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Abstract
Adequate wastewater treatment is crucial for ensuring access to safe and sanitary 
water, which can be achieved through photocatalytic processes. This work elucidates 
the preparation of cost-effective and easily scalable polyacrylonitrile (PAN) elec-
trospun nanofibers (NFs) as support for ZnO nanorods (NRs) photocatalysts. Then, 
Ag nanoparticles (NPs) were homogenously deposited on ZnO NRs/PAN NFs to 
prepare Ag NPs/ZnO NRs/PAN NFs samples. Photochemical and electrochemical 
characterization demonstrated a higher photocurrent density and stability for the Ag 
NPs/ZnO NRs/PAN NFs than ZnO NRs/PAN NFs. In addition, the prepared photo-
catalysts were utilized for the photodegradation of various dyes, including methyl-
ene blue (MB) and rhodamine B (RhB), as well as tetracycline (TC), an antibiotic 
serving as a model organic pollutant, under different light illumination conditions. 
The Ag NPs/ZnO NRs/PAN NFs demonstrated 2.4, 2.6, and 1.6 times higher photo-
catalytic activity than ZnO NRs/PAN for MB, RhB, and TC photodegradation under 
UV light, respectively. This floating and free-standing mat, with high stability, dem-
onstrated 82% MB removal after 1 h of exposure to outdoor natural light. Mechanis-
tic studies conducted by adding scavengers revealed that generating hot plasmonic 
electrons on the Ag NPs through illumination plays a pivotal role in improving the 
photodegradation activity of Ag NPs/ZnO NRs/PAN NFs mats. Furthermore, ultra-
sonic vibration was also utilized to induce piezoelectricity in the ternary Ag NPs/
ZnO NRs/PAN NFs, resulting in an approximately 2.2-fold improvement in the MB 
photodegradation rate due to the synergistic effects of piezoelectricity and plasmon-
ics. This durable and reusable photocatalyst, with its mechanical robustness and 
superior self-cleaning characteristics, is a promising system that offers a potential 
direction for future research and efficient wastewater treatment.

Extended author information available on the last page of the article
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Introduction

Emerging pollutants (EPs), including pharmaceutical and personal care products 
(PPCPs), endocrine-disrupting agents, and synthetic chemicals, are widely dis-
charged into the environment, raising concerns about global public health [1]. 
According to published reports, synthetic azo dyes and antibiotics are categorized 
as EPs, and the flow of untreated wastewater containing these organic pollutants 
into aquatic streams leads to ecosystem disruption and human health threats due to 
their carcinogenicity risk and persistent nature [2]. Advanced oxidation processes 
(AOPs) that generate reactive oxygen species (ROS), such as ·OH, H2O2, and  O2

−, 
are potent methods for efficiently removing emerging pollutants [3]. Among AOPs, 
heterogeneous photocatalysis based on semiconductor nanostructures has garnered 
considerable attention due to its simplicity and cost-effectiveness. In addition, the 
complete mineralization of organic pollutants into CO2 and water by photocatalysts 
has sparked significant interest in the removal of EPs [4–6].

In the photocatalytic process by a semiconductor, upon light illumination, elec-
trons and holes are generated as charge carriers in the conduction and valence bands, 
respectively, which migrate to the photocatalyst surface to form ROS as strong oxi-
dants for the degradation and mineralization of organic substances [4, 7]. In recent 
years, substantial efforts have been devoted to promoting the separation of elec-
tron–hole pairs to delay their recombination, a crucial strategy for enhancing pho-
tocatalytic activity. Hybridization of the semiconductor-based photocatalyst with 
other semiconductors and conducting materials such as graphene, carbon nanotubes, 
and metals has been employed to promote electron–hole separation [8, 9]. Moreover, 
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recent studies have shown that applying a piezoelectric field to induce polarization 
within a photocatalyst effectively hinders the recombination of photo-generated 
charge carriers due to the localized electric field near the photocatalyst surface [10, 
11]. The phenomenon of rapid electron–hole recombination in photocatalytic mate-
rials can be mitigated by the generation of a space charge field in piezoelectric sys-
tems, which accelerates carrier separation and transfer. Consequently, the synergy 
between the piezoelectric effect and photocatalysis can yield superior photocatalytic 
performance [12, 13]. Piezo-photocatalytic materials belong to the non-centrosym-
metric point groups of crystal structures in which deformation or strain induces 
polarized negative and positive charges on the two sides and generates an internal 
electric field, which can hinder the recombination of charge carriers and boost pho-
tocatalytic performance [14, 15].

The tetrahedral coordination in ZnO results in alternating Zn2+ and O2− planes 
forming polarization along the c-axis. Therefore, its non-centrosymmetric crystal 
structure can exhibit piezoelectric properties [16]. Moreover, 1D ZnO NRs with 
boosted photocatalytic degradation of organic pollutants during light/piezo excita-
tion are promising for effective wastewater treatment containing emerging pollutants 
[17, 18]. External stress, induced by ultrasonic or mechanical vibrations, can induce 
piezoelectricity, suppressing electron–hole pair recombination and accelerating the 
migration of photoexcited carriers due to the formation of a built-in electric field in 
ZnO nanorods (NRs) [19]. Furthermore, combining ZnO nanostructures with noble 
metals like Ag and Au, which have surface-polarized electrons, can modify the pie-
zoelectric performance and suppress surface recombination, resulting in enhanced 
photocatalytic performance towards the degradation of organic pollutants [20–23].

