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ABSTRACT: High humidity environments can accelerate the transmission, neutralization, 

or dissipation of frictional charges on the frictional surface of solid-solid triboelectric 

nanogenerator films (TENGs), which can reduce the output power. The moisture 

resistance properties of the TENG triboelectric film are needed to overcome these 

problems. Therefore, this study discusses the role of the TiO2 nanofiller in cassava starch 

(CS) and polyvinyl alcohol (PVA) nanocomposite matrix that can increase triboelectricity 

through the formation of hydrogen bonds and the provision of oxygen-free electrons. The 

research method was to incorporate different concentrations of TiO2 nanoparticles (0%, 

0.5%, 1%, 5%, 10% wt, and 15% wt) into the CS-PVA nanocomposite matrix using the 

solvent casting method. The results showed an increase in surface polarity which was more 

triboelectric-positive due to the CS-PVA hydroxyl group interacting with water molecules. 

Increasing the concentration above 5% wt TiO2 increases the density of the CS-PVA 

nanocomposite film which can significantly reduce water vapor permeability (WVP) and 

increase water resistance. The TENG performance of the CS-PVA/TiO2 nanocomposite 

film with a concentration of 15% wt TiO2 under conditions of high humidity (RH, 95%) 

resulted in an output voltage of 2.5-fold (~70.5 V to ~180 V), and the output current 

increased 2.6-fold (~5.2 μA to ~13.7 μA). 

ABSTRAK:  Persekitaran berkelembapan tinggi dapat mempercepatkan penghantaran, 

peneutralan, atau pelesapan cas geseran pada permukaan geseran filem nanopengeluaran 

triboelektrik pepejal (TENG), di mana mengurangkan pengeluaran tenaga. Sifat rintangan 

lembapan filem triboelektrik TENG diperlukan bagi mengatasi masalah ini. Oleh itu, 

kajian ini membincangkan peranan pengisi nano TiO2 dalam matriks nanokomposit kanji 

ubi kayu (CS) dan polivinil alkohol (PVA) yang dapat meningkatkan triboelektrik melalui 

pembentukan ikatan hidrogen dan bekalan elektron bebas oksigen. Kaedah kajian ini 

adalah dengan menggabungkan kepekatan nanozarah TiO2 berbeza (0%, 0.5%, 1%, 5%, 

10%, dan 15%) ke dalam matriks nanokomposit CS-PVA menggunakan kaedah tuangan 

pelarut. Dapatan kajian menunjukkan peningkatan kekutuban permukaan yang lebih 

positif-triboelektrik adalah disebabkan oleh kumpulan hidroksil CS-PVA yang 

berinteraksi dengan molekul air. Pertambahan jisim kepekatan TiO2 melebihi 5% 

meningkatkan ketumpatan filem nanokomposit CS-PVA yang boleh mengurangkan 

kebolehtelapan wap air dan meningkatkan rintangan air dengan ketara. Prestasi TENG 

filem nanokomposit CS-PVA/TiO2 dengan jisim kepekatan TiO2 15% dalam keadaan 

berkelembapan tinggi (RH, 95%) menghasilkan voltan keluaran sebanyak 2.5 kali ganda 
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(~70,5 V kepada ~ 180 V), dan arus keluaran meningkat 2.6 kali ganda (~ 5,2 μA kepada 

~ 13,7 μA).   

KEYWORDS:  nanocomposite films; TiO2; cassava starch/PVA; moisture resistant; 

triboelectric nanogenerators (TENG) 

1. INTRODUCTION 

A triboelectric nanogenerator (TENG) is a micro/nanoscale energy harvesting device 

that utilizes static electric charges or the triboelectric effect between two materials that have 

different electronegativities [1]. TENG's working mechanism is a combination of contact 

electrification and electrostatic induction to convert mechanical energy that is abundant in 

the environment into electrical energy. The TENG structure consists of two electrodes made 

of copper or aluminum, where electrode 1 is attached to the tribo-positive layer and 

electrode 2 is attached to the tribo-negative layer, the TENG structure is presented in Fig. 

1a. There are four working modes of TENGs, namely; contact mode, slide mode, single 

electrode mode, and freestanding mode [2,3]. The working modes of TENGs are presented 

in Fig. 1.  

 

Fig. 1: The working modes of TENG (a) contact electrification phenomena between different 

triboelectric materials, (b) The four working modes of TENG. 

