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Abstract 
The development of advanced catalytic materials for environmental applica-
tions remains a critical challenge due to the limitations of conventional pho-

tocatalysis, such as low charge separation efficiency and dependence on ex-
ternal light sources. In this study, we present the synthesis and investigation 
of electrospun polyvinylidene fluoride (PVDF) nanofibers modified with zinc 

oxide (ZnO) nanoparticles for enhanced photocatalytic, piezocatalytic, and 
piezophotocatalytic activity. The morphology and structural properties of 

the composite material were analyzed using scanning electron microscopy 
(SEM), energy-dispersive X-ray spectroscopy (EDX), Raman spectroscopy, 
Fourier-transform infrared (FTIR) spectroscopy, and X-ray photoelectron 

spectroscopy (XPS). The results show that the incorporation of ZnO reduces 
the average fiber diameter by 3.3 times and decreases the β-phase fraction 
from 87.3% to 71.6% due to nanoparticle agglomeration. The catalytic per-

formance of PVDF/ZnO was evaluated in the degradation of methylene blue 
(MB) under different conditions: photocatalysis (71%), piezocatalysis 

(76%), and piezophotocatalysis (91%) within 60 minutes. Additionally, the 
membrane generated an average open-circuit voltage of 140 mV under me-
chanical stirring, demonstrating its ability to convert mechanical energy into 

electrical energy. These findings highlight the potential of PVDF/ZnO nano-
composites as multifunctional materials for sustainable catalytic applica-
tions and energy harvesting. 
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Key findings 
● Modification of PVDF with ZnO nanoparticles reduced fiber diameter by 3.3 times and

decreased β-phase content from 87.3% to 71.6%.

● The PVDF/ZnO composite demonstrated high catalytic efficiency: 71% (photocatalysis),

76% (piezocatalysis), and 91% (piezophotocatalysis) for methylene blue degradation

within 60 min.

● Under mechanical stirring, PVDF/ZnO achieved 85% methylene blue degradation via pi-

ezophotocatalysis, indicating efficient charge separation and catalytic enhancement.

● The PVDF/ZnO membrane generated a stable open-circuit voltage of ~140 mV under me-

chanical stimulation, confirming its piezoelectric properties.

© 2025, the Authors. This article is published in open access under the terms and conditions of the 

Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

In recent years, the issue of environmental pollution has 

gained significant global attention due to the rapid 

development of industry and the widespread use of chemi-

cal and biological reagents. Photocatalytic degradation is 

considered one of the most promising technologies for ad-

dressing environmental challenges, particularly in the 
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context of wastewater treatment. Solar energy, as a clean 

and renewable resource, enables the decomposition of or-

ganic pollutants in aqueous solutions into non-toxic mole-

cules [1]. However, its practical application remains lim-

ited, primarily due to the low photocatalytic activity, which 

is largely attributed to the high recombination rate of pho-

togenerated charge carriers. In recent years, the utilization 

of piezoelectric materials in photocatalytic processes has 

emerged as a popular solution [2–4]. Among the most well-

known and extensively studied piezoelectric materials are 

BaTiO₃ [5], NaNbO₃ [6],BiFeO3[7] ZnSnO₃ [8], MoS₂ [9], 

CdS [10], ZnS [11], and ZnO [12]. 

Zinc oxide (ZnO) is a direct wide-bandgap semiconduc-

tor with a bandgap energy of 3.37 eV, characterized by a 

wurtzite crystal structure and a high piezoelectric coeffi-

cient [13, 14]. Specifically, in the study [15], the piezocata-

lytic oxidation of Acid Orange 7 (AO7) at a concentration of 

5 μM was thoroughly investigated using ZnO nanorods. The 

results demonstrated an oxidation efficiency of 80% within 

50 minutes, establishing that the oxidation process occurs 

with the involvement of hydroxyl radicals (•OH). The pie-

zocatalytic properties of ZnO were also explored in several 

other studies [16–19].  

