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ABSTRACT: Multifunctional polymer composites are of increasing interest as they 

allow tuning physical-chemical properties for specific applications. A ternary composite 

material is presented based on the incorporation of titanium dioxide nanoparticles (TiO2) 

and conductive silver nanowires (AgNWs) into a poly(vinylidene fluoride) (PVDF) 

polymer matrix. The films were prepared by solvent casting varying the contents of the 

filler up to 10 wt.%, showing improved mechanical and dielectric responses and tailorable 
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optical properties. In contrast, the morphology, polymer phase and thermal stability are 

nearly independent of the filler type and content within the composite. A dielectric 

constant up to 14 at 1 kHz was obtained for the 7.5%AgNWs/2.5%TiO2/PVDF sample. 

It is demonstrated the (multi)functionality of the developed materials for photocatalytic 

self-cleaning and capacitive sensing applications, indicating the suitability of the 

approach for next-generation hybrid multifunctional materials.  

KEYWORDS: capacitive sensing; photocatalysis; PVDF; ternary composites; self-

cleaning; 

1. INTRODUCTION 

Interest in smart materials-based devices has grown significantly in recent years, playing 

an increasing role in technological evolution. They are exciting for a wide variety of 

applications in areas such as biomedicine 1, soft robotics 2, and aerospace 3, among others. 

The performance of these smart materials directly depends on the operating conditions 

and integration into the devices, which affects both the selection of materials and the 

manufacturing process. Therefore, many studies have been focussing on polymer-based 

composites, as they provide exceptional properties in terms of tailorability of the 

physical-chemical properties and functional response, together with high design 

flexibility, among others 4-5.  

The proper selection of the polymer matrix and fillers, assuring compatibility, are 

essential to obtain composites with superior performance. Thermoplastic polymers, based 

on their processability from the melt and from solution, allow the production of complex 

3D structures with high structural performance and improved integration. Among the 

different thermoplastic polymers, poly(vinylidene fluoride) (PVDF) polymer and co-

polymers stand out due to their excellent mechanical, electrical and chemical properties 

and also for their electroactive properties, including piezo, pyro and ferroelectricity 6-9. 

PVDF is a semicrystalline polymer that can crystallise into five crystalline phases (α, β, 

γ, δ, and ε) depending on the processing conditions 10-12. For technological applications, 

the most used phases are α and β. In particular, the β-phase is the one with the largest 

ferroelectric, piezoelectric, and pyroelectric properties, whereas the α-phase is the most 

stable one from a thermodynamic point of view when the material is directly obtained 

from the melt 10-11, 13. Due to its electroactive properties, PVDF is being used in different 



applications, such as sensors and actuators, spin-valve devices, energy harvesting, tissue 

engineering, and drug delivery carrier systems 6, 8.  

As a response to the growing demand for industrial applications, functional fillers are 

included in specific polymer matrices to improve or induce particular properties. Thus, 

carbon nanotubes (CNT) 14-15, graphene 15-16 or carbon black 17-18 are used for mechanical 

reinforcement and for increasing the electrical conductivity; ionic liquids 19-20 to improve 

ionic conductivity or induce a thermochromic response, for example; magnetic nano- and 

microparticles 21-22 to induce a magnetic response to the polymer matrix, and metal-

organic frameworks (MOFs) 23-24 for tailoring mechanical or dielectric properties and 

absorption capabilities, among others.  

Many advances have been achieved in the enhancement of dielectric response 25, 

electrochemical properties 26 and electrical conductivity 27 in PVDF-based composites. 

However, these studies mainly focus on improving or inducing a single functionality in 

the sample. Therefore, the development of nanocomposites with dual functionality can 

represent a step forward towards materials applicability, with critical technological 

benefits in terms of reduced materials use and simplified processing steps by avoiding the 

use of multiple materials.  

Recent examples have shown that the development of PVDF-based composites with dual 

functionality allows the combination of quite different characteristics. In the area of 

electronic systems, the combination of fillers with dielectric, magnetic, and electrical 

conducting properties has been explored, including quantum dots/CoFe2O4 
28, 

Fe3O4/CNT 29, boron nitride/SiC 23 or CNT/Bi2O3 
30. Among them, PVDF-based 

composites with dielectric BaTiO3 and magnetic CoFe2O4 
31 enhance the dielectric 

response while introducing magnetic responsiveness, suitable for sensing and energy 

harvesting systems. Despite these promising results, further research is necessary to 

explore different multi-material combinations, understand structure and properties 

relationships between fillers, synergetic effects, and control interface between matrix and 

fillers.  