The schematic diagrams of working TENG, are presented in Fig. 2. The working TENG 

mechanism that converts mechanical energy into electricity consists of four steps. In step I, 

the two layers of the triboelectric layer (tribo-positive layer and tribo-negative layer) are in 

contact with one another, where the contact of two surfaces of the triboelectric film layer 

has not resulted in charge (Fig. 2a). In step II, the application of mechanical energy to the 

tribo-positive layer 1 causes friction to occur, reduces the contact area between the tribo-

positive layer 1 and the tribo-negative layer 2, and causes a charge difference on the surface 

of the triboelectric film layer. Then, electrons will flow from electrode 1 to electrode 2 

through the outer circuit (resistor) to balance the surface charge on the two triboelectric 

layers until the contact of the two triboelectric layers is free (Fig. 2b). In step III, the sliding 

of the tribo-positive layer 1 optimally causes the contact of the two triboelectric layers to 

completely separate and there is a charge balance between the two triboelectric layers, so 

that there is no flow of electrons between electrode 1 and electrode 2 (Fig. 2c). In step IV, 

the tribo-positive layer 1 moves and creates friction and surface contact again between the 

tribo-positive layer 1 and the tribo-negative layer 2 in the opposite contact direction in stage 

II, this causes electrons to flow through an external circuit (resistor) from electrode 2 to 
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electrode 1 to balance the surface charges on the two triboelectric layers with opposite 

directions of electron flow (Fig. 2d) until the two triboelectric layers return to full contact 

again at the stage I position. The sliding and closing of the triboelectric layers periodically 

generate an alternating current [4].  

 

Fig. 2: Schematic diagrams working of TENG. 

TENG was first developed by Wang et al. in 2013, The research was carried out 

utilizing the triboelectric effect of materials to harvest mechanical energy into electricity 

and showed high energy conversion efficiency. [5]. TENG has become a promising energy 

conversion device to convert mechanical energy into electrical energy due to the capacity 

of triboelectric materials. TENG can be a solution for new and sustainable energy 

harvesting, such as wind [5], ocean waves [6], human movement [7], rotational motion [8-

11], flowing water [12], vibration [13], and other energy sources. 

In general, the TENG device consists of two friction materials and electrodes at the top 

and bottom of the device wherein, physical contact between two friction materials with 

different levels of electronegativity can induce a triboelectric charge which can produce a 

potential decrease when separated by mechanical forces and increase the flow of electrons 

between the electrodes via an external circuit. The dominant factor that determines the 

performance of TENG's output is the TENG friction material, such as the use of 

nanocomposite friction materials on a nanoscale which has the advantages of mechanical 

strength, toughness, flexibility, transparency, dielectric, thermal, or electrical conductivity 

properties which show an effective and efficient TENG performance improvement  [6,7]. 

In the previous research report, the use of nanocomposite films showed an improved 

TENG performance. One such nanocomposite material is polydimethylsiloxane (PDMS), a 

silicon-based organic polymer compound (organosilicon). PDMS nanocomposite films with 

TiO2 deposition can cause changes in oxygen vacancies on the PDMS surface which can 

contribute to electron exchange and trapping and have an impact on increasing TENG output 

power [8]. Poly (vinylidene fluoride) (PVDF) polymer with TiO2 NPs as filler can improve 

dielectric properties [9]. Polydimethylsiloxane (PDMS) with different TiOx weight ratios as 

a function of dielectric constant control with 5% rutile TiOx and 7% TiOx anatase phase 

produces the highest TENG output of ~180 V/8.2 μA and 211.6 V/8.7 μA [10]. TiO2 

nanoparticles 0.2% wt in Portland cement increased the mechanical strength 1.3-fold and 3-

fold the power density of 265 mW/m2 than pure Portland cement [11]. However, TENG's 

output power may decrease due to high humidity environmental conditions. When the 

humidity is high, the water molecules in the air absorb on the surface of the friction film 

pair and form a conductive water film, which can increase the frictional interface 

conductivity and accelerate the frictional charge transfer or neutralize the charge on the next 
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contact. These conditions, will generate different frictional charges when the TENG solid-

solid films rub against each other [12].  

Several methods have been reported to solve the problem, such as; creating a 

hydrophobic or superhydrophobic film to reduce the adsorption of water molecules on the 

friction surface and loosen the texture of the structure to increase the permeability of the 

material [13,14]. For example, Shen et al., using a hydrophobic polyvinylidene fluoride 

(PVDF) film, showed the performance of TENG at 55% relative humidity with an output 

current of 28 μA, a voltage of 345 V, and a power density of 1.3 W/m2 [15]. Lv et al. made 

a TENG single electrode using a hydrophobic ionic liquid that showed high stability 

performance in various weather conditions (humidity up to 80%) [16]. Zhou et al. used a 

TENG with superhydrophobic PDMS interlayer film that can maintain electrical output 

under initial conditions up to relative humidity of 80% [17]. However, modification of the 

hydrophobic surface when humidity is high cannot completely solve the problem of 

decreasing the output performance of solid-solid TENG. In addition, the hydrophobic or 

superhydrophobic film process requires a complicated film-making process, and its 

manufacture is not easy to apply to some materials. 

