
 

 

저작자표시-비영리-변경금지 2.0 대한민국 

이용자는 아래의 조건을 따르는 경우에 한하여 자유롭게 

l 이 저작물을 복제, 배포, 전송, 전시, 공연 및 방송할 수 있습니다.  

다음과 같은 조건을 따라야 합니다: 

l 귀하는, 이 저작물의 재이용이나 배포의 경우, 이 저작물에 적용된 이용허락조건
을 명확하게 나타내어야 합니다.  

l 저작권자로부터 별도의 허가를 받으면 이러한 조건들은 적용되지 않습니다.  

저작권법에 따른 이용자의 권리는 위의 내용에 의하여 영향을 받지 않습니다. 

이것은 이용허락규약(Legal Code)을 이해하기 쉽게 요약한 것입니다.  

Disclaimer  

  

  

저작자표시. 귀하는 원저작자를 표시하여야 합니다. 

비영리. 귀하는 이 저작물을 영리 목적으로 이용할 수 없습니다. 

변경금지. 귀하는 이 저작물을 개작, 변형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

 

 

 

 

 

A THESIS  

FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
 

 

 
Development of Piezoelectric and Triboelectric 

Nanogenerator for Self-powered Device 

Applications 
 

 

 

 

 

 

 

 

 

 

BALASUBRAMANIAM SARAVANAKUMAR 
 

 

 

 

 

 

 

 

 

 

Department of Mechatronics Engineering 

GRADUATE SCHOOL 

JEJU NATIONAL UNIVERSITY 

 

2015. 02 
  

 

 



 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Dedication 

 

Every challenging work needs self efforts as well as 

guidance of elders especially those who were very 

close to our heart 

My humble effort I dedicate to 

My Parents (Mr. M. Balasubramaniam &  

Mrs. Umavathi)  

&  

Brother (Mr. B. Sureshkumar) Niece (Dhaksha) 

&  

Friends 

Along with all hard working and respected 

Teachers and Professors 

Especially, Late. Dr. Ananth 



i 

 

Contents 

 Acknowledgements xviii 

 Abstract in Hangeul 1 

 Abstract 2 

I Introduction  

 1.1. Introduction 4 

 1.2. Piezoelectricity 6 

 1.3. Zinc oxide Nanostructure 7 

 1.4. Review of Literature 8 

 1.5. Objectives and Scope of the Present Work 9 

 1.6. Thesis overview 11 

 
References  

 
13 

II Microwire based Nanogenerator  

 2.1. Growth of ZnO microwire 18 

 

2.2. Fabrication of ZnO Microwire based Piezoelectric   

Nanogenerator 
19 

 

2.3. Fabrication of ZnO Microwire - Polyvinylidene fluoride 

(PVDF) based inorganic- organic hybrid piezoelectric 

nanogenerator 

30 

 
2.4. Conclusion  

32 

 
References 

 
33 

III Aligned Nanowire Array based Nanogenerator   

 3.1. Introduction  35 

 3.1.1. Synthesis of vertically aligned ZnO nanowire array 35 

 3.1.2. ZnO Seed Layer 37 



ii 

 

 3.1.3. Different Substrate 39 

 3.1.4. Growth Temperature 41 

 3.2. Single side Aligned ZnO Nanowire Array Based Nanogenerator 43 

 

3.3. Double side Aligned ZnO Nanowire Array Based 

Nanogenerator 

49 

 3.3.1. Preparation of ZnO Seed Layer 50 

 3.3.2. Growth of ZnO Nanowire Array 50 

 3.3.3. Fabrication of ZnO Nanowire Array Nanogenerator 51 

 3.3.4. Results and discussion 51 

 3.4. Conclusion 68 

 
References 

 
70 

IV ZnO Nanowall based Nanogenerator  

 4.1. Introduction 75 

 4.2. Experimental Section  

 4.2.1. Fabrication of Seed Layer 76 

 4.2.2. Hydrothermal Growth of ZnO Nanowall 76 

 4.2.3.Fabrication of Nanogenerator Device 77 

 4.3. Results and discussion 77 

 4.4. Conclusion 87 

 
References 

 
88 

V Organic – Inorganic Hybrid Composite Nanogenerator  

 5.1. Introduction 92 

 5.2. Experimental Section  

 5.2.1. Growth of ZnO Nanowires 93 



iii 

 