In this work, PVDF-based composites incorporating TiO2 and Ag nanowires (AgNWs) 

functional fillers with relative content up to 10 wt.% have been prepared. The selected 

maximum filler content allows maintaining the samples' structural, mechanical stability 

and integrity. Mainly, TiO2 particles are chosen due to their photocatalytic properties 32-

33, with well kown potential for environmental remediation 34-35 and energy applications 

36-37. Ag nanowires are selected based on their catalytic, optical, and antimicrobial 



properties 38-39. Combining these fillers with a robust PVDF matrix allows to build up a 

ternary composite with multifunctional properties.  

In particular, the combination of self-cleaning and self-sensing capabilities is relevant in 

the scope of hygienic surfaces due to the sensing performance for capacitance response 

in clean environments without dirt and bacteria. Detection and cleaning performance are 

essential for the next generation smart composites 40. The developed ternary composites 

were characterised in terms of microstructure, polymer phase, thermal, optical, 

mechanical and dielectric properties. Further, the applicability of the multifunctional 

composite for photocatalytic self-cleaning and capacitive sensing has been demonstrated. 

2. EXPERIMENTAL SECTION 

2.1 Materials 

Poly(vinylidene fluoride), PVDF (Solef 6020, Mw = 700 kg/mol) and the solvent N,N-

dimethylformamide (DMF, 99.5%) were purchased from Solvay and Sigma-Aldrich, 

respectively. Titanium dioxide (TiO2) nanoparticles were supplied by Evonik Industries 

AG (Degussa P25) with a surface area ranging from 35 to 65 m2/g. Silver nanowires 

(AgNWs) were acquired from ACS Material with a diameter of 90 nm and lengths of 20–

30 μm. 

2.2 Nanocomposites preparation 

PVDF composites with varying contents of AgNWs and TiO2 were prepared following 

the general guidelines presented in 9. First, specific amounts of TiO2 and AgNWs were 

uniformly dispersed in 5 mL of N,N-Dimethylformamide (DMF, Anhydrous, 99.8%, 

Sigma-Aldrich), and the mixture was ultrasonicated for 2 h. Then, 1 g of PVDF was 

dissolved in the resulting mixture under magnetic stirring for 2 h. Finally, thin films 

were prepared by doctor-blade and cured in an oven at 210 ºC for 15 min to obtain 

dense films with a thickness of around 50 µm. For comparison, a pristine PVDF film 

was prepared according to the above process. The prepared samples with the different 

filler contents and the corresponding nomenclature, are presented in Table 1. 

 

 

 



Table 1. Samples nomenclature and relative percentage of the different fillers in the 

composite samples. 

Samples Pristine 

PVDF 

10%AgNWs/ 

PVDF 

7.5%AgNWs/ 

2.5%TiO2/PVDF 

5%AgNWs/ 

5%TiO2/PVDF 

2.5%AgNWs/ 

7.5%TiO2/PVDF 

10%TiO2/ 

PVDF 

PVDF 

(wt.%) 

100 90 90 90 90 90 

TiO2 

(wt.%) 

0 0 2.5 5 7.5 10 

AgNWs 

(wt.%) 

0 10 7.5 5 2.5 0 

2.3 Samples characterization 

The samples morphology (surface and cross-section) was analysed by Scanning Electron 

Microscopy (SEM) using Hitachi S-4800. Before analyse, samples were sputtered with 

10 nm thin gold layer. 

Fourier transform infrared (FTIR) spectra were obtained using an FTIR/ATR 

spectrometer (Jasco FT/IR-4100). The spectra were recorded in the 4000–600 cm−1 

wavenumber range for 64 scans with a resolution of 4 cm-1.  

Thermogravimetric analysis (TGA) was performed using a TGA/SDTA 851e equipment 

(Mettler Toledo) between 30 °C and 800 °C at a heating rate of 10 °C/min. 