Currently, the use of biomaterials rich in hydroxyl groups has begun to be developed 

as a TENG triboelectric film, several studies have shown that TENGs output performance 

is very good by utilizing the ability to bind water molecules by forming hydrogen bonds. In 

addition, biomaterials are expected to replace synthetic polymers (PDMS, PVDF, PET, and 

Teflon) which still dominate the TENG film. Meanwhile, several applications of TENG 

triboelectric films are made from biomaterials rich in hydroxyl groups, such as; pure potato 

starch exhibits high output performance of 60 mV to 300 mV per 4 cm2 area [18]. The 

triboelectric film of tapioca starch rich in hydroxyl groups can enhance the triboelectricity 

effect by improving water molecules on the friction film surface through hydrogen bonding 

[19,20]. Potato starch biomaterials with 0.5% CaCl2 showed an increase in triboelectric 

performance; the highest voltage output (1.2 V) was three times higher than that of pure 

starch [21]. In addition, the use of starch biomaterials has advantages, such as 

biocompatibility and biodegradability [18,19][21-23], abundant availability, easy 

processing, bring inexpensive, possessing hydroxyl groups, amorphous crystal structure, 

and rheological properties that can provide the required resistance for TENG triboelectric 

film applications [24].  

However, starch biomaterials still have problems in the application of TENG 

triboelectric films, such as poor mechanical properties, ease of dissolving on prolonged 

contact with water, and poor tribological properties in high humidity environments and low 

moisture resistance when exposed to high humidity conditions as a friction film. Therefore, 

to increase the functionality of starch biomaterials is to modify starch biomaterials into 

nanocomposite films. To the best of our knowledge, the use of TiO2 nanoparticles as a starch 

biomaterial nanofiller with moisture resistance characteristics has not been reported. 

Meanwhile, in this study, a type of nanocomposite film was made using a composite matrix 

of cassava starch (CS) and PVA with TiO2 nanofiller to increase moisture resistance. 

Polyvinyl alcohol (PVA), rich in hydroxyl groups with the addition of TiO2, will cause 

intra/intermolecular interactions between TiO2 nanoparticles and adjacent OH groups of 

PVA through hydrogen bonds and form stable complex composites. PVA compatibility 

increases with the addition of TiO2 into the film due to the formation of C-O-Ti. Meanwhile, 

the starch/PVA mixture changed the structure of the starch/PVA composite film by forming 

C-H bond groups from alkyl groups in both starch and PVA. After incorporating TiO2 filler 

into the starch/PVA mixture, C-O bonds will form at the macromolecular level, and 

intramolecular hydrogen bonds are formed between two neighboring OH groups on the 
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same side of the plane of the carbon chain. This allows for increased miscibility and 

compatibility between starch/PVA and TiO2 with the formation of hydrogen and C-O-Ti 

bonds which can affect the characteristics of the nanocomposite film [25-27]. Meanwhile, 

the basis for using TiO2 nanofillers is that TiO2 contains oxygen atoms that can be easily 

dispersed in a polar biopolymer matrix without surface modification. In addition, chemical 

bonds and electrostatic interactions between oxygen atoms on the metal oxide surface and 

functional groups in the polymer matrix make the nanoparticles disperse in the polymer 

matrix [28]. 

Meanwhile, the special emphasis in this study is to investigate the effect of TiO2 in the 

CS-PVA polymer blend on the physicochemical, water resistance, and electrical properties 

of the nanocomposite films and the TENG characterization of the CS-PVA/TiO2 

nanocomposite films as positive friction surfaces and thin-film commercial polyimides as 

negative friction partners. We compared the results and analyzed the effect of TiO2 on the 

moisture properties of the CS-PVA nanocomposite films. The results of the measurement 

of the output voltage and current of TENG CS-PVA nanocomposite film without TiO2 

produced an output voltage and current of ~25.5 V and ~3.6 μA and with 0.5% wt TiO2 

output voltage of ~50 V and an output current of ~5,9 μA (relative humidity /RH, 15%). In 

this case, there was a significant increase in the effect from TiO2 in the CS-PVA polymer 

blend. The optimal increase of TENG output voltage and current at a weight ratio of 15% 

wt TiO2 at high humidity (RH, 95%) achieved a 2.5-fold increase in output voltage (~70.5 

V to ~180 V), and an output current of 2.6-fold (~5.2 μA to ~13.7 μA). The addition of a 

weight ratio above 5% wt TiO2 can reduce the water vapor permeability by 65%. Therefore, 

these CS-PVA/TiO2 nanocomposite films have the potential for TENG films under high 

humidity environmental conditions. 

2. EXPERIMENTAL METHODS 

2.1 Materials 

The starch used in the experiment was cassava starch produced by PT. Budi Starch & 

Sweetener.Tbk. in Indonesia, polyvinyl alcohol (PVA) with an average molecular weight of 

Mw = 89,000–98,000, was procured from Sigma Aldrich. Anatase TiO2 nanoparticles with 

a particle size of 20 nm were purchased from Sigma-Aldrich, glycerol (99% purity, clear, 

colorless, and density: 1.261 g/cm3), aquades, and other chemicals NaOH, HCl, and NaCl 

were used to control humidity (RH, 15%, 55%, and 95%) from Sigma-Aldrich and Merck. 