 5.2.2. Fabrication of the Hybrid Composite Nanogenerator 94 

 5.2.3. Characterization  94 

 5.3.Results and discussion 95 

 5.4. Conclusion 111 

 
References 

 
112 

VI Carbon based Composite Nanogenerator  

 6.1. Introduction  117 

 6.2. Experimental Section  

 6.2.1. Preparation of Graphene Oxide (GO) 118 

 6.2.2. Preparation of Reduced Graphene Oxide (rGO) 118 

 6.2.3. Preparation of rGO – ZnO Nanowire Composites  119 

 6.2.4. Fabrication of the rGO-ZnO Composite Nanogenerator 119 

 6.2.5. Characterization 119 

 6.3. Results and discussion 120 

 6.4. Conclusion 132 

 
References 

 
133 

VII  Triboelectric Nanogenerator  

 7.1. Introduction 136 

 7.2. Fabrication of Triboelectric Nanogenerator 141 

 7.3. Results and discussion 141 

 7.4. Conclusion 144 

 

References 

 

 

145 

 

 
 

 
 



iv 

 

VIII Self-Powered Device Applications 

 8.1. Introduction 148 

 8.2. Experimental Section  

 8.2.1. Fabrication of pH sensor 149 

 8.2.2. Fabrication of UV Photo sensor 149 

 8.3. Results and discussion  

 8.3.1. Self-powered pH sensor 150 

 8.3.2. Self-powered UV Photo sensor 156 

 8.4. Conclusion 161 

 
References 

 
162 

IX 
Summary and Future Direction 

 
164 

 Publication and Conference Presentation 166 

 



v 

 

 

List of Table 

Table.5.1. Comparison of the performance of other reported PDMS 

based composite- nanogenerators 

104 



vi 

 

List of Figures 

Fig.1.1 Schematic diagram of piezoelectric effect and inverse 

piezoelectric effect 

6 

Fig.1.2. Crystal Structure of ZnO 7 

Fig.1.3. Summary of the development of ZnO based piezoelectric 

nanogenerator  

9 

Fig.1.4. Thesis over view 11 

Fig.2.1. Schematic diagram of the vapor transport growth experimental 

setup for the growth of ZnO micro/nanowires. The used source 

materials ZnO, metal Zn, and graphite, with weight ratio of 

1.5:0.5:1. The experiment was carried out at 1100°C for 1 hr 

under elevated condition (O2/Ar = 30/350 sccm).  

18 

Fig.2.2. Schematic representation of microwire based nanogenerator 

device 

19 

Fig.2.3. X-ray diffraction (XRD) pattern of ZnO microwire 20 

Fig.2.4.  Field emission scanning electron microscopic (FE-SEM) image 

of ZnO microwire 

20 

Fig.2.5. Raman spectrum of single ZnO microwire 21 

Fig.2.6. Schematic diagram of Raman measurement strain and strain free 

state 

22 

Fig.2.7. Raman spectra of ZnO microwire at strain and strain free state 23 

Fig.2.8. ZnO microwire based piezoelectric nanogenerator, a) single wire, 

b) double wire, c) three wire, and d) four wire 

24 

Fig.2.9. Schematic diagram of the force applying setup 24 



vii 

 

Fig.2.10. Schematic diagram of the device connection in forward and 

reverse connection 

25 

Fig.2.11. Single wire nanogenerator, open-circuit voltage and short circuit 

current under forward and reverse connection condition 

26 

Fig.2.12. Two wire nanogenerator, open-circuit voltage and short circuit 

current under forward and reverse connection condition 

26 

Fig.2.13. Three wire nanogenerator, open-circuit voltage and short circuit 

current under forward and reverse connection condition 

27 

Fig.2.14. Three wire nanogenerator, open-circuit voltage and short circuit 

current under forward and reverse connection condition 

28 

Fig.2.15. Mechanism of electrical output generation in ZnO microwire 

based nanogenerator 

29 

Fig.2.16. Schematic diagram of ZnO microwire - PVDF hybrid 

piezoelectric nanogenerator  

30 

Fig.2.17. Raman spectrum of ZnO microwire - PVDF hybrid wire. The 

inset shows the optical image took in Raman instrument.  