Dispersed heterogeneous piezocatalysts exhibit several 

critical drawbacks, including brittleness, high cost, com-

plexity of manufacturing, and potential sources of second-

ary pollution. Given these limitations, organic piezocata-

lysts represent a more promising research direction, with 

polyvinylidene fluoride (PVDF) holding a particularly im-

portant position. This material offers several advantages, 

such as environmental safety, biocompatibility, flexibility, 

and high resistance to halogens and acids [20]. PVDF is 

characterized by a semicrystalline structure and exists in 

five polymorphic modifications: α, β, γ, δ, and ε. The piezo-

electric properties of this polymer are attributed to the 

presence of the polar β-phase (TGTG') and the partially po-

lar γ-phase (T3GT3G'). Notably, the β-phase makes a sig-

nificant contribution to the piezoelectric characteristics 

due to its more pronounced dipole moment. Previous stud-

ies investigated the catalytic properties of PVDF-based com-

posites with zinc oxide. For instance, in one study [21], the 

high efficiency of rhodamine B dye degradation was demon-

strated, reaching 88% within 60 minutes, along with con-

firmation of the composite's stability in acidic and alkaline 

environments. Additionally, another study [22] demon-

strated that a PVDF composite film modified with ZnO nan-

otetrapods exhibited outstanding results in the piezophoto-

catalytic degradation of methylene blue and azithromycin, 

achieving degradation levels of 96.0% and 92.6%, respec-

tively, within 25 and 60 min. The incorporation of PVDF/T-

ZnO led to an approximately 40% increase in the degrada-

tion rate of organic molecules compared to the use of pure 

ZnO nanoparticles. 

Hence, the aim of this work was to synthesize PVDF/ZnO 

polymer nanocomposites with both photocatalytic and pie-

zocatalytic properties by electrospinning and to analyze 

their catalytic activity in the degradation of the model dye 

methylene blue. The relationship between the structural-

phase composition and morphology of the composite and 

their catalytic properties was studied. It was shown that the 

addition of zinc oxide leads to phase changes, in particular, 

to a decrease in the beta phase. The study of thermal prop-

erties showed high thermal stability. 

2. Methodology 

2.1. Synthesis of PVDF/ZnO 

The synthesis of the composite material was carried out us-

ing the electrospinning method, which involved the prepa-

ration of a 15 wt.% PVDF solution. This was achieved by 

dissolving PVDF powder (Sigma Aldrich, St. Louis, Michi-

gan, USA, Mw = 275,000 g·mol–¹) in a mixture of dimethyl 

sulfoxide (Sigma Aldrich, St. Louis, Michigan, USA) and ac-

etone (Sigma Aldrich, St. Louis, Michigan, USA) at a volu-

metric ratio of 7:3. Zinc oxide (Sigma Aldrich CAS: 1314-13-

2, D<100nm) powder was added at a concentration of 

20 wt.% relative to the solution mass. The resulting solu-

tion was heated in an ultrasonic bath at 50 °C until com-

plete polymer dissolution and homogenization, which took 

approximately 1 hour. The prepared solution was then 

loaded into a syringe with a needle diameter of 1.067 mm 

(17 G) and subjected to electrospinning under a constant 

voltage of 50 kV using a 4-SPIN apparatus (Contipro, Dolní 

Dobrouch, Czech Republic) for 30 minutes at a feed rate of 

30 μL·min–¹. The obtained fibers were collected on a rotat-

ing collector covered with aluminum foil, rotating at a 

speed of 2000 rpm, with a fixed distance of 20 cm between 

the needle tip and the collector. The resulting nonwoven fi-

brous mats were left to dry overnight at room temperature. 

In the final dried membrane, the PVDF/ZnO mass ratio was 

43/67 wt.%. 

2.2. Characterization and analysis 

The morphology of the samples was analyzed using a scan-

ning electron microscope (SEM) LYRA3 (Tescan, Brno, 

Czech Republic) equipped with an X-Max 50 EDS detector 

(Oxford Instruments, Abingdon, UK) and a Helios NanoLab 

660 (ThermoFisher Scientific, Brno, Czech Republic). The 

samples were coated with a thin layer of gold using a Leica 

EM ACE600 coating device (Leica Microsystems, Wetzlar, 

Germany). 