2.2  Fabrication of Cassava Starch (CS)-PVA/TiO2 Nanocomposite Films 

 
Fig. 3: Preparation of CS/PVA-TiO2 nanocomposite films by solvent casting method. 
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Figure 3 describes the making of cassava starch (CS)/PVA nanocomposite films with 

TiO2 nanofiller using the solvent casting method. The step of making cassava starch 

(CS)/PVA-TiO2 nanocomposite films consists of six steps. In step 1, the constant weight 

ratio of the CS/PVA mixture (70:30), cassava starch (4.2 g) was determined and dispersed 

with distilled water (50 mL) in borosilicate glass, and the addition of glycerol (3 g) served 

as a plasticizer. In step 2, the mixture of CS powder and glycerol was mechanically stirred 

for 5 minutes until a homogeneous solution was produced. In step 3, the mixture of CS 

powder and glycerol was stirred with a magnetic stirrer at 250 rpm at a temperature of 95 
oC for 30 minutes to obtain a gelatinized starch suspension. Meanwhile, a solution of 1.8 g 

PVA with 40 mL of distilled water was prepared in the same way in another borosilicate 

glass, and a clear PVA solution was produced. Mixing of the two solutions (CS 

solution/PVA solution) was carried out at room temperature with continued stirring with a 

magnetic stirrer (250 rpm, 95 oC) for 30 minutes. In step 4, the TiO2 was incorporated into 

the CS/PVA solution with different polymer weight ratios (0%, 0.5%, 1%, 5%, 10%, and 

15% wt), and continuous stirring was carried out using a magnetic stirrer at 400 rpm, and 

temperature 95 oC for 30 minutes. In step 5, the production of nanocomposite films 

occurred, where the resulting CS/PVA-TiO2 viscous solution was poured into Teflon molds 

(radius 50 mm) with the same volume of solution in each mold to produce relatively the 

same thickness of film samples; residual air was removed from the solution in a vacuum for 

10 minutes using a vacuum machine. In step 6, the drying of the film was carried out in a 

hot air oven at 40 oC for 24 hours. The dry film was then carefully peeled off from the Teflon 

mold and produced a film with an average thickness of 100 µm. The resulting 

nanocomposite films were kept in a zippered bag until tests were carried out to reduce water 

absorption according to the Ramirez method [29]. 

2.3  Fabrication of CS-PVA/TiO2 Nanocomposite Film-Based TENGs 

Figure 4 describes the structure of the TENG mode rotary-disk freestanding (RDF-

TENG).  

 

Fig. 4: Schematic of triboelectric nanogenerator based on CS-PVA/TiO2 nanocomposite film (a) 

Structure of rotor and stator (b) TENG component arrangement (c) Freestanding electret 

rotary (FER) working mechanism (d) TENG electrical circuit. 
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Rotor structure parameters with the number of film segments (n) = 4, outer radius (r2) 

= 50 mm, inner radius (r1) = 5 mm, were made of commercial polyimide thin film (0.03 

mm) as a tribo-negative film glued to an acrylic surface (radius = 50 mm). Meanwhile, the 

stator structure parameters consisting of CS/PVA-TiO2 nanocomposite films were cut to 

form an equal-interval electrode model with the number of film segments (n) = 8, outer 

radius (r2) = 50 mm, inner radius (r1) = 5 mm, and the nanocomposite film thickness was 

100 µm. Next, the cut nanocomposite film was glued to the copper foil (electrode film A 

and B). Where the tip of the copper foil electrode was slightly exaggerated to connect the 

external circuit with the help of a conducting wire so that electrons could flow into the 

external circuit. External mechanical energy used a DC electric motor that was connected 

to the TENG rotor shaft in a freestanding rotational mode. Meanwhile, the gap between the 

rotor and stator was controlled with a distance of 0.10 mm to keep the friction between the 

surface of the polyimide film and the CS/PVA-TiO2 nanocomposite film stable. The 

freestanding-electret rotary (FER) TENG mode has four steps. In step I, electrode A is 

parallel to the polyamide electret film, and there is no electrostatic induction effect of 

rotating rotor. In step II, the polyamide electret is parallel to the positions of electrodes A 

and B causing the charge at electrode A to be transferred to electrode B through an external 

load (resistor) and generating a current and voltage across the load resistor. In step III, the 

polyamide electret is parallel to electrode B, and in step IV, the polyamide electret will go 

to electrode segment A and when parallel to electrode A and electrode B will generate 

current and voltage. A schematic of triboelectric nanogenerator based on CS-PVA/TiO2 

nanocomposite film is presented in Fig. 4. 

