after using the ZnO NRs-coated vial was 0.021 mg/L (at
least 5 times higher), suggesting that the deposition of Ag on the surface
of the ZnO NRs significantly improves the material stabilization. Pre-
vious studies have shown that loading small amounts of Ag onto ZnO
can suppress photocorrosion by facilitating the rapid transfer of pho-
toexcited electrons from ZnO to Ag nanoparticles, thereby increasing
the e~/h* pair lifetime and enhancing h* utilization in the degradation
process (Mufioz-Fernandez et al., 2022; Chankhanittha et al., 2021; Ma
et al., 2017). Furthermore, only 0.003 mg/L of Ag was detected after
the long-term experiment, which is below both the US EPA Secondary
Maximum Contaminant Level and the WHO recommended level of
0.1 mg/L for Ag in drinking water. The excellent stabilization of the
photocatalyst on the glass surface may also be associated to the in-
situ fabrication of NSs during the SEP. Previous work demonstrated
that immobilized metal oxide NSs on a silicon substrate exhibited
good stability, even after 60 min under ultrasonication (Wei et al.,
2022). In our study, the contact between the ZnO NSs and the glass
surface during the in-situ formation process is governed by van der
Waals forces, resulting in strong adhesion between the NSs and the vial
surface, enhancing the immobilization of the resulted ZnO NRs after the
calcination process.

4. Conclusions

Porous ZnO NRs and Ag/ZnO NRs photocatalysts were successfully
immobilized on the inner surface of a glass vial for the first time using
a novel SEP followed by a hydrothermal method. Based on the results
of this study, the following conclusions can be drawn:

- The maximum active surface area of ZnO NRs, with the best
photocatalytic performance, was achieved by tuning the oleic acid
concentration (2.0%) and hydrothermal growth time (6 h).
Depositing Ag nanoparticles onto ZnO reduced the E, from 3.20
eV to 3.18 eV, enhancing the photocatalytic activity by 2.9-fold.
The application of Ag/ZnO NRs for the photodegradation of a
mixture of eight MPs at relevant environmental concentrations
demonstrated remarkable performance, achieving over 99% total
degradation of MPs across several consecutive reuse cycles.
Ag/ZnO NRs exhibit excellent photo-stability, remaining stable
even after a long-term experiment lasting 24 h, with minimal
metal leaching into the treated solutions and meeting the recom-
mended levels for drinking water.
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Fig. 6. (a) Photodegradation efficiency of SMX by SSL (blank), ZnO NRs, and Ag/ZnO NRs with different concentrations of Ag precursor. (b) Photodegradation enhancement
factor for SMX degradation using Ag/ZnO NRs with different concentrations of Ag precursor. Kubelka-Munck plots for (c) ZnO NRs and (d) 0.05 Ag/ZnO NRs. ESR spectrum of
(e) DMPO-'OH in both ZnO NRs and Ag/ZnO NRs system and (f) ESR spectrum of BMPO-'0,~ in ZnO NRs and Ag/ZnO NRs system. All experiments were conducted under SSL.

Therefore, this novel approach for the immobilization of photocatalyst
on the glass substrate presents a promising solution to the recov-
ery and reuse challenges commonly encountered in the photocatalytic
treatment of water by semiconductors photocatalysts.
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