The recovery of the photocatalyst from the treated water is one of the main 
concerns in the photocatalysis community [24]. Anchoring and immobilizing the 
photocatalyst material on a flexible polymer nanofiber mat is one of the emerging 
pathways for fast and straightforward separation to tackle this challenge [25]. Poly-
acrylonitrile (PAN) is widely recognized as a cost-effective and scalable polymer for 
the fabrication of nanofibers, with a relatively low raw material cost (approximately 
$2–4 per kg) [26]. Its good spinnability and easy modification make PAN suitable 
for large-scale electrospinning processes [27]. Moreover, PAN-based nanofiber mats 
exhibit excellent chemical and thermal stability, enabling multiple reuse cycles in 
various applications, including filtration, catalysis, biomedicine, tissue engineering, 
and sensing [28, 29]. This study utilized flexible, cost-effective, and scalable poly-
acrylonitrile (PAN) electrospun mats to grow ZnO nanorods (NRs) photocatalysts. 
Electrospinning provides a facile and controllable route to produce continuous fib-
ers with tunable diameters from the nanometer to micrometer scale, yielding high 
porosity, environmentally friendly mats that can serve as effective photocatalyst sup-
ports [23, 24, 30, 31]. Nanofibers have a large specific surface area, making them 
suitable candidates for anchoring photocatalytic nanomaterials [32]. Additionally, 
ZnO is an abundant, low-cost, and easy-to-obtain metal oxide, making it an ideal 
candidate for practical photocatalytic applications [33]. This study aims to decorate 
Ag NPs on ZnO NRs/PAN NFs mats to exploit their surface plasmon resonance and 
piezo-photocatalytic activity under visible light for the degradation of organic drugs 
and dyes.
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To provide a structured and quantitative overview of the research landscape in 
piezo-photocatalysis, we performed a bibliometric analysis using VOSviewer, focus-
ing on publications from 2015 to June 11, 2025. Co-occurrence of keywords was 
analyzed to identify major research clusters and emerging trends. Based on the 
analysis of 678 documents using the Scopus database with a search query string 
of TITLE("piezo*") AND TITLE("photocatal*"), Fig. 1 demonstrates overlay visu-
alization of the publications. Zinc oxide (ZnO) and barium titanate (BaTiO3)-based 
piezo-photocatalysts have been reported more frequently, followed by lead titanate 
(PbTiO3), sodium niobate (NaNbO3), silver niobate (AgNbO3), and strontium titan-
ate (SrTiO3). Recently, the development of carbon-based piezo-photocatalysts by 
defect and doping engineering of carbon nitride has attracted great interest. Addi-
tionally, the synergistic effect of plasmonics and piezoelectrics on the photocatalytic 
process is an emerging topic that warrants further research and investigation. Den-
sity functional theory is another appealing issue to study in depth in the analysis of 
these types of concepts. This overlay visualization confirms that the field is rapidly 
expanding toward multi-functional materials, hybrid activation methods, and envi-
ronmentally relevant contaminants.

Our work focuses on Ag/ZnO nanorods immobilized on PAN nanofibers and acti-
vated by ultrasonic waves, aligning with these trends and is an emerging topic that 
needs further research and investigation. This study introduces a hierarchically engi-
neered ternary composite—Ag NPs/ZnO NRs/PAN NFs—anchored on a flexible, 
floating nanofibrous mat. The novelty lies in the synergistic integration of plasmonic 

Fig. 1   Overlay visualization of keyword co-occurrence in piezo-photocatalysis research (2022–2024), 
generated using VOSviewer. Node size represents term frequency; color indicates average publication 
year (blue = older, yellow = newer).(color figure online)
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Ag nanoparticles and piezoelectric ZnO nanorods within a mechanically robust and 
reusable PAN substrate, enabling enhanced photocatalytic performance under UV, 
visible, and natural sunlight. Furthermore, the system demonstrates piezo-photocat-
alytic activity under ultrasonic vibration, a feature rarely reported in similar archi-
tectures. Compared to prior works [34–36], our approach offers a multifunctional 
platform that combines plasmonic enhancement, piezoelectric charge separation, 
and facile recovery—addressing key challenges in practical wastewater treatment 
applications.

Materials and methods

Synthesis of ZnO nanorods/PAN nanofibers

A 12 wt% PAN solution in DMF solvent was prepared and then loaded into a 10 mL 
syringe. The syringe needle was connected to the high-voltage power supply, and 
the voltage was fixed at 11 kV. A syringe pump controlled the flow rate of the solu-
tion, which was set at 1 mL/h, and the distance between the syringe and collector 
was kept at 10 cm. The fibers were deposited on a rotating drum covered with alu-
minum foil, and environmental conditions were maintained at 25% humidity and a 
temperature of 25 °C. The schematic of our setup for electrospinning, along with the 
applied conditions, is illustrated in Fig. S1. The concentration of PAN in DMF, spin-
ning distance, flow rate, and applied voltage were optimized to fabricate a uniform 
electrospun mat with an average fiber diameter of approximately 200 nm and a bead-
free morphology. In Table S1, various parameters, including applied voltage, spin-
ning distance, flow rate, and polymer concentration, are listed to achieve continuous, 
smooth, and bead-free fibers.

The prepared PAN NFs mat was used to grow ZnO NRs using the chemical bath 
deposition (CBD) method. In the first step, a solution containing 5 mM zinc ace-
tate dihydrate (Zn(CH3COO)2·H2O) and ethanol was prepared as a seed solution. 
It was stirred for one hour at 60 °C until a transparent solution was obtained. Then, 
PAN NFs were immersed in the ZnO seed solution using the dip coating method. 
After drying at room temperature, the dip coating procedure was repeated five times 
to obtain a sufficient and uniform seed layer thickness. Then, the nanofibers were 
heated in an oven at 120 °C for two hours to crystallize the ZnO nanoparticles on 
the substrate. Next, an aqueous solution containing 25  mM zinc nitrate hexahy-
drate (Zn(NO3)2·6H2O) and 25 mM hexamethylene tetraamine was prepared as ZnO 
NRs growth solution. The pre-seeded nanofibrous substrates were suspended in the 
growth solution at 95 °C on a hot plate stirrer and maintained under stirring for 10 h. 
Finally, the substrate was rinsed with DI water and dried in air for further use.

Synthesis of Ag nanoparticles/ZnO nanorods/PAN nanofibers

The as-synthesized ZnO NRs/PAN NFs membrane was placed under UV irradiation 
for 4 h (2 h for each side). Then, a 42 mL solution of 1 wt% AgNO3 in 40 mL water 
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and 2 mL ethanol was prepared, and the nanofibrous membranes were floated in this 
solution. Next, the solution was stirred for two hours in the dark. Finally, the nanofi-
brous membranes were washed three times with deionized (DI) water, dried at 70 °C 
for 5 h, and used as a photocatalyst. Figure 2 shows the preparation procedure of Ag 
nanoparticles/ZnO nanorods/PAN nanofibers in a schematic flow chart.

The details of characterizations, photocatalytic activity of MB and TC, and pho-
toelectrochemical measurements are elucidated in the Supplementary material.

Results and discussions

Surface morphology and wettability

To determine the surface morphology and microstructure of the prepared photocata-
lysts, field emission scanning electron microscopy (FESEM) is utilized. Figure 3a 
shows the FESEM image of PAN NFs, which are smooth, uniform, and without 
beads. The inset of this figure shows the photo of PAN NFs, which had a 50 μm 
average thickness measured by the OSK thickness instrument from 100 different 
points of nanofibrous layer. The histogram of the nanofiber diameters depicted in 
Fig.  3b demonstrates uniform diameter distribution with an average diameter of 
about 211 ± 5  nm (evaluated by Image J software, 100 points). The cross-section 
morphology of PAN NFs was obtained by floating them into epoxy resin (Fig. 3c). 
The circular cross-section is observable, and the diameter size of the nanofibers was 
consistent with the results obtained from surface imaging analysis. Figure 3d rep-
resents FESEM images of ZnO NRs on the surface of PAN NFs with an average 
length and diameter of ~ 1.2  μm and 170  nm, respectively. In Fig.  3e, the deposi-
tion of Ag NPs on ZnO NRs is evident, with an average diameter of approximately 
46 ± 18 nm. The corresponding EDX mapping images in Fig. 3f–h show a uniform 
distribution of Zn, O, and Ag elements over the surface of the ZnO NRs.