2.4   Physicochemical Characterizations  

2.4.1 Chemical, Crystalline Structure and Morphological Characterization 

The functional groups of the nanocomposite films were analyzed using Fourier 

transform infrared spectroscopy (FTIR) with an IRPrestige-21 spectrophotometer 

(Shimadzu, USA). FTIR measurements were carried out at room temperature (25 ±10 C) in 

the wave number range of 600–4000 cm−1 with a resolution of 2 cm-1 and an average of 

more than 64 scans. The degree of crystallinity of the film samples was recorded using a 

PANalytical Xpert Pro diffractometer with Cu Kα radiation at 40 kV and 40 mA, using a 20 

mm Ni filter. All sample films were scanned between 2θ = 50 to 69.990 at 50/min at a 

measurement temperature of 25 oC. Morphological analysis of nanocomposite film by 

Scanning Electron Microscope (FESEM) FEI Quanta FEG 650 to explore the effect of TiO2 

filler on the cell structure of the CS-PVA polymer mixture. The dry film sample was sprayed 

with gold-palladium under vacuum conditions to increase its conductivity. The test was 

carried out at a voltage of 15xKV with a magnification of 500x. 

2.4.2 Water Vapor Permeability (WVP) 

The combination of Fick's and Henry's laws for the diffusion of vapors or gases through 

the film is used as the basis of the method for calculating WVP. The standard ASTM E96 

test method (ASTM, 1993) was used to test the WVP of nanocomposite films [41]. In the 

initial step of the test, the film sample was cut into a circle with a radius of 1.75 cm and 

tightly mounted on the top surface of a special permeation cup containing CaCl2 anhydrous. 

After weighing the initial weight, the cup was stored in a desiccator containing a saturated 

NaCl solution with a constant relative humidity (RH) of 75% at 25 oC. The temperature in 

the desiccator was maintained at 25 oC throughout the experiment. Permeation cup weights 

were recorded at 24-hour intervals until a constant weight gain was achieved. The amount 

of water vapor permeating through the film was calculated from the increase in cup weight 
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and plotted as a function of time. Measurement of WVP (gm−1s−1 Pa−1) was performed three 

times using Eq. (1). 

𝑊𝑉𝑃

=
𝑚. 𝑑

𝐴. 𝑡. ∆𝑝
 (

𝑔

𝑚. 𝑃𝑎 . 𝑠
)                                                                                                                 (1) 

where m = increase in cell mass over a certain period, t = time, d = average film thickness, 

A = effective film area, and p = difference in water vapor pressure on both sides of the film. 

The WVP value of the nanocomposite films in this paper represents the effective 

permeability, which reflects the moisture barrier properties of the films under the humidity 

and temperature conditions used. 

2.4.3 Degradability Tests 

The degradability test was carried out to analyze the resistance of the CS-PVA/TiO2 

nanocomposite films in water. In the initial step of testing, the sample nanocomposite film 

was cut to a size of (2 x 3 cm), then the sample film was immersed in distilled water for a 

certain time until the sample film was destroyed. 

2.5  Electrical Output Measurement 

The performance test of the nanocomposite film on the TENG unit was carried out in a 

closed cylindrical chamber with the same humidity control. The cylinder chamber was 

equipped with two inlets to circulate dry air and moist air, and one outlet was used to 

regulate air circulation in the cylinder to achieve the required relative humidity in the room 

accurately. The external mechanical energy of the rotor used a DC V = 24-volt, 0-500 rpm 

electric motor. Measurement of output voltage and current used a digital oscilloscope 

(DSOX6004A Digital Storage Oscilloscope) with a load resistance of 100 MΩ, before the 

testing film was put in a closed box for 24 hours with adjusted humidity control (15%, 55 

%, and 95%) with a saturated salt solution. 

3.   RESULTS AND DISCUSSION  

3.1  Analysis of Chemical, Structural, and Morphological of Nanocomposite Films 

Structural analysis can be observed from the FTIR spectrum of the material in the range 

of 4000-700 cm-1 are presented in Fig. 5a, where the molecular bond spectra of the CS-PVA 

polymer matrix and the change after incorporation of TiO2 filler can be seen, which has 

several characteristic peaks reflecting the structure of the two biopolymers. The 

transmittance band of about 3285 cm-1 was determined from the stretching vibration of the 

hydroxyl group (–OH) in CS and PVA polymers having a hydroxyl-rich average. The peak 

transmittance band of 1641.42 cm-1 indicates the formation of hydrogen bonds in pure starch 

due to the flexion of the –OH molecule and shows the hygroscopic nature of the starch 

polymer. Characteristics of the bending of C-OH are in the 1205 cm-1 transmittance band. 

