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ABSTRACT 
 

In recent years, while people are dealing with problems such as global warming caused by environmental pollution caused by 

the use of traditional fossil energy sources, they have also faced the dilemma of energy crisis in the search for alternative 

renewable energy sources. The development of renewable and clean energy sources such as wind, solar and tidal energy has 

become increasingly important. In addition, nanogenerators, which convert waste mechanical energy into electrical energy 

through physical interaction, have attracted great interest among innovative studies in recent years. There is a need for 

maintenance-free and flexible wearable nanogenerators that can provide a sustainable power source for wearable/portable 

electronics. In this study, thermoplastic polyurethane (TPU) coated nanogenerator fabrics containing graphene / Zinc Oxide 

(ZnO) / Silver nanowires (AgNW) were developed for use in wearable electronics and the effect of zinc oxide concentration 

on the output power of textile-based nanogenerators was investigated. As a result, the nanogenerator fabricated using 7% by 

weight of ZnO produced 10 mW of power, indicating that ZnO-based materials can assist in the development of flexible TPU-

based piezoelectric nanogenerators and advance to a new stage. 
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1. INTRODUCTION 

 

The use of fossil fuels for years along with the increasing energy demand has brought environmental 

problems, and the depletion of fossil fuels and their environmental damage has led to the concern of 

energy resources for the future. Driven by the latest technological advances and growing concerns about 

the environmental impact of the sustainability of traditional fuel usage, the possibility of generating 

significant amounts of clean, sustainable energy from renewable energy sources is of great interest 

worldwide for last a few decades. Solar, wind, biomass, and geothermal based energy sources are most 

known renewable energy sources [1]. It is stated that the global consumption of renewable energy 

sources will be reached a level equivalent to 318 exajoules (1 exajoule: 1 quintillion joules) of fossil 

fuels per year by 2050. This production rate also means that less than 0.01% of the 3.8 million exajoule 

solar energy reaching the earth's surface is used each year [2]. Moreover, there are studies that used two 

different energy conversion mechanisms in order to increase the energy conversion efficiency [3]. The 

conversion of small amounts of mechanical energy takes place between the vibrational and electrical 

forms of the material. The devices that convert small amounts of mechanical energy (or thermal) to 

electrical energy are named as nanogenerators [4]. The nanogenerators are divided into three main 

classes as pyroelectric nanogenerators that convert thermal energy into electrical energy, triboelectric 

nanogenerators and piezoelectric nanogenerators that convert mechanical energy into electrical energy 

[5]. Pyroelectric nanogenerators consist of thermally polarizable active layer and electrodes; thermally 

polarized active material generates the potential difference by a thermal gradient effect [6]. Triboelectric 

nanogenerators, based on static electrification between at least two different dielectric materials [7]. 

Finally, piezoelectric nanogenerators are devices that generate electrical energy under pressure or 
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bending forces [8]. The nanogenerators convert human motion, water flow, rain droplets, wind, or 

vibration based mechanical energy into the electrical energy [9]. Wearable nanogenerators took 

remarkable attention for last five years in order to harvest human motion with textile comfort and low 

maintenance [10]. Wearable nanogenerators can be used for different purposes like health care sensors 

[11], energy harvesting [12], motion monitoring [13], human-machine interaction [14], and electronics 

[15]. Especially for wearable technologies, flexibility is one of the most studied points in engineering 

fields [16]. These devices can also be used as a power source for self-powered systems and reduce 

battery usage, which contributes to a reduction in environmental pollution in the long run. 

 

ZnO, the well-known and cheapest piezoelectric material, is also a brittle, acid-soluble and white 

wurtzite crystal. ZnO nanowires was first time used as energy harvester in 2006 by Wang and then, 

nanogenerator concept was emerged. Wang produced vertically aligned ZnO nanowires on a polymeric 

substrate by chemical vapor deposition (CVD) method and The ZnO nano-forest produced electrical 

energy under the action of mechanical forces [9]. ZnO is also used by hybridizing with carbon-based 

materials for nanocomposite-based nanogenerator applications [17–20]. Chung et. al. used a thermoset 

polyurethane (PU) foam as substrate. PU foam was first coated with graphene oxide (GO) as bottom 

electrode and GO was reduced with ascorbic acid. Then, vertically aligned ZnO nanowires were grown 

by hydrothermal method. Finally thin Au film was coated onto nanogenerator as top electrode and 

nanogenerator generated 0.5 V voltage and 0.2 μA/cm2 current density [21]. In another work, ZnO nano-

forest was grown on graphene-coated PET foil. ZnO-graphene layer was detached from PET substrate 

and other side of graphene was also coated with ZnO nanowires by hydrothermal method and 