The contact angle studies were performed for the Ag NPs/ZnO NRs/PAN NFs, 
ZnO NRs/PAN NFs, and PAN NFs layers, which showed their hydrophilic nature 
(Fig. S2).

The initial water contact angles measured at 1s for PAN NFs, ZnO NRs/PAN 
NFs, and Ag NPs/ZnO NRs/PAN NFs were 47°, 81°, and 85°, respectively, indicat-
ing a progressive decrease in hydrophobicity with surface modification. The pres-
ence of vertically aligned ZnO nanorods and surface-decorated Ag nanoparticles, 
as confirmed by FESEM images, significantly alters the surface morphology of 

Fig. 2   Flow chart of the experimental fabrication process of ZnO NRs, Ag NPs, and overall Ag NPs/ZnO 
NRs/PAN NFs
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the PAN nanofibrous mats. These hierarchical nanostructures increase the surface 
roughness, causing water droplets to rest atop the protruding features while trapping 
air pockets within the valleys of the fibrous network. This configuration initially 
enhances apparent hydrophobicity, as observed in similar systems such as h-PVDF-
Ag, where nanostructure-induced roughness led to contact angles exceeding 110° 
[37]].

However, the water contact angles decreased significantly after 10 and 50  s, 
reflecting rapid water absorption and confirming the underlying hydrophilic nature 
of the nanofibrous mats. Rapid lateral spreading of water across the nanofiber net-
work, allowing it to penetrate the porous structure of the mat as reprted by other 
resercher[38]. This behavior suggests that while surface roughness and nanoparticle 
loading initially decrease apparent hydrophobicity, the porous structure and polar 
functional groups facilitate water penetration over time. This fast absorption is ben-
eficial for photocatalytic applications, as it enhances pollutant–catalyst contact and 
accelerates reaction kinetics in aqueous environments.

Mechanical and thermal characterization

It is well established that the mechanical properties of photocatalysts, particularly 
robustness and stability, are key issues in long-term reaction processes for industrial 

Fig. 3   a FESEM images of PAN nanofibers, b PAN nanofibers diameter distribution, FESEM images 
of c the cross-section of PAN NFs, d ZnO NRs/ PAN NFs, and e Ag NPs/ ZnO NRs/ PAN NFs, f–h 
elemental map of Ag NPs/ZnO NRs/PAN NFs, and i Photographs of flexibility, bendability, and twist 
ability of the ZnO NRs/PAN NFs
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applications. These unique properties make them promising photocatalysts for effi-
cient wastewater treatment through direct extraction, eliminating the need for post-
processing. The PAN NFs layer and ZnO NRs/PAN NFs also exhibited excellent 
mechanical flexibility (see SI movies). Both fibrous membranes could be bent to 
180° and back to their original state without any visible structural damage or loss 
of the ZnO NRs from the nanofibrous substrate (Fig. 3i) These membranes can be 
folded, rolled, curled, and twisted into various shapes without compromising their 
original appearance (see the video file in the SI file). As a result, these nanofibrous 
membranes have good flexibility and self-supporting properties, which are essential 
properties for practical photocatalytic applications.

To verify the mechanical properties, tensile testing was also carried out for the 
Ag NPs/ZnO NRs/PAN NFs, ZnO NRs/PAN NFs, and PAN NFs; the stress–strain 
curves of these fibrous mats are illustrated in Fig. S3. PAN NFs possessed an elas-
tic modulus of 190.6  MPa and ultimate tensile strength (σUTS) of 8.6  MPa. After 
depositing ZnO NRs on the PAN NFs, the elastic modulus and σUTS increased to 
224.7 MPa and 14.5 MPa, respectively. Similarly, after depositing Ag NPs on the 
ZnO NRs/PAN NFs mats, the elastic modulus and σUTS increased to 350.3  MPa 
and 16.3 MPa, respectively. From Young’s elastic modulus value, which reflects the 
material’s stiffness, the above results imply that depositing ZnO NRs and Ag NPs 
can enhance the mechanical properties of PAN NFs, making them useful for practi-
cal photocatalytic applications.

The mechanical properties of nanofibrous membranes can be significantly 
improved through surface modification with inorganic nanostructures [38]. Growing 
ZnO nanorods and Ag nanoparticles restricts polymer chain mobility, resulting in 
increased stiffness and tensile strength [38]. These nanostructures act as mechanical 
reinforcements, distributing applied stress more efficiently across the fiber matrix. A 
similar improvement has been reported in electrospun systems, where hierarchical 
surface architectures contribute to both mechanical robustness and operational dura-
bility under repeated deformation [39].

Thermogravimetric analysis and the weight loss pattern of the PAN NFs, ZnO 
NRs/PAN NFs, and Ag NPs/ZnO Ns/PAN NFs as a function of heating tempera-
ture in an air atmosphere are shown in Fig. S4. In PAN NFs, the observed weight 
reduction below 300 °C is attributed to the loss of moisture from physisorbed water 
and its subsequent evaporation [40]. PAN polymer is stable up to 300  °C; how-
ever, above this temperature, side chain degradation and decomposition of the car-
bon–carbon main chain occur, as previously reported [41]. Compared to PAN NFs, 
the thermal degradation curves of the ZnO NRs/PAN NFs and Ag NPs/ZnO NRs/
PAN NFs shift to a high-temperature region, which confirms that the thermal stabil-
ity of PAN NFs is greatly enhanced after the growth of ZnO NRs and Ag NPs. This 
can be related to the adhesion between polymers and inorganic surfaces, as well as 
the heat shielding effect [42]. Weight residues of the ZnO NRs/PAN NFs and Ag 
NPs/ZnO NRs/PAN NFs are more than those of PAN NFs since ZnO NRs and Ag 
NPs are thermally stable below 1000 °C. Hence, the increase in the weight residue 
of the nanofibrous membrane is due to the presence of ZnO NRs and Ag NPs. By 
analyzing TGA curves in an air atmosphere, the mass difference between the PAN 
NFs and ZnO NRs/PAN NFs curves at 1000 °C shows 19.3 wt% residues, which can 
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be attributed to the presence of ZnO NRs. Moreover, the mass difference between 
Ag NPs/ZnO NRs/PAN NFs and ZnO NRs/PAN NFs curves is 11.9 wt%, demon-
strating the amount of Ag NPs loaded on ZnO NRs.

Thermogravimetric analysis (TGA) revealed that the residual weight of ZnO 
NRs/PAN NFs and Ag NPs/ZnO NRs/PAN NFs was significantly higher than that 
of pristine PAN NFs, indicating enhanced thermal stability due to the presence of 
inorganic nanostructures. It is important to note that ZnO remains thermally stable 
within the decomposition range of the polymer matrix (up to ~ 600 °C), which is an 
appropriate temperature window for our measurements. The increased char residue 
is attributed to the non-volatile nature of ZnO and Ag phases under these conditions.