Raman spectroscopy was performed using a WITec al-

pha300 R (WITec, Ulm, Germany) with an excitation laser 

wavelength of 532 nm. The laser power varied from 0.5 mW 

to 1 mW depending on the sample. The resulting signal was 

obtained by averaging 50 accumulations with an integra-

tion time of 20 s.  

FTIR measurements were conducted in transmission 

mode using a Bruker spectrometer (Billerica, Massachu-

setts, USA) with a resolution of 1 cm–¹ and 512 iterations. 

Differential scanning calorimetry (DSC) measurements 

were performed on DSC 204 F1 (NETZSCH) at a heating and 
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cooling rate of 10 °C/min, from 25 °C to 200 °C under an 

argon flux of 100 ml/min. 

XPS spectra were recorded using an AXIS Supra™ X-ray 

photoelectron spectrometer (Kratos Analytical Ltd., Man-

chester, UK) with an emission current of approximately 

15 mA. The spectra were processed using CasaXPS software 

v.2.3.23. 

The device for the piezophotocatalytic degradation 

study consists of a multilayer structure in which a 

PVDF/ZnO film (3×1 cm²), serving as the active piezoelec-

tric component, was placed between upper and lower cop-

per foil (Cu) electrodes and tightly laminated in PET for 

sealing and to eliminate triboelectric effects. Conductive Cu 

leads were attached to both sides of the electrodes.  

The piezophotocatalytic degradation experiments were 

conducted using UV-visible radiation and an ultrasonic bath 

with a power of 250 W at a frequency of 18 kHz. A high-

pressure mercury lamp (250 W, Philips) was used as the 

light source in the UV-visible range. To eliminate the influ-

ence of temperature on the degradation efficiency, a con-

stant reactor temperature of 26 °C was maintained. Before 

testing, a film (3×1 cm²) was immersed in a beaker contain-

ing a methylene blue (MB) solution (2.5 mg/L, 20 mL) and 

kept in the dark for 30 minutes to establish adsorption-de-

sorption equilibrium. During the test, 3 mL of the solution 

was sampled at regular intervals and analyzed using a UV-

visible spectrometer. The concentration of the MB dye was 

measured at its maximum absorption peak at λ = 663 nm. 

The degradation percentage was defined as C/C₀, where C 

and C₀ represent the measured and initial concentrations of 

the dye solution, respectively. 

3. Results and Discussions 

Figure 1 presents the results of the morphological analysis 

of the membranes obtained by the electrospinning method, 

along with fiber diameter distribution histograms for pure 

PVDF and composite PVDF/ZnO.  

The SEM image of the pure PVDF membrane (Figure 1a) 

reveals a smooth and uniform fiber structure without visi-

ble defects, whereas after ZnO modification (Figure 1b), the 

fibers acquire a rough surface, indicating the presence of 

nanoparticles distributed along their length. The inset in 

the upper right corner of Figure 1b shows a magnified frag-

ment of the fiber surface, where nanoparticle agglomera-

tion can be observed.  

A change in fiber diameter distribution is also evident, 

as confirmed by the histograms (Figures 1c and 1d). In the 

case of pure PVDF, the average fiber diameter is approxi-

mately 1000 nm, with the majority of fibers falling within 

the 750–1250 nm range, exhibiting an asymmetric distri-

bution. The addition of ZnO leads to a significant reduc-

tion in fiber size to 300–500 nm and a narrowing of the 

distribution range, which can be attributed to changes in 

solution viscosity and electrical conductivity upon nano-

particle incorporation.  

  
Figure 1 SEM images of the pure and ZnO-doped PVDF membrane 

(a, b); Fiber diameter distribution histograms (c, d). 