ZnO/graphene/ZnO structure is obtained. Indium tin oxide (ITO) coated PET foils were used as top and 

bottom electrodes of the nanogenerator. Obtained piezoelectric nanogenerator generated 0.17 V voltage 

and 27.5 nA current [17]. Zhou group developed a highly stretchable energy generator based on 

thermoplastic polyurethane (TPU), silver nanowires (AgNW), reduced graphene oxide (rGO) and ZnO 

nanowires. This study demonstrated that AgNW and rGO has a synergistic effect to form electrically 

conductive pathway [10]. Besides, the ZnO nanomaterials, perovskite nanomaterials [22],  

polyvinylidene fluoride (PVDF) films [23], or nanofibers [24] can also be used as piezoelectric 

nanogenerators, while ZnO is more preferred due to its low cost and easy synthesis advantages.  

 

In this study, the effect of ZnO nanowire concentration on the output voltage and current of textile-based 

nanogenerator devices was investigated. AgNW and rGO were used to form conductive pathways and 

transmit the generated electrical charge from the ZnO nanowires to the upper and lower electrodes. 

However, since the concentrations of AgNW and rGO in the nanocomposite will affect the output signals, 

the conductive filler concentrations were kept constant for each sample to clearly observe the effect of 

ZnO on the output signals. The prepared nanocomposite solutions were coated on a polyaniline-coated 

cotton fabric as the bottom electrode and coagulated on the fabric. The nanogenerators were fabricated by 

mounting the upper and lower electrodes on fabric samples. The nanogenerators were subjected to the 

bending test to simulate human elbow movement and output signals were recorded simultaneously. 

 

2. MATERIALS AND METHODS 

 

2.1. Materials 

 

Dimethyl formamide (DMF) (Merck) is used as solvent. Ether-based TPU was used as matrix polymer. 

Graphite powder(Merck), phosphoric acid (85% Sigma-Aldrich), sulfuric acid (98% Merck), hydrazine 

hydrate (55%, Sigma), hydrogen peroxide (35%, Sigma-Aldrich), hydrochloric acid (37%, Fischer 

Chemicals), and ethanol (ISOLAB) were used for rGO synthesis. Silver nitrate (99.5%, Sigma-Aldrich), 

polyvinylpyrrolidone (PVP), ethylene glycol (EG) (99.9% Sigma-Aldrich), and sodium chloride (NaCl) 

(99.9%, Sigma-Aldrich) were used for AgNW synthesis. Zinc nitrate hexahydrate, hexamethylene 

tetramine (HMTA) and ethanol were used for ZnO nanowire synthesis. Aniline (99.9%, Sigma-Aldrich), 
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hydrochloric acid (37%, WVR Chemicals) and ammonium persulfate (APS) (98%, Sigma) were used 

for polyaniline synthesis on fabric surface.  

 

2.2. Methods 

 

2.2.1.  GO synthesis and chemical reduction 

 

GO was synthesized according to Improved Hummers’ Method [25]. 2 g of graphite powder was added 

into sulfuric acid-phosphoric acid mixture (9:1 by volume) and stirred for 30 minutes. After 30 minutes, 

12 g of KMnO4 was added into flask and reaction was maintained overnight at 50 °C. Obtained brown 

mixture was poured onto 300 mL of deionized (DI) water ice in order to prevent sudden temperature 

rise. Then, 2 mL of H2O2 (30%) added in reaction mixture to neutralize the excess amount of KMnO4. 