The degree of crystallinity of the composites was examined after Differential Scanning 

Calorimetry (DSC) measurements in the temperature range of 25 °C to 200 °C at a heating 

rate of 10 °C/min for cooling and heating (Perkin-Elmer DSC 8000 instrument). 

UV-visible transmittance spectra were obtained in the wavelength region from 200 to 800 

nm using a spectrophotometer (Cary 60 UV-vis Agilent Technologies). 

Mechanical properties of the composites were carried out in stand-alone films with an 

AGS-X Universal Testing Machine from Shimadzu in tensile testing at 1 mm/min. 

Samples dimensions for mechanical tests are 15 mm long, 6-8 mm width and 50 μm thick. 

Young's modulus (E), strain (εb) and stress (σb) at break were determined.  At least 4 

speciments of each sample were evaluated to obtain the mean value and standard 

deviation of the mechanical parameters. 

The dielectric response of the samples was obtained under the same experimental 

conditions by measuring the capacity (C) and tan δ using a Quadtech 1929 Precision LCR 

meter at room temperature in the frequency range from 200 Hz to 1 MHz at an applied 

voltage of 0.5 V. Before the measurements, gold circular electrodes of 5 mm diameter 

were deposited onto both sides by magnetron 



sputtering SC502 sputter coater of each composite to form a parallel plate capacitor. The 

real part of the dielectric constant (ε') and the AC conductivity (σ') was calculated by 41:  

ε'=
C∙d

A∙𝜀0
     (1) 

σ'=ε0ωε''                     (2) 

Where C is the capacitance (F), ε0 (8.85·10-12 F/m) is the permittivity of free space, 

 ε''= tanδ·ε' is the imaginary part of the dielectric constant, d is thickness, A is area of the 

electrodes and ω=2πν is the angular frequency. 

2.4. Functional photocatalytic self-cleaning and capacitive sensing performance 

The photocatalytic activity of the sample was evaluated using a methylene blue (MB - 

1×10-5 M) solution at pH 6.8 in contact with the nanocomposite  under UV light irradiance 

of 0.33 mW/cm2- eight lamps (Philips 8W) maximum irradiation peak at 365 nm 32. The 

MB absorbance solution was monitored in the range 450−750 nm at different times using 

a Shimadzu UV-2501PC UV/Vis spectrophotometer. The MB photodegradation rate was 

monitored through the absorption peak at 663 nm. 

Concerning the capacitive sensing evaluation, the ternary composite film was sandwiched 

between two ITO conductive-coated PET electrode films with an active area of 30 mm x 

7 mm and connected to the application circuit via alligator clips, as shown in Figure 1. 

 

Figure 1. Schematic representation of the sample and electronic circuit for capacitive 

sensing evaluation. 



The application is composed of an Arduino nano every board with an ATMEGA4809 

microcontroller running at 20 MHz. The microcontroller connects to a PC with a baud 

rate of 9600 bps, and the data are plotted in a QT 5 application. 

The microcontroller measures the time the capacitive sample takes to charge. First, the 

microcontroller connects the D2 pin to the ground discharging the sensor, and then the 

D2 pin waits for the logic level to be high, as Pin D7 is set to VCC 42. When D2 detects 

the high logic level, the microcontroller measures the time since the beginning of the 

charging of the capacitive sample. 

3. RESULTS AND DISCUSSION 

3.1 Morphology, optical properties, polymer phase, thermal, and mechanical 

characteristics 

The microstructure of the ternary composite samples was investigated using SEM, and 

representative images are shown in Figure 2. The cross-sectional SEM images of pristine 

PVDF and PVDF composites with different AgNW and TiO2 filler contents (Figure 2a-

f) show a compact morphology without filler aggregation that demonstrates excellent 

compatibility and distribution of the different fillers within the polymer matrix. This fact 

is corroborated by the corresponding surface images in the insets where the spherulite 

structure the PVDF is observed. Also, the surface show that the filler type and content 

affects the spherulitic structure, influencing threfore the polymer crystallization process 

43. In particular, Figure 2a and 2b show homogeneous and dense morphology without 

pores for pristine PVDF and 10%AgNWs/PVDF samples, respectively. Regarding the 

microstructure of the ternary composite samples with TiO2 filler, a rougher surface was 

observed with TiO2 particles randomly dispersed in the polymer matrix without 

agglomeration. Regardless of the filler type and content, the polymer matrix mantains the 

typicall microstructure. 