Additionally, the characteristic surface roughness in-

duced by ZnO increases the active surface area of the mate-

rial, potentially enhancing its catalytic activity. The nar-

rower diameter distribution in the composite membrane in-

dicates improved structural uniformity. 

The chemical composition analysis of the membranes 

was conducted using energy-dispersive spectroscopy (EDS) 

with an energy-dispersive attachment to a scanning elec-

tron microscope (SEM). This analysis identifying the key el-

ements within the sample structures (Figure 2a, b). Three 

specific areas were selected for examination: regions A and 

B, which exhibited significant particle agglomeration, and 

region C, representing a nanofiber area unaffected by de-

formation. 

 
Figure 2 SEM images of the obtained samples (View field 3 μm) 

(a); EDS spectra of PVDF/ZnO for regions A, B, and C (b). 
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The EDS spectra (Figure 2c) confirmed the presence of 

carbon (C), oxygen (O), fluorine (F), and zinc (Zn) in all ex-

amined regions. The detection of Zn in each of the three ar-

eas indicates the uniform distribution of zinc oxide along 

the fibers, both in the agglomerated regions and in struc-

turally intact areas. 

Figure 3a presents the Raman scattering spectra of ZnO, 

demonstrating the characteristic vibrational modes associ-

ated with the wurtzite crystal structure. In particular, the 

peak at 204 cm–¹ corresponds to the second-order phonon 

mode 2E₂(low) [23], while the most intense polarized mode, 

E₂(high), appears at 440 cm–¹, which is a typical feature of 

the wurtzite structure [24, 25]. 

The high intensity of the E₂(high) mode indicates a high 

degree of ZnO crystallinity. Additionally, first-order trans-

verse optical modes A₁(TO), observed as peaks at 336 cm–¹ 

and 382 cm–¹, are associated with surface atom disordering 

in ZnO [26]. An additional peak at 490 cm–¹ is attributed to 

surface optical (SO) phonon modes [27, 28]. The low inten-

sity of the peak at 581 cm–¹, identified as the E₁(LO) mode, 

which is linked to Zn interstitials and oxygen defects, indi-

cates a low concentration of point defects in the ZnO crystal 

lattice [29]. The high-frequency modes 2(LO) and 2A₁(LO), 

observed at 1101 cm–¹ and 1150 cm–¹, respectively, are con-

sistent with the literature data [30]. 

In the Raman scattering spectrum of the PVDF/ZnO com-

posite (Figure 3b), a significant enhancement in the inten-

sity of the surface optical (SO) mode is observed. According 

to the study [31], this phenomenon is attributed to dielec-

tric effects occurring at the interface between ZnO and the 

organic polymer phase. These results are also consistent 

with findings from [32], where the interfacial contact be-

tween Cu and ZnO was investigated, confirming the influ-

ence of interphase interactions on the optical properties of 

the system. 

The Raman spectrum of the PVDF/ZnO composite exhib-

its several bands corresponding to different crystalline 

modifications of polyvinylidene fluoride (PVDF). The peak 

at 609 cm–¹ is identified as a characteristic mode of the α-

phase, associated with CF₂ scissoring vibrations and C–C–C 

skeletal deformation vibrations. Analysis of the 790–

855 cm–¹ region indicates the predominance of the ferroe-

lectric β-phase, along with partial presence of the γ-phase. 

The mode at 838 cm–¹ is associated with CH₂ rocking vibra-

tions and asymmetric CF₂ stretching, which are character-

istic of the β-phase [33]. The mode at 810 cm–¹ indicates the 

presence of the γ-phase and corresponds to CH₂ out-of-

plane wagging. The mode at 800 cm–¹ is attributed to the 

paraelectric α-phase and manifests as CH₂ rocking vibra-

tions. In the 881 cm–¹ region, modes characteristic of the α-

, β-, and γ-phases are present, resulting from the symmetric 

stretching of C-C and CF₂ bonds [34]. 