Reaction mixture was centrifuged and brown GO powder was separated from liquid phase. GO flakes 

was washed with ethanol and HCl for once and washed with DI water for 20 times to removal of 

impurities. After washing step, GO was dried in fume hood for one week. GO powder was homogenized 

with ultrasonic homogenizator in DI water and reduced in 0.3 M hydrazine hydrate at 95 °C for 12 hours. 

Black rGO powder was washed with DMF for a few times to remove residual DI water and stored in 

DMF. 

 

2.2.2.  AgNW synthesis 

 

AgNWs were synthesized with a modified method of literature [26]. Firstly, 0.007 g of NaCl was 

dissolved in 10 mL of EG. Separately, 0.204 g of AgNO3 was dissolved in 10 mL EG. 1 g of PVP was 

also separately dissolved in 20 mL of EG at 80 °C. NaCl solution was added slowly into the PVP 

solution. AgNO3 solution was also added dropwise to the reaction mixture. Heater was set to 180 °C 

and color change observed with increasing temperature (Figure 1). The color change is due to AgNO3-Ag 

transformation and Ag nanocube-Ag nanowire transformation [27]. The reaction mixture was cooled at 

room conditions. The AgNW dispersion was washed several times with acetone and DI water to remove 

PVP and ionic impurities. The final product was washed several times with DMF and stored in DMF. 

 

 

Figure 1. Color change with increasing temperature in AgNW synthesis 
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2.2.3.  ZnO nanowire synthesis 

 

0.1 M of Zn(NO3)2.6H2O and 0,1 M HMTA solutions were mixed in equal volume [28]. Mixed solution 

was transferred in a PTFE lined hydrothermal reactor and heated to 180 °C for 8 hours. The reactor was 

cooled and white ZnO powder was washed with DI water and ethanol, respectively. Final powder was 

stored in DMF. 

 

2.2.4.  Polyaniline (PANI) coating of cotton fabric 

 

PANI was synthesized by in-situ polymerization method [29]. with presence of woven cotton fabric. 

Molar ratio of aniline monomer and ammonium persulfate (initiator) was 4:1 and polymerization was 

performed in 1 M HCl solution. Firstly, Aniline-HCl solution was cooled in ice bath between 0-5 °C 

and cotton fabric was soaked in the solution. APS was dissolved in 1 M HCl solution and APS-HCl 

solution was added into monomer solution dropwise. Polymerization was maintained for 12 hours and 

PANI coated fabric was dried in an oven. Dried fabrics were doped with HCl fume. 

 

2.2.5.  Preparation of nanocomposite solutions 

 

Each nanomaterial was stored in DMF, after synthesis steps and concentrations of each nanomaterial 

solution were determined by solvent removing method: Known volume of nanomaterial solution was 

heated up to 150 ˚C and residual solid was weighed with precision. All nanocomposite solutions contain 

14% solid (polymer and additive) by weight. The concentration of conductive additives (rGO and 

AgNW) was 0.25% by weight in TPU. Nanomaterial concentrations were given in Table 1. 

 
Table 1. Sample names and nanocomposite solution compounds 

Sample Name ZnO (%) AgNW (%) rGO (%) 

PNG1 1 0.25 0.25 

PNG2 3 0.25 0.25 

PNG3 5 0.25 0.25 

PNG4 7 0.25 0.25 

PNG5 9 0.25 0.25 

 

2.2.6.  Device fabrication 

 

PANI coated fabrics were used as substrate of nanogenerators. Nanocomposite solutions were firstly 

poured onto fabrics and nanocomposite films were coated with a film applicator with thickness of 200 

µm. The fabrics were immediately immersed in 1M HCl solution to coagulate the PU. HCl solution in 

coagulation bath prevented the dedoping of PANI in coagulation step due to ion impurity in water. The 

nanocomposite film-coated fabrics were sandwiched between two aluminum tapes, as the top and 

bottom electrodes. Sandwiched structure encapsulated with polydimethylsiloxane (PDMS) to 

mechanical stability and electrical insulation [30].  