 

Figure 2. Cross-sectional and surface (inset) SEM images of PVDF composites with 

different filler contents. (a) pristine PVDF (b) 10%AgNWs, (c) 7.5%AgNWs/2.5%TiO2, 

(d) 5%AgNWs/5%TiO2, (e) 2.5%AgNWs/7.5%TiO2, (f) 10%TiO2. Scale bars represent 

2 µm. 

The UV-vis transmittance spectra of the different samples were recorded to quantify the 

optical transparency of the samples and UV absorption, as shown in Figure 3.  
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Figure 3. UV-vis spectra of the PVDF composites with different fillers. 



Pristine PVDF shows higher transmittance than the rest of the samples in the ultraviolet-

visible (UV-vis) (Figure 3), with a optical trasmittance of ~ 45% in the λ = 540−560 nm 

region. The addition of any filler causes a reduction in the transparency of the composite, 

being more striking with a higher TiO2 content in than for the AgNW filler. For 

10%AgNWs/PVDF sample, a peak at ~340 nm is observed, related to the plasmon peak 

44. It is to notice that this peak is not detected for the other composite samples due to the 

overall reduction of the optical transmittance. Composite films with TiO2 show a 

yellow/brown tinge, which increases with filler content reducing the transmittance in the 

visible region and improving the absorbance in the UV region. This behaviour is essential 

for the photocatalytic activity of the composite under UV irradiation. 

Fourier transform infrared (FTIR) spectroscopy was performed to analyse the presence 

of α and β phases in the composites, as shown in Figure 4a. Vibration bands at 766 and 

973 cm-1 are ascribed to the α-phase, whereas the peaks at 840 and 1270 cm-1 correspond 

to the β-phase 45. Furthermore, it is evidenced that the intensity of the peak at 840 cm-1 

for the sample with the highest TiO2 content is sharper than the corresponding peak in the 

pristine PVDF spectra. The electroactive β-phase content of PVDF was quantified taking 

into consideration the characteristic absorption bands of α (766 cm-1) and β (840 cm-1) 

PVDF by applying equation 3 45:  

F(β)=
Aβ

(
Kβ

Kα
)Aα+Aβ

                                                    (3) 

where Aα and Aβ are the absorbances at 766 and 840 cm-1 respectively, and Kα (6.1·104 

cm2/mol) and Kβ (7.7·104 cm2/mol) are the corresponding absorption coefficients 45. 

Table 2 shows the β-phase content for pristine PVDF and PVDF composites with different 

AgNWs and TiO2 contents, the maximum electroactive phase content being 14%. 

Table 2. β-phase content and degree of crystallinity obtained from FTIR spectra and DSC 

themograms. 

Samples β phase ± 2 (%) Xc ± 2 (%) 

Pristine PVDF 4 43 

10%AgNWs/PVDF 3 46 

7.5%AgNWs/2.5%TiO2/PVDF 10 46 

5%AgNWs/5%TiO2/PVDF 5 43 

2.5%AgNWs/7.5%TiO2/PVDF 3 39 

10%TiO2/PVDF 14 39 



It has been reported that the addition of TiO2 leads to an increase in the β-phase content 

of PVDF 46, whereas the addition of AgNWs beyond 2.5 % prevents the formation of β-

phase 47. Table 2 shows that one filler compensates the effect of the other, leading to low 

electroactive phase contents for the ternary composites, except for the case of the 

7.5%AgNWs/2.5%TiO2/PVDF sample, which shows a higher β-phase value. This fact 

can be ascribed to improved dispersion of the low TiO2 content as shown in the SEM 

images and, therefore, to an increased contact area with the polymer matrix, which leads 

to increased β-phase content. 
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Figure 4. (a) FTIR spectra, (b) TGA curves, (c) heating DSC curves, and (d) Stress-strain 

curves for pristine PVDF and PVDF composites with different AgNWs and TiO2 

contents. 