Crystal structure, chemical bonding, and physical properties

The crystalline nature of the catalysts was examined with the XRD pattern, as shown 
in Fig. 4a. The XRD pattern of pristine PAN nanofibers exhibits a distinct diffrac-
tion peak at 2θ = 17.3°, corresponding to the orthorhombic lattice reflection charac-
teristic of PAN. Upon growth of ZnO nanorods, the composite ZnO NRs/PAN NFs 
displays sharp peaks matching the hexagonal wurtzite structure of ZnO (PDF NO. 
98-100-1316), confirming successful crystallization. For the Ag NPs/ZnO NRs/PAN 
NFs sample, no additional peaks attributable to Ag were observed, likely due to the 
low Ag loading, which falls below the detection threshold of the diffractometer. As 
a result, the XRD pattern closely resembles that of ZnO NRs/PAN NFs. These data 
collectively confirm the structural integrity and phase composition of the fabricated 
nanofibrous systems. The peaks matched ZnO’s typical hexagonal wurtzite struc-
ture (PDF No. 98-100-1316) as reported recently [43]. The lattice parameters are 
a = b = 0.324 nm and c = 0.519 nm, with c/a = 1.6019, which agrees with the stand-
ard card. It is worth noting that a similar XRD pattern is also observed for the Ag 
NPs/ZnO NRs/PAN NFs, and no peaks belonging to other phases were observed 
due to the low concentration of silver in the sample.

XPS is a very sensitive technique for investigating surface chemical compositions 
of solid materials. The XPS survey spectrum of the Ag NPs/ZnO NRs/PAN NFs is 
shown in Fig. S5, confirming the presence of Ag, Zn, O, C, and N elements. In the 
deconvoluted Zn 2p spectrum shown in Fig. 4b, the Zn element has a higher inten-
sity for the Zn 2p3/2 with a binding energy centered at 1021.5 eV and a lower inten-
sity observed for the Zn 2p1/2 with a binding energy centered at 1044.7 eV. These 
results confirmed that the zinc on the surface is present in the form of Zn2+ within 
the ZnO structure [44]. Figure  4c illustrates the deconvoluted Ag 3d spectrum, 
which consists of two separate peaks: Ag 3d5/2 and Ag 3d3/2, with binding energies 
centered at 367.9 eV and 373.8 eV, respectively. This indicates that the silver in the 
Ag NPs/ZnO NRs/PAN NFs sample mainly presents as an Ag metallic form in the 
zero-valent state [21]. Therefore, in our work, the dark deposition synthesis of Ag 
facilitated the growth of Ag0 NPs and inhibited the formation of Ag2O, as reported 
by others [45]. Moreover, the binding energy of the Ag 3d core level spectrum 
slightly shifts compared with the Ag bulk binding energy (368.2 eV and 374.2 eV). 
This shift can be due to the electron transfer from Ag to ZnO, which decreases the 
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binding energy of Ag, as reported by other studies [45, 46]. Figure 4d shows the O 
1s core-level spectrum, which can be deconvoluted into five peaks. The peak cen-
tered at a binding energy of 529.9 eV is associated with O2− ions in the hexagonal 
wurtzite structure of ZnO, as measured and reported by others [44, 47]. The second 
peak, with a binding energy of 530.8 eV, is related to the C=O bond, which is gener-
ally associated with oxygen vacancies [48]. The third and fourth peaks at 531.8 and 
532.8  eV correspond to the adsorption of hydroxyl ions (OH−) and oxygen mol-
ecules (O2) on the surface, respectively [47, 49]. Finally, the fifth peak at around 
533.4 eV is assigned to O−C=O [48].

Figure  S6a demonstrates the N2 adsorption–desorption isotherms for differ-
ent materials, and specific surface areas were calculated. According to the IUPAC 

Fig. 4   a XRD pattern of ZnO NRs/PAN NFs and PAN NFs. b high-resolution XPS spectrum of the Zn 
2p, c high-resolution XPS spectrum of the Ag 3d, and d the deconvoluted O 1s spectrum, e UV–visible 
absorption spectra of the Ag NPs/ZnO NRs/PAN NFs and ZnO NRs/PAN NFs, and f Photoluminescence 
measurements for the ZnO NRs/PAN NFs and Ag NPs/ZnO NRs/PAN NFs photocatalysts
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classification, the obtained isotherms are typical type V with an H3 hysteresis 
loop, indicating the mesoporous nature of the samples. Figure S6b shows the pore-
size distribution of the sample estimated using the Barrett-Joyner-Halenda (BJH) 
method. Table S2 summarizes the observed surface area and pore size of the sam-
ples. The growth of the ZnO NRs decreases the specific surface area of the PAN 
NFs, and the deposition of Ag NPs leads to an increase in surface area. The higher 
specific surface area played a key role in photocatalytic activity due to the presence 
of more accessible active sites for the adsorption of pollutants and the decontami-
nation process over the photocatalysts. A similar enhancement in surface area and 
porosity upon incorporation of ZnO and Ag species into PVDF electrospun nanofib-
ers has been reported previously [50].

Optical property

Optical absorbance spectroscopy was employed to examine the optical character-
istics of the Ag NPs/ZnO NRs/PAN NFs and ZnO NRs/PAN NFs, as illustrated in 
Fig.  4e. The peak absorbance is observed at approximately 372  nm, attributed to 
ZnO’s inherent wide bandgap properties [51]. The deposition of noble metals, such 
as Ag, on the surface of ZnO nanorods (NRs) can enhance the absorbance intensity 
across all wavelengths. The most significant increase in absorbance intensity occurs 
around 550 nm, which may be attributed to the localized surface plasmon resonance 
(SPR) effect associated with the Ag NPs. Increasing visible light absorption by add-
ing Ag to the ZnO sample has been reported in other published studies [34, 52, 53].

The UV–visible diffuse reflectance spectra of the Ag NPs/ZnO NRs/PAN NFs 
and ZnO NRs/PAN NFs are shown in Fig. S7a. The reflectance intensity (%R) in the 
visible light region decreased sharply in the Ag NPs/ZnO NRs/PAN NFs compared 
with ZnO NRs/PAN NFs. This is likely due to light absorption resulting from the 
surface plasmon resonances (SPRs) of the Ag NPs, leading to a decrease in reflec-
tance. Therefore, there is a coupling between the Ag NPs’ SPRs and ZnO NRs, as 
reported by others [54].