Due to the close proximity of peaks corresponding to dif-

ferent crystalline phases, their quantitative assessment us-

ing Raman scattering is challenging. To provide a more de-

tailed analysis of the phase composition, additional meas-

urements were performed using Fourier-transform infra-

red (FTIR) spectroscopy, with the results presented in Fig-

ure 4. 

          
Figure 3 Raman scattering spectra of ZnO nanoparticles (a) and the PVDF/ZnO composite (b).
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Figure 4 FTIR spectra of pure PVDF and PVDF/ZnO d in the region of 400–1500 cm–1 (a) and in the region of 3100–3700 cm–1 (b). DSC 

heating/cooling scans for PVDF/ZnO (c). 

For the quantitative analysis of the relative content of 

α-, β-, and γ-phases in the PVDF/ZnO samples, FTIR spec-

troscopy spectra were used. The fraction of the electroac-

tive phase (β + γ) was calculated using the formula (1): 

𝐹EA =
𝐼EA

(
𝐾840∗
𝐾763

) 𝐼763 + 𝐼EA

∙ 100%, 
(1) 

where IEA and I763 represent the absorption intensities at 

840* cm–¹ and 763 cm–¹, respectively; K840∗ and K763 are the 

absorption coefficients at the corresponding wavenumbers, 

with the values of 7.7·104 and 6.1·104 cm² mol–¹, respec-

tively. 

After determining the fraction of the electroactive 

phase, the relative content of β- and γ-phases was calcu-

lated using the following expressions (2, 3): 

𝐹(β) = 𝐹EA ∙ (
∆𝐻β′

∆𝐻β′ + ∆𝐻γ′
) ∙ 100%, (2) 

𝐹(γ) = 𝐹EA ∙ (
∆𝐻γ′

∆𝐻β′ + ∆𝐻γ′
) ∙ 100%, (3) 

where ΔHβ′ and ΔHγ′ represent the peak height differences 

(absorption differences) between the peaks at approxi-

mately 1275 cm–¹ and the nearest valley around 1260 cm–¹, 

as well as the peak at 1234 cm–¹ and the nearest valley 

around 1225 cm–¹, respectively.  

The calculations revealed that in pure PVDF, the fraction 

of the α-phase was 1.88%, the γ-phase was 10.74%, and the 

β-phase was 87.37%. Upon the addition of ZnO, phase 

transformations occurred, specifically an increase in the α- 

and γ-phases to 15.07% and 13.28%, respectively, as well 

as a decrease in the β-phase fraction to 71.63%. The reduc-

tion in the electroactive phase fraction is attributed to the 

high ZnO particle content, which reduces the β-phase frac-

tion due to its tendency to agglomerate, leading to propor-

tionally fewer nucleation sites for the electroactive phase 
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per filler particle [35, 36]. This conclusion is further sup-

ported by SEM and EDX results. 

Figure 4b presents the spectral region of 3100– 

3700 cm–¹, where peaks corresponding to hydroxyl (-OH) 

group vibrations are observed. In pure PVDF, a narrow peak 

at 3600 cm–¹ is detected, indicating the presence of free hy-

droxyl groups [37]. In the PVDF/ZnO composite sample, a 

broad asymmetric peak is observed, which is characteristic 

of various types of intra- and intermolecular hydrogen 

bonds [38]. 

Differential scanning calorimetry (DSC) analysis was 

performed for each PVDF sample to investigate their ther-

mal response and to calculate overall crystallinity. Figure 

4c shows the heating and cooling thermograms of the com-

posite material. 

The data analysis indicates that the sample exhibits a 

broad asymmetric melting peak with a maximum at 

Tm≈165.8 °C, corresponding to the melting temperature of 

crystalline phases. According to the previously published 

studies, melting peaks in this temperature range can be as-

sociated with the α- and β-phases of the polymer [39]. The 

endothermic peak observed between 40 and 80 °C (inset on 

the right of Figure 4c) was attributed to the melting of 

poorly formed secondary crystals, which can be considered 

as small crystalline domains within the amorphous phase. 

The crystallinity of the sample, calculated based on the en-

thalpy of fusion (21.5 J/g), was determined to be 47.9%. 