TGA tests were carried out to analyse the thermal decomposition of the different samples 

and to evaluate the effect of the fillers on the thermal stability of the composites. TGA 

thermograms for the different samples are shown in Figure 4b. All samples show a similar 

thermal degradation profile: a multi stage-process weight loss, except for pristine PVDF, 

which only displays a single degradation corresponding to the depolymerisation of the –

CH2-CF2- chains 48. The presence of TiO2 within the polymer matrix leads to a substantial 

reduction in the polymer degradation temperature. In particular, onset temperature 

degradation, defined as the slope changes as the composite begins to decompose, values 

of composites with TiO2 decrease from around 450 ºC for the pristine PVDF and 10% 

AgNWs/PVDF samples down to 350 ºC. This fact is possibly due to an oxidative 

decomposition of the material caused by the catalytic effect of the metal oxide 49. 

Consequently, the presence of TiO2 triggers lower thermal stability. Furthermore, the total 

weight loss of the composite with TiO2 is lower than the composites without it. The 

former ones have a weight loss of 60%, which increase to 75% for the pristine PVDF 

sample, and then further increase to 80% with the addition of 10% AgNWs content. This 

increase in the residual mass can be ascribed to products resulting from the chelating 

ligands of titanium ion and fluoride produced by the backbone homolysis in the PVDF 

decomposition 50. A slight reduction of the residual mass is observed for the AgNW 

containing composite, which indicates possible secondary reactions of the PVDF 

degradation products with the AgNW filler. 

Differential scanning calorimetry (DSC) has been used to evaluate the thermal properties 

of the samples (Figure 4c). It is observed that the addition of fillers does not lead to any 

relevant variation of the melting temperature of the crystalline phase of PVDF. Thus, all 

samples are characterized by just one melting peak around 170 ºC, corresponding to a 

predominance of α phase, confirming the FTIR results (Figure 4c). In addition, the degree 

of crystallinity (Table 2) was evaluated after equation 4:  

 

Xc=
∆H

∆Hα∙x+∆Hβ∙y
                                                             (4) 

 



where ΔH is the melting enthalpy of the sample, ΔHα (93.07 J/g) and ΔHβ  (103.4 J/g) are 

the melting enthalpies of the α and β phases, and x and y correspond to the amount of the 

α and β phases present in the sample and calculated after the FTIR results, respectively 

45. The degree of crystallinity of the samples depends on the filler type and content. On 

the one hand, increasing the amount of TiO2 hinders PVDF crystals growth 51. On the 

other hand, it has been reported that AgNWs has no influence on the crystallisation of the 

composite 52, but it seems that increasing the content of this filler has a beneficial effect 

on the degree of crystallinity of samples. Therefore, the lower the content of TiO2, and 

the higher the amount of AgNWs, the larger the degree of crystallinity of the samples. 

The mechanical behavior was evaluated after stress-strain tests in the tensile mode, as 

presented in Figure 4d, and Table 3 summarises the mechanical parameters obtained from 

the measured curves. Regardless of the filler type and its content, composites present the 

typical mechanical behaviour of thermoplastic polymers, composed by the elastic and the 

plastic region, divided by the yielding point 53. Furthermore, it is observed that the 

composite samples show an increase in mechanical behaviour compared to pristine 

PVDF, in which the fillers act as a mechanical reinforcement. From Table 3, it can be 

seen that the Young's modulus, determined by the tangent method in the elastic region at 

3% of the maximum elongation 54, increases with the addition of the TiO2 filler, where 

TiO2 enhances the mechanical behaviour due to the strong interfacial interaction between 

TiO2 nanoparticles and polymer matrix resulting in better dispersion and also a greater 

surface area of interaction of TiO2 filler in the matrix. Furthermore, for ternary composite 

with high AgNWs content (7.5 and 10 wt.%), the Young´s modulus decreases compared 

to pristine PVDF due to the poor interfacial adhesion and dispersion between this filler 

and polymer matrix as verified through the SEM images (Figure 2) 55-56. 

Table 3. Mechanical parameters of pristine PVDF and PVDF composites with 

different AgNWs and TiO2 contents.   