The reflectance intensity (%R) was used to calculate the band gap energy (Eg) by 
using the following Kubelka–Munk equation [6]:

The graph of (F(R)hν)2 as a function of hν is plotted in Fig. S7b, and the result-
ing intercept represents the band gap energy of the corresponding photocatalyst. The 
band gap energies of the materials, obtained through the extrapolation of the lin-
ear portion of the Kubelka–Munk graph for direct band gap semiconductors of ZnO 
NRs and Ag NPs/ZnO NRs, are estimated to be approximately 3.35 eV and 3.21 eV, 
respectively.

Figure 4f shows the PL emission spectra of the ZnO NRs/PAN NFs and Ag NPs/
ZnO NRs/PAN NFs. A near-band-edge emission centered at 380 nm (∼3.26 eV) in 
the UV region is located near the band edge of ZnO. Based on Fig. 4f, the intensity 
of this PL peak increases upon the decoration of Ag NPs on the ZnO NRs/PAN NFs. 

(1)F(R) =
(1 − R)2

2R
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Singh et al. reported a similar result in the Ag-TiO2 sample, correlating the increas-
ing PL intensity with the injection of Ag-hot plasmonic electrons into the TiO2 
conduction band [55]. They concluded that these electrons significantly enhanced 
the electron density in TiO2 and magnified the emitted photons from the sample. 
Therefore, this concept agrees with our DRS data analysis and is validated by the PL 
results. This finding is consistent with other studies that have shown an increase in 
PL intensity related to the SPR effect of Ag NPs [56–58].

Photochemical and electrochemical characterization

Figure S8a presents LSV (J–V) results of the samples under both dark and light illu-
mination conditions. As anticipated, PAN NFs showed no current density in the dark 
or under light irradiation. Under dark condition, the current densities at 0.5 V bias 
voltage for the Ag NPs/ZnO NRs/PAN NFs and ZnO NRs/PAN NFs were measured 
at about 11 and 9  µA/cm2, respectively. Under light irradiation, the photocurrent 
densities of the Ag NPs/ZnO NRs/PAN NFs and ZnO NRs/PAN NFs were increased 
to 22 and 17 µA/cm2, respectively (Fig. S8b).

The chronoamperometry analyses for the Ag NPs/ZnO NRs/PAN NFs, ZnO NRs/
PAN NFs, and PAN NFs were examined, and the results are depicted in Fig.  5a 
with 0.5 V versus RHE for 390 s. As expected, PAN NFs have no photocurrent out-
put. The photocurrent densities of the Ag NPs/ZnO NRs/PAN NFs and ZnO NRs/
PAN NFs after 390 s were around 19.44 and 14.68 μA/cm2, respectively. Therefore, 
we observed higher photocurrent density and stability for Ag NPs/ZnO NRs/PAN 
NFs than ZnO NRs/PAN NFs. In addition, both samples exhibited a fast photore-
sponse due to the greater number of photo-generated electrons that transfer from 
the Ag NPs/ZnO NRs/PAN NFs to the counter electrode via the external circuit. 
Upon turning on illumination, photocurrent density increases rapidly and reaches 
a stable value. The resulting photocurrent response demonstrates that the change in 
photocurrent density is related to the photosensitivity of the working electrode under 
light-on and off-chopping conditions, indicating that the photo-generated charge 
transfer is a rapid process [59].

The photo-generated charge transfer process at the semiconductor–electrolyte 
interface is further investigated by photoelectrochemical impedance spectroscopy 
(PEIS) [60]. Nyquist plots of ZnO NRs/PAN NFs and Ag NPs/ZnO NRs/PAN NFs 
electrodes are shown in Fig. 5b. It is observed that the radius of the arc on the PEIS 
Nyquist plot of the Ag NPs/ZnO NRs/PAN NFs is smaller than that of the ZnO 
NRs/PAN NFs under simulated sunlight irradiation, indicating a decrease in charge 
transfer resistance after the deposition of Ag NPs and reducing the accumulation 
of the charge density at the surface of ZnO. The electron-transfer resistance (Rct) 
values can be analyzed in the high-frequency region of the Nyquist plots in PEIS 
measurements and are equivalent to the diameter of the semicircle. Under light illu-
mination, the order of Rct values is as ZnO NRs/PAN NFs > Ag NPs/ZnO NRs/PAN 
NFs, which can prove that the deposition of Ag NPs can reduce the charge trans-
fer resistance of photo-generated carriers and consequently accelerate the interfacial 
charge transfer. Moreover, as shown in Fig. 5c, the stability of the current density 
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of the Ag NPs/ZnO NRs/PAN NFs is greater than that of ZnO NRs/PAN NFs after 
3600 s. In the presence of simulated sunlight irradiation in a 0.5 M Na2SO4 solu-
tion, the current density of the Ag NPs/ZnO NRs/PAN NFs and ZnO NRs/PAN NFs 
retained about 87.8% and 72.7% of their quantity at the starting point after 3600 s, 
respectively. The effective photoelectronic conversion properties are attributed to the 
simultaneous promotion of light harvesting and the separation of photo-generated 
charge carriers in the Ag NPs/ZnO NRs/PAN NFs. These processes are essential 
steps toward enhanced photocatalytic and photoelectrochemical reactions.

Photocatalytic activity measurements

Photocatalytic activity under UV light irradiation

To investigate and compare the photocatalytic performance of all prepared samples, 
MB, RhB, and TC, which serve as models for organic pollutants, were used to assess 
their photodegradation activity. The variation in MB and RhB concentration was 

Fig. 5   a Photocurrent response curves under chopped light collected, b Nyquist impedance diagram, and 
c chronoamperometry analysis. Photoreduction-processed for the PAN NFs, ZnO NRs/PAN NFs, and Ag 
NPs/ZnO NRs/PAN NFs in 0.5 M Na2SO4 solution under simulated sunlight irradiation with the inten-
sity of 100 mW/cm2 and the scan rate of 50 mV/s
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monitored by changes in the related absorption spectrum at λmax = 664 and 553 nm. 
Kinetic studies have demonstrated that the photocatalytic reaction obeys the Lang-
muir–Hinshelwood apparent first-order kinetics model, which can be simplified to 
the following equation at low initial concentrations (C0) of the pollutants [16]:

where C0 and C are pollutant concentrations at the initial and final times t. The 
quantity kapp is the apparent first-order rate constant and can be determined as the 
slope of the graph of ln(C0/C) versus reaction time t under light irradiation. Fig-
ure 6a shows the photocatalytic activity of the samples for MB degradation. Before 
any photocatalytic experiment, the self-standing membrane was immersed in MB 
solution with a concentration of 10 µM and stirred slightly in the dark for 60 min to 
achieve adsorption–desorption equilibrium between MB and the photocatalyst sur-
face. The photodecomposition of MB was not apparent in the absence of the photo-
catalyst, indicating that the photolysis process was not significant; hence, it confirms 
the reliability of the photocatalytic characteristic of the sample. The pure PAN NFs 
exhibit weak photocatalytic activity, which is related to the adsorption of the MB 
dye solution. However, the ZnO NRs/PAN NFs and the Ag NPs/ZnO NRs/PAN NFs 
membranes exhibit high photocatalytic performance.