The relatively low crystallinity value is attributed to the 

high filler content, which restricts crystallization pro-

cesses. 

To further investigate the chemical composition of 

PVDF/ZnO membranes, X-ray photoelectron spectroscopy 

(XPS) analysis was conducted. The survey spectrum (Figure 

5a) of the composite sample identified only chemical states 

corresponding to C, F, O, and Zn, indicating the chemical 

purity of the sample. Deconvolution analysis of the C1s peak 

allowed the identification of different chemical states of 

carbon. 

  

   
Figure 5 XPS spectra of the sample: survey XPS spectrum (a), detailed C1s peak (b), detailed O1s peak of PVDF/ZnO (c), detailed O1s 

peak of ZnO (d), detailed O1s peak of pure PVDF (e), detailed F1s peak (f). 

https://doi.org/10.15826/chimtech.2025.12.1.16


Chimica Techno Acta 2025, vol. 12(2), No. 12216 ARTICLE  

  

 7 of 11 DOI: 10.15826/chimtech.2025.12.1.16  

The deconvolution of the C1s spectrum revealed that it 

consists of five components corresponding to different 

chemical bonds: C–C/C–H (283.4 eV), CH₂ (284.9 eV), C–O 

(287.3 eV), CF₂ (289.4 eV), and CF₃ (291.7 eV)[40]. Signifi-

cant changes were observed in the spectrum of the compo-

site sample, including a sharp decrease in the intensity of 

the C–C/C–H peak, indicating the cleavage of hydrocarbon 

bonds, and a noticeable increase in the intensity of the CF₃ 

peak, suggesting an increased concentration of trifluori-

nated groups. These changes are attributed to the influence 

of ZnO particles on the crystallization process of PVDF. The 

spatial volume of nanoparticles hinders the close packing of 

reactive atoms within the polymer chain, slowing down the 

crystallization process and leading to structural disrup-

tions. As a result, the breaking of C–C/C–H bonds and the 

formation of CF₃ groups at the polymer chain ends are ob-

served. Thus, XPS analysis confirms the effect of ZnO on the 

chemical and structural properties of the polymer, which 

aligns with the phase analysis results. 

Additionally, the O1s spectrum was examined, revealing 

a complex distribution of oxygen states. The variation in the 

intensity of C–O components is due to overlapping contri-

butions from different chemical states of oxygen. This is 

supported by a comparative analysis of the O1s spectra of 

pure ZnO and PVDF, where the appearance of an additional 

peak associated with hydroxyl (−OH) groups was also ob-

served (Figure 5c). These hydroxyl groups were previously 

identified in the 3100–3700 cm–¹ region of the IR spectra 

(Figure 4b). 

The O1s spectrum of the pristine ZnO powder (Figure 

5d), analyzed using Gaussian fitting, consists of two com-

ponents: Oi (oxidized O²– ions within the ZnO structure) and 

Oii (associated with oxygen vacancies or chemisorbed and 

dissociated oxygen species on the ZnO surface) [41–44]. For 

pure PVDF, the O1s spectrum (Figure 5e) also consists of 

two components: C–O (532.4 eV) and C=O (531.2 eV) [38]. 

The analysis of the F1s spectrum of the composite sam-

ple, compared to pure PVDF (Figure 5f), revealed an in-

crease in peak intensity and asymmetry upon the addition 

of ZnO. This can be attributed to two main factors. First, the 

increase in CF₃-group concentration leads to a higher fluo-

rine atom density per unit area, thereby increasing the 

number of electrons susceptible to ionization. Second, 

changes in the local chemical environment of fluorine at-

oms occur due to the presence of ZnO nanoparticles and hy-

droxyl groups. These results confirm the influence of ZnO 

on the chemical modification of the PVDF polymer matrix, 

correlating with the observed changes in phase composition 

and molecular interactions. 