The peak at 770-1120 cm-1 is associated with the stretching of the C–O bond of the 

macromolecular portion, where an intramolecular hydrogen bond is formed between two 

adjacent OH groups that are on the same side of the plane of the C–C carbon chain of the 

C–O–C group of the unit glucose in starch [37].  

Pure PVA showed hydroxyl and acetate groups, where the intermolecular and 

intramolecular hydrogen –OH bonds were shown in a wider band at 3296.35 cm-1. The 

structure of the alkaline group confirmed the peak in the transmission band 1480-1190 cm-

1 associated with the planar buckling vibrations of C–H and O–H in both CS and PVA. The 
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presence of a carbonyl group (C=O) is indicated by the 1732 cm-1 transmission band and a 

hydrocarbon (alkane) group in PVA is indicated by a peak at 1373.32 cm-1, as previously 

reported by Abdullah [30]. Meanwhile, the chemical interaction between CS-PVA polymer 

molecules that causes changes in the characteristic spectral peaks of the composite, the C–

OH hydrocarbon group is estimated to come from the C–O vibrations, which is confirmed 

by the peak of 1000-1250 cm-1. In addition, the vibration of the –OH group confirmed the 

absorption peak in the range of 3300-3000 cm-1. The formation of the C–H alkene functional 

group due to the mixing of starch-PVA which was confirmed at a wavelength of 675-995 

cm-1 and C–H alkane which was confirmed at a wavelength of 2850-2970 cm-1. 

 
Fig. 5: Physicochemical characterizations of CS-PVA/TIO2 nanocomposite films.  

(a) FTIR spectra of cassava starch-PVA/TiO2, (b) XRD pattern of cassava starch film,  

(c) SEM of CS-PVA nanocomposite film. 

In addition, the C–H functional group of the aromatic ring was confirmed at the 

wavelength of 690-900 cm-1. The mixing of CS-PVA polymer showed flexural vibrations 

of the hydrogen bonding of the –OH group at 1710.86 cm-1 and the C–O strain at 1050-1300 

cm-1. The stronger interaction of CS-PVA molecules is shown by intermolecular 

interactions through the formation of hydrogen bonds with water vapor molecules which 

can increase triboelectricity. At low concentrations (below 15% TiO2 wt) in the CS-PVA 

polymer mixture in the FTIR spectrum, the vibration peaks did not show any additional 

peaks. This may be due to the overlapping bands of the CS-PVA components. However, the 
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increase in TiO2 concentration (above 1% TiO2 wt) showed a slight shift in the peak 

positions of several bands in the range of 900-1100 cm-1. It is assumed that the absorption 

band at 1000 cm-1 is associated with the TiO2 crystal domains hydrated into the CS-PVA 

polymer matrix. In addition, the titanium ions of the TiO2 particles can interact with the 

hydroxyl groups of CS-PVA, which make the nanocomposite films highly compatible. 

Figure 5b shows the XRD pattern of the sample film, the cassava starch film produced 

peaks at 2θ = 15.730, 16.510, 17.230, 19.690, 22.140, and 24.370 whereas, an important 

diffraction peak was located at 19.690, which indicates strong intermolecular and 

intramolecular hydrogen bonds and is indicative of a semi-crystalline structure. This is not 

much different from the signal of the 200 peaks of cassava starch reported by Bergo et al. 

[31], and Adamu et al. [32]. Meanwhile, the CS-PVA composite sample formulation 

produced peaks at 2θ = 13.110, 17.210, 19.760, and 24.540, which indicated a change in peak. 

These peaks can reveal that polymer cassava starch (CS) is dispersed in PVA, which can 

change the characterization of the films [33,34]. The incorporation of TiO2 filler into CS-

PVA with variations in TiO2 concentration below 1% wt showed peak changes that were 

not easily visible at low concentrations. However, increasing the concentration above 1% 

by weight showed peaks at 2θ = 22.380, 27.600, and 54.430 in semicrystalline structure 

nanocomposite films and indicated the presence of titanium dioxide embedded in the CS-

PVA polymer. 

Figure 5c shows the morphology of the polymer mixture of cassava starch (CS)-PVA 

and the morphological changes of the nanocomposite films after the addition of TiO2 can be 

observed from the material micrograph. The ability of starch granules to interact with 

various ceramic and mineral particles can hold these particles, which causes the added TiO2 

to adhere to the surface of the starch granules well. Meanwhile, mixing CS-PVA suspension 

with TiO2 particles, during the gelatinization process, the TiO2 particles remain attached to 

the surface of the starch granules and interact with the continuous phase macromolecules of 

water-soluble amylose and PVA, this process most likely occurs through hydrogen bonding. 