The degradation efficiency of MB over each photocatalyst under UV irradiation 
was calculated using the following equation [6]:

The photodegradation efficiencies of MB reached 89.9 ± 1.5% in 240  min and 
98.8 ± 0.5% in 180  min for the ZnO NRs/PAN NFs and Ag NPs/ZnO NRs/PAN 
NFs, respectively. The Ag NPs/ZnO NRs/PAN NFs showed a related rate constant 
about 2.4 times higher than that of the ZnO NRs/PAN NFs. The results affirm that 
the photocatalytic properties of the ZnO NRs/PAN NFs membranes were remark-
ably increased by Ag decoration and synergistic coupling between Ag NPs and ZnO 
NRs.

The photocatalytic activity of the samples for RhB was conducted under UV light 
irradiation with the same method as MB photodegradation (Fig. 6b). The photolysis 
rate and the rate of photodegradation by the PAN NFs are not significant. However, 
the ZnO NRs/PAN NFs and the Ag NPs/ZnO NRs/PAN NFs membranes demon-
strated high photocatalytic activity. The Ag NPs/ZnO NRs/PAN NFs showed the 
highest photocatalytic activity with a related rate constant of about 2.6 times higher 
than that of the ZnO NRs/PAN NFs. Furthermore, the photodegradation efficiencies 
of RhB reach 61.6 ± 1.5% in 240 min and 34.9 ± 0.8% in 240 min for the ZnO NRs/
PAN NFs and Ag NPs/ZnO NRs/PAN NFs, respectively. Similar to MB photodegra-
dation, the results prove that the photocatalytic properties of the ZnO NRs/PAN NFs 
membranes were significantly enhanced by Ag decoration and synergistic coupling 
between Ag NPs and ZnO NRs components.

(2)ln

(

C0

C

)

= kapp*t

(3)Photodegradation Efficiency(%) =

(

C − C0

)

C0

× 100
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Fig. 6   The change in concentration (C/C0) versus time for photodegradation of a MB, b RhB and c TC 
by different samples under UV light irradiation, d visual comparison of MB and RhB degradation over 
time, the change in concentration (C/C0) versus time for photodegradation of MB e under visible white 
LED and f solar simulator irradiation, g absorption spectra of MB solution over different samples after 
1 h natural sunlight illumination. The related photograph of the MB solution was exposed to different 
samples after the adsorption–desorption (A–D) equilibrium h and after one hour under outdoor sunlight 
photoirradiation (i)
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The photocatalytic decomposition of TC was also studied by recording the 
changes in its absorption peaks at λmax = 361  nm in the UV–Vis absorption spec-
trum. As shown in Fig. 6c, with increasing UV irradiation time, the intensity of the 
absorption peak over the Ag NPs/ZnO NRs/PAN NFs decreases faster than that of 
the ZnO NRs/PAN NFs, indicating the excellent photodecomposition ability of the 
Ag NPs decorated on ZnO NRs. It should be noted that the photolysis rate is insig-
nificant, and the photodegradation activity of the PAN NFs shows a lower rate than 
that of others. Moreover, according to Fig.  6c, the rate constants of Ag NPs/ZnO 
NRs/PAN NFs and ZnO NRs/PAN NFs were approximately 1.2 ± 0.7 × 10–2 and 
7.5 ± 0.2 × 10–3 min−1, respectively. The Ag NPs/ZnO NRs/PAN NFs exhibited the 
highest photocatalytic activity, and its rate constant is about 1.6 times higher than 
that of the ZnO NRs/PAN NFs catalyst for tetracycline degradation.

Photocatalytic performance under LED and solar simulator irradiation

The photodegradation of MB over photocatalysts was achieved using a homemade 
LED reactor, which consisted of 8 visible white LEDs (Fig.  S9). Photocatalytic 
activity of the samples for the decomposition of MB under LEDs and simulated sun-
light illumination is shown in Fig. 6e, f. As can be seen, the rates of MB photolysis 
and degradation by PAN NFs are very low in both cases. Based on our experimental 
results, photodegradation of MB over the Ag NPs/ ZnO NRs/PAN NFs and ZnO 
NRs/PAN NFs was 86.7 ± 1.9% and 61.6 ± 2.1% after 240 min under white LEDs 
irradiation, respectively. The Ag NPs/ZnO NRs/PAN NFs sample demonstrated the 
highest photocatalytic activity (k = 7.2 ± 0.04 × 10–2  min−1) compared to the ZnO 
NRs/PAN NFs (k = 3.6 ± 0.01 × 10–2  min−1). The apparent rate constant of the Ag 
NPs/ZnO NRs/PAN NFs sample is approximately twice that of the ZnO NRs/PAN 
NFs.

Moreover, photodegradation of MB over the Ag NPs/ ZnO NRs/PAN NFs under 
solar simulator irradiation was measured at about 95 ± 2.7% after 120 min (Fig. 6f). 
However, the photodegradation efficiency over ZnO NRs/PAN NFs was 50.4 ± 1.3% 
under similar conditions. It was found that the Ag NPs/ZnO NRs/PAN NFs exhib-
ited the highest photocatalytic activity (k = 2.4 ± 0.03 × 10–2 min−1) as compared to 
the ZnO NRs/PAN NFs sample (k = 6.1 ± 0.02 × 10–3 min−1). The measured apparent 
rate constant of the Ag NPs/ZnO NRs/PAN NFs is around 4 times higher than that 
of ZnO NRs/PAN NFs. These results proved that the synergistic effect of Ag NPs 
deposited on ZnO NRs enhances the photodegradation reaction.

Photocatalytic performance under natural outdoor solar light

One of the main goals of the photocatalytic process is the degradation of organic 
pollutants under natural sunlight illumination for practical applications. To test the 
ability of MB photodegradation under outdoor sunlight exposure, a beaker contain-
ing 20 mL of MB for different photocatalysts was exposed to natural outdoor sun-
light from 12:00 to 1:00 PM on June 15, 2024, at the Sharif University of Technol-
ogy in Tehran. After the adsorption–desorption equilibrium process, the Ag NPs/
ZnO NRs/PAN NFs and ZnO NRs/PAN NFs can degrade MB to 82.2 ± 4.5% and 
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62.6 ± 3.6% in 60 min, respectively (Fig. 6g). The apparent change in the color of 
MB dye after 60 min exposure to outdoor sunlight is shown in Fig. 6h, i. Moreover, 
the floating photocatalyst structures are apparent in the images. This result demon-
strates that the prepared photocatalysts possess high potential activity for practical 
applications, which can be utilized for the photodegradation of organic compounds 
in chemical industries.