The catalytic activity of the PVDF/ZnO composite mate-

rial was investigated in the degradation of methylene blue 

(MB) under light irradiation and ultrasonic (US) treatment 

in the presence of the catalyst. To eliminate the effects of 

MB degradation due to light and ultrasound alone, control 

experiments were conducted without the catalyst (sonoly-

sis and photolysis). 

The experimental results (Figure 6a) showed that the 

efficiency of sonolysis reached 52%, while the photolysis 

degree increased to 62% after 60 minutes of exposure. Un-

der combined catalyst and light conditions (photocatalysis), 

the photodegradation level increased to 71%. The efficiency 

of piezocatalytic degradation in the dark reached 76%. 

The mechanism of piezocatalysis is based on ultrasonic 

vibration, which generates a large number of cavitation 

bubbles. Upon collapse, these bubbles create localized "hot 

spots" and high pressure, producing shock waves that in-

duce micro-deformations in the composite polymer. These 

deformations initiate the piezoelectric polarization mecha-

nism in both the polymer itself and the embedded ZnO, 

which is also a piezoelectric material. 

         
Figure 6 Catalytic activity of the composite in various processes (a) and pseudo-first-order kinetic curves (b). 
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The literature discusses two primary mechanisms of pi-

ezocatalysis. The first is the energy band theory, analogous 

to photocatalysis, where the piezopotential serves as the 

driving force for charge transfer to the material’s surface, 

initiating catalytic reactions. In photocatalysis, absorbed 

photons generate electron-hole pairs that contribute to the 

formation of reactive oxygen species. In piezocatalysis, the 

primary source of reactive charge carriers is mechanical ex-

citation, where ultrasonic treatment can directly excite 

electrons from the valence band (VB) to the conduction 

band (CB) [45–47]. 

The second mechanism is the shielding charge effect, 

which differs from the energy band theory in that the 

charges involved in redox reactions originate from surface-

adsorbed carriers in the external environment rather than 

from internal charge carriers of the material. In the initial 

state, the material’s surface is electrostatically neutral, but 

when subjected to external mechanical stress, the density 

of bound charges changes, leading to the movement of 

shielding charges and their interaction with water. This in-

teraction results in the formation of reactive oxygen spe-

cies, such as ·OH and ·O₂– [48]. The process continues until 

a new electrostatic equilibrium is reached. 

The piezophotocatalytic activity of PVDF/ZnO reached 

91%, significantly exceeding the efficiency of individual 

photocatalysis and piezocatalysis processes due to the syn-

ergistic effect. The piezoelectric field generated by ultra-

sound facilitates the excitation and migration of electron-

hole pairs while preventing their recombination, thereby 

enhancing the material’s photocatalytic activity. 

The rate constants were calculated using the semi-loga-

rithmic pseudo-first-order equation (4): 

ln 𝐶 𝐶0
⁄ = 𝑘𝑡. (4) 

The rate constant (k) values were determined to be 

0.018, 0.011, 0.020, 0.026, and 0.039 min–¹ for photolysis, 

sonolysis, photocatalysis, piezocatalysis, and piezophotoca-

talysis, respectively. The reaction rate of piezophotocataly-

sis increased by factors of 2.16, 3.6, 1.9, and 1.5 compared 

to photolysis, sonolysis, photocatalysis, and piezocatalysis, 

respectively. 

Although the simultaneous combination of ultrasonic vi-

bration and light has been shown to achieve high piezopho-

tocatalytic activity, the practical application of this technol-

ogy presents a significant challenge due to the limited avail-

ability of natural sources of ultrasonic excitation. However, 

the mechanical energy of water flow in natural environ-

ments can potentially be utilized to generate a piezoelectric 

field. In this regard, piezo- and piezophotocatalytic experi-

ments were conducted using magnetic stirring, with the re-

sults presented in Figure 7. 

According to the obtained data, the degradation effi-

ciency of MB under simple magnetic stirring without UV ir-

radiation reached 20% after 60 min. Meanwhile, when 

combining magnetic stirring with UV irradiation, the pho-

todegradation efficiency increased to 85%. 