  

2.2.7. Characterization  

 

The morphological analysis of AgNW and ZnO nanowires was performed by scanning electron 

microscopy (LEO GEMINI 1530, Carl Zeiss SEM) under 5 kV voltage with the distance between 8-9 

mm. The electromechanical characterization was performed with a periodic bending apparatus designed 
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in our previous study [30]. The electrical contacts of nanogenerators were connected to an oscilloscope 

(GW INSTEK 1102-B) and output signals were recorded. A current clamp (FLUKE i30s) was also used 

for output current measurements. Output power values are calculated with Ohm's Law [31]: 

 

 𝑃 = 𝑉 × 𝐼 (1) 

   
where P is power, V is open circuit voltage and I is short circuit current. 

 

3. RESULTS AND DISCUSSION 

 

3.1. SEM Results 

 

SEM images of ZnO nanowires were given in Figure 2. ZnO nanowires have a diameter of about 130 

nm and a length of 570 nm. As seen in the SEM images, several ZnO nanowires were grown on a nucleus 

[32]. SEM images also showed successful synthesis of AgNWs (Figure 3). The diameter distribution of 

AgNWs was very homogeneous and very thin (mean 23.6 nm) at 700 nm in length. 

 

 

 
 

Figure 2. SEM images of ZnO nanowires 
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Figure 3. SEM images of AgNWs 

 

 

3.2. Electromechanical Characterization 

 

Piezoelectric energy conversion of all samples were monitorized with an oscilloscope. Every bending 

movement represented a peak in time-voltage graphs. Maximum signals were determined by Vp-p 

values. V-t graphs of nanogenerators were given in Figure 4. As a result of the voltage measurements, 

it was observed that the voltage signals increased with increasing The 9% ZnO doped nanogenerator 

showed lower piezoelectric output voltage than the 7% ZnO doped nanogenerator. On the other hand, 

the signal intensity increased up to the addition of 7% ZnO (Figure 4a-IV). The short-circuit current 

output signals were given in Figure 4b. All nanogenerators showed similar output current characteristics. 

However, a periodic signal (such as voltage graphs) could not be observed because the current produced 

was very low and not stable. 

 

As a result of power calculations and P-t graphs, 7% ZnO doped nanogenerator showed the highest 

output power with 10.88 mW and the most intense signal output (Figure 4c-IV). Maximum output 

voltage, current and power values are also given in Figure 5. Maximum voltage and power values were 

obtained from 7% ZnO doped nanogenerator 1.12 V and 10.88 mW. The voltage and power values were 

increased with ZnO amount [33]. until 7% doping. It can be said that falling at 9% ZnO doping can be 

caused by increase on ZnO/conductive filler ratio with increasing ZnO amount. In other words, optimum 

ZnO/conductive ratio was 14 (7% ZnO doping, 0.25% graphene and 0.25% AgNW doping) for 

nanocomposite-based piezoelectric nanogenerators. The maximum output current as 72 mA was 

obtained from the 5% ZnO doped nanogenerator. 
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Figure 4. a) Voltage-time, b) current-time, and c) power-time graphs of piezoelectric nanogenerators 

 

 

 

 

 

 

 

 



Demir et al. / Eskişehir Technical Univ. J. of Sci. and Tech. A – Appl. Sci. and Eng. Vol. 22  – 2021 

8th ULPAS - Special Issue 2021 

 

8 

 

 
 

Figure 5. Maximum voltage, current and power output of nanogenerators 

 

4. CONCLUSION 

 

It has been observed that the amount of ZnO used in the produced nanogenerators generally increases 

in direct proportion to the energy conversion efficiency. According to the electromechanical results, it 

was observed that the PNG4 sample produced 1.12 V voltage and 52 mA current (the nanogenerator 

produced a total of 10 mW power). The energy conversion efficiency exhibited by the rGO/ZnO/AgNW 

doped samples showed that nanogenerators could be used by developing them with these materials. In 

addition, this study revealed the importance of the "piezoelectric material/conducting material" ratio for 

nanocomposite-based nanogenerators. It can be clearly seen that increasing the piezoelectric/conductor 

ratio improves the output signals up to a piezoelectric/conductor ratio of 14. However, above 14 output 

voltage and current signals started to decrease. Thanks to the sustainable features of nanogenerators, 

which are cleaner, renewable and environmentally friendly devices, it is predicted that they will take 

more place in human life in the future. 
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