The SEM photos show morphologically the resulting film has a heterogeneous surface 

relief. The TiO2 filler particles were evenly distributed within the polymer matrix. This can 

be seen from the sample of the film with a low concentration of TiO2 (0.5% wt), the filler 

particles are still individual. This is in contrast with the addition of TiO2 concentration of 

more than 1% wt indicating the association of filler particles in the composite. In addition, 

the presence of TiO2 particles with a high ratio in the film can create a winding path that 

prolongs the transport of water vapor molecules. 

3.2  Water Vapor Permeability (WVP) 

Water vapor permeability (WVP) was used as an indicator of the film’s ability to absorb 

water vapor. WVP values of nanocomposite films from the studied samples are presented 

in Table 1. WVP values of CS-PVA nanocomposite films with TiO2 are lower than those 

without TiO2. The WVP value was inversely correlated with the addition of TiO2 

concentration in the CS-PVA mixture matrix. WVP value of SC-PVA/TiO2 nanocomposite 

films decreased with the addition of more than 1% wt TiO2. This is due to the presence of 

hydroxyl groups in the CS-PV mixture making the water vapor molecules easy to diffuse. 

The addition of TiO2 nanoparticles formed a denser nanocomposite film structure compared 

to the unfilled film. The presence of TiO2 in the CS-PVA matrix forms pathways in the 

polymer that prolong the transport of water vapor molecules. This result is not much 

different from the results of previous research reports, the effect of TiO2 nanofiller in 

polymer films causes a decrease in moisture penetration of corn starch/PVA-TiO2 films, 
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[26], Potato starch/lactucin-TiO2 composite films [35], and Potato Starch/Montmorillonite-

TiO2 composite films [36]. 

Table 1: Physical properties of CS/PVA-TiO2 composites 

TiO2 content % wt WVP value (×10-7 g/m h Pa) 

0 9.46±0.84 

0.5 8.38±0.80 

1 7.54±0.78 

5 7.39±0.75 

10 7.47±0.58 

15 7.48±0.55 

3.3  Degradability Testing 

The degree of damage film caused by water molecules was tested by immersing the 

nanocomposite film in distilled water (Fig. 6a).  

 
Fig. 6: (a) Test method (b) water-resistance of CS-PVA/TIO2 nanocomposite films. 

The damage rate of CS-PVA nanocomposite films with TiO2 increased 3-fold compared 

to without TiO2. Figure 6b shows the water resistance of CS, CS-PVA, and SC-PVA/TiO2 

films, the resistance of CS films is the lowest compared to CS-PVA and SC-PVA/TiO2 

films. The durability of CS films is affected by the number of hydroxyl groups in the 

polymer molecules, where the hydroxyl groups bind to water molecules by forming 

hydrogen bonds. The increase in the number of hydroxyl groups in the CS-PVA film can 

occur from the intramolecular interaction of the CS-PVA polymer mixture, which can 

significantly increase the binding of water molecules. The use of reinforcement TiO2 in the 

CS-PVA composite increased the durability of the film in water for 315 minutes longer than 

the CS-PVA film for 200 minutes. The most optimal increase was seen at a concentration 

of 15% wt TiO2. The presence of TiO2 in the CS-PVA polymer mixture made the film denser 

which increased the absorption capacity of water molecules. In addition, the hydrophobic 

nature of TiO2 can also slow down the absorption of water molecules on the film surface. 

3.4  Electrical TENG 

The schematic diagram of the TENG output test is shown in Fig. 7. Conditioning for 

humidity levels of 15%, 55%, and 95% were carried out by placing the TENG in a closed 

cylindrical chamber.  
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Fig. 7: TENG performance measurements. 

The TENG operating mode rotary freestanding (RF-TENG). The stator comprises six 

sectors of a CS-PVA/TiO2 nanocomposite film connected to a copper foil electrode, the 

TENG output circuit uses a rectifier diode to convert AC to DC, and a capacitor as electrical 

storage before being channeled to the LED load. The rotor rotation speed was controlled 

stable (ω = 200 rad/s), and the load was 50 MΩ. TENG output performance test with CS-

PVA triboelectric film without TiO2 at a low humidity level (RH, 15%) resulted in an output 

voltage and current of ~25.5 V and ~3.6 μA, while the effect of adding 0.5% wt TiO2 in the 

matrix of the CS-PVA nanocomposite showed a 1.9-fold increase in output voltage from 

~25.5 V to 50 V, and a 1.6-fold increase in output current from ~3.6 μA to ~5.9 μA. 

Meanwhile, the addition of TiO2 in the weight ratio (0% to 15% wt TiO2) showed a 

linear increase in voltage and current, respectively, as shown in (Fig. 8b-d). Optimal output 

voltage and current were achieved at a concentration of 5%wt TiO2 with a value of 117 V 

and 10.2 μA (Fig. 8b). This increase in output voltage and current is due to an increase in 

the value of the dielectric constant due to the presence of TiO2 NPs in the CS-PVA polymer 

mixture which can increase the triboelectric of the film. These results show similarities with 

some of the results of previous research reports, such as an increase in dielectric properties 

of poly (vinylidene fluoride) film with TiO2 NP deposition [9], Dielectric constant changes 

linearly as a function of weight ratio of PDMS embedded TiOx NP [10,37], TiO2 doping on 

Portland Cement [11], natural rubber (NR)-TiO2 [38]. 