 
Figure 7 Piezocatalysis and piezophotocatalysis are facilitated by 

hydrodynamic stirring at a constant speed of 200 rpm. 

The mechanical energy generated by water flow induces 

an electric potential in the piezoelectric material, confirm-

ing its applicability in piezocatalytic processes without the 

need for an external ultrasonic source. This approach high-

lights the potential of utilizing natural hydrodynamic pro-

cesses to generate electrical charges capable of initiating 

catalytic reactions. 

To experimentally confirm the ability to convert me-

chanical energy from water flow into electricity, a piezoe-

lectric nanogenerator (PENG) was assembled using the 

PVDF/ZnO composite material. Figure 8 illustrates the 

schematic structure of the PVDF/ZnO-based PENG.  

 

 
Figure 8 Schematic structure of the piezoelectric nanogenerator 

(PENG) based on PVDF/ZnO (a); Voltage versus time dependence 

under mechanical stimulation induced by stirring(b).  
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To evaluate the generated potential under mechanical 

excitation, open-circuit voltage measurements were con-

ducted at a fixed stirring speed of 200 rpm using an over-

head stirrer. As shown in Figure 8b, the device generates 

an alternating voltage with a peak-to-peak amplitude of ap-

proximately 140 mV, indicating the stable and reproducible 

operation of the piezoelectric nanogenerator. Continuous 

mechanical stimulation induces an alternating internal elec-

tric field, facilitating the efficient transfer of charges at the 

PVDF/ZnO–solution interface. This, in turn, may play a cru-

cial role in initiating piezocatalytic processes. 

4. Limitations 

In the present study, we investigated a PVDF/ZnO compo-

site with a high content of inorganic nanoparticles, where 

the weight fraction of ZnO (67 wt.%) significantly exceeded 

that of the polymer matrix. While this composition demon-

strated promising photocatalytic and piezocatalytic perfor-

mance, the high nanoparticle content led to pronounced ag-

glomeration, which in turn reduced the electroactive β-

phase content and overall crystallinity. This agglomeration 

may limit the reproducibility and scalability of the material, 

as well as its mechanical integrity. 

Moreover, the current work focused primarily on struc-

tural, morphological, and catalytic properties of the compo-

site. However, a comprehensive evaluation of its optical 

and piezoelectric properties was beyond the scope of this 

research. These characteristics are critical for understand-

ing the fundamental mechanisms of charge generation and 

transfer in piezophotocatalytic systems. 

In future studies, we will investigate a broader range of 

ZnO-to-PVDF ratios in order to optimize the balance be-

tween catalytic activity and material stability. We also plan 

to perform an in-depth analysis of the composite’s optical 

absorption properties, along with a quantitative assess-

ment of its piezoelectric coefficients. These investigations 

will provide deeper insights into the multifunctional behav-

ior of the material and support its potential integration into 

self-powered environmental remediation technologies. 

5. Conclusion 

In this study, PVDF/ZnO nanocomposite membranes 

were successfully synthesized via electrospinning and sys-

tematically investigated for their structural, electrical, and 

catalytic properties. The incorporation of ZnO nanoparti-

cles significantly altered the morphology and crystalline 

phases of PVDF, leading to a decrease in fiber diameter and 

β-phase content. The catalytic experiments demonstrated 

that the PVDF/ZnO composite exhibits high photocatalytic, 

piezocatalytic, and piezophotocatalytic activity, achieving 

71%, 76%, and 91% degradation of methylene blue, respec-

tively. Furthermore, the ability of the membrane to gener-

ate an open-circuit voltage of approximately 140 mV under 

mechanical stimulation confirms its potential as a 

piezoelectric nanogenerator. These results suggest that 

PVDF/ZnO composites are promising materials for self-

powered catalytic systems, offering a sustainable ap-

proach to environmental remediation and energy conver-

sion. Future research should focus on optimizing the ma-

terial’s structure, exploring other pollutants, and inte-

grating this system into real-world water treatment tech-

nologies. 
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