Photocatalytic reaction mechanism

The photodegradation mechanisms of the MB dye over the photocatalysts were sys-
tematically evaluated by trapping the reactive oxygen species (ROS) using different 
scavengers, including t-butyl alcohol (t-BuOH, 10 mM), ethylenediaminetetraacetic 
acid disodium salt (EDTA-2Na, 10 mM), AgNO3 (10 mM) as effective ·OH, hole 
and electron scavengers, respectively [21]. Furthermore, oxygen was added to the 
dye solution by bubbling the O2 gas for ·O2

− formation. As illustrated in Fig. 7a, 
for the MB photodegradation of the ZnO NRs/PAN NFs in the presence of differ-
ent scavengers, the k value did not change dramatically in the presence of AgNO3 
and under O2 bubbling conditions. Hence, it can be realized that e− could not play 
an influential role in the photocatalytic degradation of MB over the ZnO NRs/
PAN NFs. However, adding t-BuOH as ·OH scavenger decreases the k value from 
8.8 ± 0.4 × 10–3 to 4.1 ± 0.2 × 10–3  min−1, which confirms ·OH effectively influ-
ences the photocatalytic activity. Moreover, decreasing the k value to 1.6 ± 0.3 × 
10–3 min−1 in the presence of EDTA as an h+ scavenger shows that the holes were 
the main reactive oxidation species in the degradation process.

Different scavengers were also added to understand the reaction mechanism fur-
ther and determine the photocatalytic activity pathway for the Ag NPs/ZnO NRs/
PAN NFs. The results are illustrated in Fig. 7b. In the presence of AgNO3, the k 

Fig. 7   Measured apparent rate constants in the presence of different scavengers for MB degradation over 
a ZnO NRs/PAN NFs and b Ag NPs/ZnO NRs/PAN NFs, Proposed charge transfer mechanisms in pho-
tocatalytic degradation of MB over c ZnO NRs/PAN NFs and d Ag NPs/ZnO NRs/PAN NFs
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value of MB photodegradation reduces from 22.8 ± 0.8 × 10–3 to 9.3 ± 0.8 ⨯ 
10–3  min−1. It indicates that e− could play an essential role in photocatalytic deg-
radation over the Ag NPs/ZnO NRs/PAN NFs sample. Furthermore, the result of 
O2 bubbling shows a remarkable increase in the k value. Therefore, e− and ·O2

− are 
mainly effective in the photodegradation process. In addition, by adding t-BuOH 
and EDTA, the k values decrease to 7.9 ± 0.6 × 10–3 and 2.1 ± 0.9 × 10–3  min−1, 
respectively. These results show that ·OH and h+ species play an essential role dur-
ing MB photodegradation reaction pathways.

Based on the above discussion, we can conclude that ·OH and h+ were vital reac-
tive species over the ZnO NRs/PAN NFs, and e−, ·O2

−, ·OH and h+ were effec-
tive reactive species over the Ag NPs/ZnO NRs/PAN NFs photocatalysts during 
MB photocatalytic degradation under UV irradiation. Therefore, according to the 
obtained results, the proposed MB degradation mechanism is depicted in Fig. 7c, 
d for the ZnO NRs/PAN NFs and Ag NPs/ZnO NRs/PAN NFs, respectively. The k 
values of photodegradation in the ZnO NRs/PAN NFs demonstrated that ·OH and 
h+ are the main species for photocatalytic degradation. Therefore, the photo-gener-
ated holes in the ZnO valence band (VB) can directly contribute to the photodegra-
dation process. Additionally, the reaction between water and holes generates ·OH, 
which assists in MB degradation. In the Ag NPs/ZnO NRs/PAN NFs photocatalyst, 
in addition to ·OH and h+, it was found that e− and ·O2

− species have a decisive role 
in the photodegradation process. Therefore, upon UV irradiation, hot electrons are 
generated in Ag metallic particles due to the excitation of localized surface plasmon 
resonances, and they transfer to the ZnO conduction band (CB), which was con-
firmed by our DRS and PL results. Consequently, the enhanced photocatalytic activ-
ity of the Ag NPs/ZnO NRs/PAN NFs was due to the synergistic effect between Ag 
NPs and ZnO NRs, due to the injection of hot plasmonic electrons from Ag NPs to 
the conduction band of the ZnO NRs, as depicted in Fig. 7d.

Although ESR analysis was not performed in this study, previous reports have 
successfully employed ESR and complementary techniques to confirm the genera-
tion of reactive oxygen species in similar photocatalytic systems. These studies pro-
vide valuable mechanistic insights into the active roles of ·OH and ·O2⁻ radicals in 
pollutant degradation and can serve as a reference framework for interpreting our 
scavenger-based findings [61–67].

Recyclability, stability, and self‑cleaning test

The recyclability and stability of the photocatalysts during successive usages play a 
vital role in the industrial aspect of practical applications. As mentioned in the pre-
vious section, nanofibrous membranes exhibit excellent flexibility, foldability, bend-
ability, twistability, and self-supporting structural behavior. These layers float on the 
aqueous solution during the photocatalytic degradation process. Fig.  S10 displays 
excellent structural integrity and self-supporting performance after photocatalytic 
degradation of methylene blue. Therefore, our photocatalyst membrane can be easily 
removed from the dye solution using tweezers without requiring any long-term pro-
cesses, such as precipitation, filtration, or centrifugation.
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To monitor the stability of our photocatalysts during successive usage, the 
decomposition efficiencies of MB using ZnO NRs/PAN NFs and Ag NPs/ZnO 
NRs/PAN NFs were investigated during five cycles of the photocatalytic process. 
As illustrated in Fig. 8a, the efficiency slightly reduces from 89.9% to 84.6% after 
five different runs over the ZnO NRs/PAN NFs. The results suggested that the 
ZnO NRs/PAN NFs photocatalyst membrane maintains a high photocatalytic 
activity for MB degradation under UV light irradiation. In addition, the XRD 
pattern of the ZnO NRs/PAN NFs membrane was studied after five sequential 
cycles to investigate its long-term stability and anti-photo-corrosion properties. 
As depicted in Fig.  S11, no structural changes or other diffraction peaks were 

Fig. 8   MB photodegradation of the a ZnO NRs/PAN NFs and b Ag NPs/ZnO NRs/PAN NFs for 
five sequential cycles under UV light irradiation, c The change in concentration C/C0 versus time for 
MB photodegradation using different photocatalysts under ultrasonic (US), light, and both of them 
(US + light). d Measured apparent rate constants after 120 and 180  min for MB degradation over the 
Ag NPs/ZnO NRs/PAN NFs and ZnO NRs/PAN NFs photocatalysts, and e Possible pathway for piezo-
photocatalysis and ROS generation
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observed after five cycles of the photocatalytic process, confirming its good 
chemical stability.