In addition, the effect of differences in relative humidity factors (RH, 15%, 55%, and 

95%) on the output performance of CS-PVA/TiO2 film-based TENG at a weight ratio above 

5% TiO2 shows that the resulting voltage and current increase are directly correlated with 

increased humidity levels (Fig. 8a-c.). The output performance of TENG when the relative 

humidity condition increased from 15% to 55% (ratio of 15% weight of TiO2) showed an 

increase in the output voltage of TENG 1.8 -fold from ~70.5 V to ~130 V, and the output 

current increased by 1.1-fold from ~5.2 μA to ~5.6 μA. Enhanced relative humidity of the 

cylinder chamber is carried out by continuously injecting wet air into the closed cylinder 

chamber to increase the humidity from 55% to 95% as shown in Fig. 8b-c. Under conditions 

of relatively high humidity (95%), TENG can produce a 1.4-fold increase in TENG output 
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voltage from ~130 V to ~180 V and a 2.4-fold increase in current from ~5.6 μA to ~13.7 

μA. However, the increase in TENG output voltage and current was lower at a TiO2 weight 

ratio of less than 5%, about 1.1 times. Meanwhile, the increase in TENG's optimal output 

voltage and current when humidity is high (RH, 95%) with a concentration of 15% wt TiO2 

can reach 2.5-fold from ~70.5 V to ~180 V, and the current increases 2.6-fold from ~5.2 μA 

to ~13.7 μA. 

 
Fig. 8: Output voltage and current at film humidity level:  

a) humidity 15%, c) humidity 55%, and c) humidity 95%. 

The increase in TENG output voltage and current is caused by the formation of 

hydrogen bonds between hydroxyl groups and water molecules (when humidity is high) on 

the surface of the CS-PVA/TiO2 nanocomposite film increasing the positive 

triboelectrification properties of the film. This is not much different from the research 

reported by Wang et al. using starch polymers rich in hydroxyl groups with the formation 

of hydrogen bonds with water molecules when humidity is high can increase the output 

current of TENG based on starch films [39], PVA films rich in hydroxyl chains when 

humidity is high. High water molecules participate in triboelectric charging [40]. 

Meanwhile, the effect of the presence of 15% wt TiO2 concentration in the CS-PVA 

nanocomposite film showed the most optimal increase at high humidity. The output voltage 

and current increased with a value to 1.9-fold voltage and 1.8-fold current due to the increase 

in the density of the nanocomposite film. The density of the film can increase the absorption 
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of water molecules when humidity is high. In addition, TiO2 in the CS-PVA matrix can form 

a winding path that can prolong the transport of water molecules, enhancing the triboelectric 

properties of the film. 

4.   CONCLUSIONS 

This study presents a method for producing cassava starch (CS)/PVA nanocomposite 

films using TiO2 reinforcement. The effects of incorporation of TiO2 on the structure and 

properties of the CS/PVA composite were investigated. The FTIR spectra indicate the 

response of hydroxyl groups in the CS/PVA composite increased after inserting TiO2 

nanoparticles with the formation of hydrogen bonds and C-O-Ti bonds. The interaction 

between Ti ions and hydroxyl groups forms a complex composite mixture through 

intra/intermolecular hydrogen bonds. The XRD analysis reveals the TiO2 concentration (> 

1% wt) increased the crystallinity of the nanocomposite film with a semicrystalline structure 

and variations in crystal shape and uniform crystal size. The SEM photo indicates the TiO2 

can be evenly distributed in the film surface of the CS/PVA composite and resulting in a 

compatible nanocomposite film. The physical properties of the film increased significantly 

with the addition of TiO2 (> 1% wt) with a decreased water vapor permeability (WVP) value 

7.39±0.75 x 10-7 g/m h Pa, and the degree of film damage in water decreased by 1.6-fold 

compared to CS/PVA nanocomposite films without TiO2 reinforcement. Optimal 

performance of the CS-PVA/TiO2 nanocomposite film as a tribo-positive friction film for 

TENG with a 5% wt TiO2 concentration, while at high humidity (95% RH) with a 15% wt 

TiO2 concentration, the output voltage and current of TENG increased 1.9 -fold respectively 

and the current is 1.8-fold due to the formation of water molecule bonds with the hydroxyl 

chains, and the availability of free electrons in the film due to the presence of TiO2 bonds 

in the CS-PVA matrix. The findings of this study will promote starch-based nanocomposite 

films that have great potential for tribo-triboelectric nanogenerator (TENG) film 

applications for high-humidity environmental conditions. 
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