Samples E (MPa) εb (%) σb (MPa) 

Pristine PVDF 618 ± 103 10 ± 3 27 ± 6 

10%AgNWs/PVDF 393 ± 49 10 ± 1 47 ± 3 

7.5%AgNWs/2.5%TiO2/PVDF 576 ± 124 9 ± 1 37 ± 13 

5%AgNWs/5%TiO2/PVDF 672 ± 115 10 ± 1 34 ± 4 

2.5%AgNWs/7.5%TiO2/PVDF 690 ± 36 10 ± 1 43 ± 1 

10%TiO2/PVDF 750 ± 14 7 ± 1 37 ± 1 

 



This fact is also demonstrated by the stress at break (σb) values, as shown in Table 3. The 

strain at break (εb) values are the same for all composites, independently of filler type and 

content, being also similar to the one observed for pristine PVDF. 

3.2 Electrical properties 

For capacitive sensing applications, the evaluation of the dielectric properties is essential, 

and Figure 5 shows the dielectric constant, tan δ and AC conductivity as a function of 

frequency from 200 Hz to 1 MHz for pristine PVDF and PVDF composites with different 

AgNWs and TiO2 contents. 
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Figure 5. (a) ε', (b) tan δ, and (c) σ' for pristine PVDF and PVDF composites with 

different AgNWs and TiO2 contents. 

Regardless of the composite type, Figure 5a shows that the dielectric constant (ε') 

decreases with increasing frequency. This is due to the limited dipolar mobility and the 

Maxwell-Wagner-Sillars effect. On the other hand, it is observed that the type of filler 

and its content affects the dielectric behaviour and that the filler that contributes at most 

in improving the dielectric constant is TiO2. For ternary composites with low TiO2 content 

(2.5 and 5 wt.%), it is observed higher dielectric constants, 14 and 13.3, when compared 

to pristine PVDF, 11 at 1 kHz. The main reason for this behaviour is due to the interfacial 

polarisation or Maxwell-Wagner-Sillars (MWS) effect 57-58. Furthermore, for these 

samples, it is observed that the filler-filler interaction is predominant when compared to 

just a filler, leading to improved molecular mobility by interfacial polarisation and 

consequently the dielectric constant 59. Furthermore, for the samples with 10% 

AgNW/PVDF and 2.5% AgNW-7.5%TiO2/PVDF, it is observed that the dielectric 

constant decreases when compared to pristine PVDF due to the electric conduction 

properties of the AgNW filler. 



Figure 5b shows that the tan δ as a function of frequency is similar for all samples, 

regardless of filler type and content. Also, it is detected two different behavior as a 

function of frequency in which the tan δ decreases with increasing the frequency up to 

104 Hz. From Figure 5b, it is observed that tan δ increases with frequency for high-

frequency regions (above 104 Hz) ,which can be attributed to the molecular motion of 

crystalline-amorphous interfaces chain segments 60.  

Figure 5c shows the AC conductivity values for all composites as a function of frequency, 

and we can see that conductivity increasing with increasing frequency. Furthermore, it is 

detected that filler addition improves the AC conductivity at low frequencies compared 

to pristine PVDF, which can be explained by the space charge polarization that occurs on 

the nanocomposite samples. 

Figure 5c shows a single regime in the conductivity behaviour regardless of the frequency 

range, assigned to ac conductivity 61. Considering that the AC conductivity behaviour is 

frequency dependent, it can be described by Jonscher's universal law 62: 

σ'(ω)∝ωn                                               (5) 

where ω is the angular frequency and the n parameter characterises a thermally activated 

hopping across an energy barrier (0 < n < 1). The frequency exponent n is obtained by 

fitting the experimental data and its value ranges between 0.85 and 1 for all samples, 

independently of filler type and content, which confirms that the conduction mechanism 

in the samples is dominated mainly by hopping 59. 

3.3 Photocatalytic self-cleaning and capacitive sensing functional response 

The sample 5%AgNWs/5%TiO2/PVDF was placed in contact with an MB solution under 

UVA irradiation to confirm whether the produced samples exhibit photocatalytic activity. 

The obtained results and pictures of the samples during the assay are presented in Figure 

6.  



 

Figure 6. Photocatalytic degradation of MB in solution (1×10-5 M and pH=6.5) using the 

5%AgNWs/5%TiO2/PVDF sample, under 360 min of UVA radiation – inset presents the 

photocatalytic degradation kinetic and the apparent reaction rate (k). (a). Pictures of the 

5%AgNWs/5%TiO2/PVDF sample in contact with the MB aqueous solution before (b) 

and after (c) 360 min of UVA irradiation.   