In addition, the Ag NPs/ZnO NRs/PAN NFs photocatalyst shows a photodeg-
radation reduction rate from 98.8% to 95.8% after five different cycles, as shown 
in Fig. 8b. Therefore, the samples exhibit good photostability under prolonged UV 
light radiation. Moreover, their flexibility and mechanical stability are maintained 
after five cycles. To further study their stability for a much longer time, the photo-
catalytic activity of the samples was examined after 10 months. Figures S12 and S13 
showed a slight change in the photodegradation rate, indicating the photocatalysts’ 
stability over a prolonged period.

According to recent studies, self-cleaning characteristics are essential proper-
ties in photoactive fabrics and membranes for commercialization [68]. A layer of 
ZnO NRs/PAN NFs with adsorbed MB was used to examine the photocatalytic self-
cleaning ability by immersing it in 20 mL of DI water. Two different experiments 
were conducted to evaluate this property. The first experiment was performed under 
UV light irradiation, and the second experiment was carried out without light (in the 
dark). The photos of the color changes during experiments are exhibited in Fig. S14. 
The MB absorbed on the membrane was degraded after 210 min under light illumi-
nation, and the membrane became colorless, as observed by the naked eye. Addi-
tionally, PAN NFs have been utilized in the fabrication of ultrafiltration membranes, 
wound dressings, and air filtration systems [69]. Therefore, the growth of ZnO NRs 
with excellent stability and repeatability in photocatalysis can lead to the develop-
ment of multi-functional materials.

Piezo‑photocatalytic performance under UV light irradiation

It is well established that external vibration can bend ZnO NRs and induce a 
built-in electric field, which enhances charge separation under light illumina-
tion [19, 70]. Different studies have reported that a piezoelectric field generates 
negative piezo potential in the compressive region and positive piezo potential 
in the tensile strain region [71–73]. Therefore, photo-generated electrons can 
migrate to the positive piezo-potential surface, and the holes migrate to the neg-
ative piezo-potential surface of ZnO. This piezo-potential can facilitate the spa-
tial separation of photoinduced electron–hole pairs on the ZnO NRs’ surface and 
decrease the charge carrier recombination, leading to enhanced photocatalytic 
performance [71, 72]. To analyze the contribution of the piezoelectric effect to 
our photocatalysts, the photodegradation process was investigated in an ultra-
sound bath, which serves as a vibration source to induce piezoelectricity in the 
ZnO nanorods (ZnO NRs). The photocatalytic degradation of MB under UV 
illumination was examined under various conditions: dark (without light illumi-
nation and ultrasound vibration), US (without light illumination and ultrasound 
vibration), and US + light (with both light illumination and ultrasound vibra-
tion). The results of all these processes are depicted in Fig. 8c. To compare the 
capability of each sample, Figs. S15–S17 show the plot of ln (C0/C) as a func-
tion of UV light photodegradation of each sample under the same conditions. 
Accordingly, the corresponding rate constants for the Ag NPs/ZnO NRs/PAN 
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NFs, ZnO NRs/PAN NFs, and PAN NFs are summarized in Table  1. For bet-
ter comparison, the degradation efficiencies of the photocatalysts after 120 and 
180 min are illustrated in Fig. 8d.

Regarding the results in Table  1, it is worth noting that without a photo-
catalyst, ultrasound and UV light irradiation alone could not cause significant 
changes in dye concentration, indicating that the MB molecules could not be 
directly decomposed by ultrasound or UV light irradiation. Furthermore, PAN 
NFs were unable to decompose the dye molecules under ultrasound or UV light 
irradiation, and only adsorption of the dye molecules occurred.

The MB dye is considerably decomposed over the Ag NPs/ZnO NRs/PAN 
NFs and ZnO NRs/PAN NFs during the 120- and 180-min periods, respectively. 
Their measured corresponding k values show a two-fold enhancement under 
US + light conditions compared to light illumination only. Therefore, it implies 
the role of ultrasonication in inducing piezo-photocatalysis, leading to a higher 
rate of MB photodegradation. Figure 8e illustrates a possible pathway for piezo-
photocatalysis and ROS generation. Upon light illumination on ZnO NRs, the 
electrons (e−) can transfer to the conduction band (CB), leaving an equal num-
ber of holes in the valence band (VB). The piezoelectric potential, generated by 
vibration energy in ZnO nanorods (NRs), facilitates the separation of photogen-
erated electrons and holes, resulting in higher photocatalytic activity.

To compare the obtained results with similar recently published works, 
Table  2 summarizes piezo-photocatalysts that have been reported for the pho-
todegradation of different organic pollutants. It shows the effectiveness of the 
Ag NPs/ZnO NRs/PAN NFs in the piezo-photocatalytic process. In comparison 
to recently reported photocatalytic systems with similar, our Ag NPs/ZnO NRs/
PAN nanofibrous mat demonstrates competitive or superior degradation effi-
ciency under mild and scalable conditions. Notably, our material achieves effec-
tive dye degradation using a simple and low-temperature synthesis route without 
the need for toxic reagents or complex setups, making it more suitable for real-
world applications. Also, PAN electrospun nanofibers are currently purchased at 
an industrial scale [74], which promises our sample for future research in real 
wastewater applications. Moreover, these nanofibers exhibit excellent stability, 
reusability, self-cleaning, and accessible recovery properties. 82% degradation 
of methylene blue under natural sunlight is another proof of the practicality of 
our sample.

Table 1   Comparison of apparent rate constant (min−1) under ultrasound vibration (US), light, and simul-
taneous light + US

Sample KUS × 10–2 (min−1) KLight × 10–2 (min−1) KUS+Light × 10–2 
(min−1)

Ag NPs/ZnO NRs/PAN NFs 0.26 ± 0.01 1.80 ± 0.05 3.90 ± 0.23
ZnO NRs/PAN NFs 0.15 ± 0.07 0.85 ± 0.05 1.81 ± 0.13
PAN NFs 0.25 ± 0.01 0.26 ± 0.01 0.27 ± 0.01
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Conclusions

In this study, a ternary Ag NPs/ZnO NRs/PAN NFs photocatalyst was success-
fully fabricated via electrospinning, chemical bath deposition, and dark reduction, 
and applied to the degradation of organic dyes and tetracycline under various light 
sources. The enhanced performance stems from the synergistic plasmonic–semi-
conductor interaction and piezoelectric-assisted charge separation, which together 
suppress electron–hole recombination and accelerate pollutant breakdown. Under 
natural sunlight, the system achieved 82.2 ± 4.5% MB degradation in 60  min and 
maintained long-term stability across repeated cycles. Notably, its self-standing 
architecture eliminates the need for post-treatment separation. Compared to prior 
studies, this work introduces a scalable, multifunctional platform that combines 
plasmonic, piezoelectric, and structural advantages—offering a novel and practical 
solution for advanced wastewater treatment.
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