Figure 6a shows the absorbance spectra of MB at different times of contact with the 

5%AgNWs/5%TiO2/PVDF sample, and it is possible to observe a decrease of the 

maximum absorbance peak of MB (663 nm) over time. Thus, approximately 72% of the 

MB molecules in solution were removed during 360 min at an apparent reaction rate (k) 

of 0.003 1/min. The MB solution visual inspection after UVA irradiation (Figure 6b and 

c) confirms that photocatalytic activity occurred as the solution becames colourless.  The 

remarkable ability of sample 5%AgNWs/5%TiO2/PVDF to absorb UV radiation, 

indicated in Figure 3, is mainly associated with TiO2 nanoparticles in the PVDF matrix. 

The absorption of UVA radiation by the TiO2 nanoparticles initiates the formation of 

electron-hole pairs that will react with OH-, O2 and H2O to produce reactive oxygen 

species (ROS) such as hydroxyl radical (OH•), superoxide radical anions (O2•−), and 

hydrogen peroxide (H2O2) that attack the MB molecules adsorbed into TiO2 nanoparticles 

surface 33, 63. These same chemical species are also responsible for the self-cleaning effect 

of TiO2 nanoparticles. In this way, by degrading organic contaminants, the surface of the 

5%AgNWs/5%TiO2/PVDF sample can clean itself under UV irradiation,  avoiding 

expensive maintenance and extended durability of materials 63-64. This feature is exciting, 

considering that the capacitive functionality of this material requires a fingers touch that 



promotes surface contamination that can accelerate the material deterioration and electric 

response.  

Considering the high dielectric constant of the 5%AgNWs/5%TiO2/PVDF sample, Figure 

7 shows the sensor response upon repeated applied pressure by finger touch, as shown in 

Figure 1 (see supplementary information Video SV1). The working mechanism of this 

sensor is due to the finger approaching the dielectric material, leading to an increase of 

capacity. When a finger gets close to the nanocomposite, the capacity increases from 81.7 

pF to approximately 200 pF, which is enough to detect a touch event. In Figure 7, different 

regions are defined: 1) no-touch, 2) touch, and 3) increased touch pressure and, 

consequently, enlarged touch area. The response of this capacitive sensor does not show 

clamping effects, hysteresis, or degradation over time, demonstrating adequate 

mechanical stability (Figure 7). 
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Figure 7. Demonstration of the capacitive sensor response upon repeating finger touch. 

Considering the photocatalytic self-cleaning behaviour and the excellent capacitive 

response of this composite material for environmental cleaning and sense, it is 

demonstrated that it is possible to obtain a multifunctional PVDF-based material with 

multifunctional capabilities based on the inclusion of two complementary fillers at low 

filler content. 



4. CONCLUSIONS 

Hybrid materials with both self-cleaning and capacitive sensing capabilities have been 

developed. The ternary composites were produced by solvent casting technique based on 

titanium dioxide nanoparticles (TiO2) and silver nanowires (AgNWs) in a poly(vinylidene 

fluoride) (PVDF) matrix with different contents of both fillers. The morphology of these 

composites is compact, and the fillers are well dispersed. The filler type and its content 

does not affect the polymer phase and the thermal properties. The optical properties are 

determined by TiO2 filler versus AgNW filler with higher absorbance. Furthermore, the 

Young's Modulus of the composites increases with increasing TiO2 content and decreases 

with the inclusion of AgNW content (7.5 and 10 wt.%).  

Dielectric constants up to 14 at 1 kHz have been obtained for the 

7.5%AgNWs/2.5%TiO2/PVDF sample.  

The photocatalytic activity was proved for sample 5%AgNWs/5%TiO2/PVDF by 

removing ≈ 70% of MB in solution under 360 min of UVA irradiation; additionally, the 

ROS generation necessary for the photocatalytic process allows to foresee a self-cleaning 

ability. The capacitive sensing capability has been demonstrated with excellent functional 

response for the same sample.  

This work demonstrates that it is possible to develop multifunctional materials based on 

two different fillers with tailored functional responses (photocatalytic self-cleaning and 

capacitive behaviour) for the next generation smart materials. 
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