31 

Fig.2.18. The electrical output performance of the ZnO microwire- PVDF 

hybrid nanogenerator, open-circuit voltage and short circuit 

current under forward and reverse connection condition 

31 

Fig.3.1. X-ray diffraction pattern of the as grown nanowire with different 

seed layer concentrations (0.2, 0.4, 1 M) at 50 mM of Zinc 

nitrate/HMTA @ 90°C for 6 h. 

38 

Fig.3.2. Field emission scanning electron microscopic (FE-SEM) image 

of ZnO nanowire grown at 50 mM of Zinc nitrate/HMTA @ 

90°C for 6 h with different seed layer concentration (0.2, 0.4 and 

1 M) 

39 

Fig.3.3. XRD pattern of ZnO nanowire array grown on ITO and Si 

substrate 

40 



viii 

 

Fig.3.4. FE-SEM image of ZnO nanowire array grown on ITO and Si 

substrate 

41 

Fig.3.5. Field emission scanning electron microscopic (FE-SEM) image 

of ZnO nanowire grown at different growth temperature 

43 

Fig.3.6 Schematic diagram of the aligned ZnO nanowire growth 44 

Fig.3.7. X-ray diffraction pattern of aligned ZnO nanowire array on single 

side of the PET substrate  

45 

Fig.3.8.  Raman spectrum of as grown aligned ZnO nanowire array  45 

Fig.3.9. FE-SEM image of aligned nanowire array in-plane view. Insets 

cross sectional and 20° tilted view. 

46 

Fig.3.10. The electrical output performance of the single side ZnO 

nanowire array nanogenerator, output voltage under forward and 

reverse connection condition. 

47 

Fig.3.11. The electrical output performance of the single side ZnO 

nanowire array nanogenerator at different pressing speed of 25, 

50 mm.s-1 

48 

Fig.3.12. The rectified voltage and current under pressing speed of 50 

mm.s-1. The digital images of the electronic device powered 

through nanogenerator. 

49 

Fig.3.13. Schematic diagram of the ZnO nanowire growth and 

nanogenerator device fabrication process 

52 

Fig.3.14. XRD pattern of vertically grown ZnO nanowire on PET substrate 53 

Fig.3.15. The optical and FESEM image of a) as grown ZnO nanowire, b) 

Gold coated ZnO nanowire, c) top view of as grown ZnO 

nanowire (insert: 20° tilted image), d) top view of gold coated 

ZnO nanowire (insert: 20° tilted image & higher magnification).   

54 

Fig.3.16. a) 3D Schematic representation of the fabricated nanogenerator 

device. b) Digital image of the real device. c) FESEM image of 

interface depiction. 

55 



ix 

 

Fig.3.17.   Electrical measurements of the nanogenerator device, a) open 

circuit voltage, and b) short circuit current of the PDMS device 

during the multiple folding and releasing of nanogenerator by 

fingers. c) Open circuit voltage, and d) short circuit current of the 

PET device during the multiple folding and releasing of 

nanogenerator by fingers. 

57 

Fig.3.18. Electrical measurement of the nanogenerator device, a) digital 

image of nanogenerator device when folding and releasing using 

hand, b) open circuit voltage of the device the during multiple 

folding and releasing, and c) the enlarged view of the boxed area 

of voltage and schematic diagram of biased condition (inset), d) 

closed circuit current of the device during the multiple folding 

and releasing, and e) the enlarged view of the boxed area of 

current.  

59 

Fig.3.19. Electrical measurement of the nanogenerator device, a) digital 

image of nanogenerator device when folding and releasing using 

hand, b) open circuit voltage of the device the during multiple 

folding and releasing, and c) the enlarged view of the boxed area 

of voltage and schematic diagram of biased condition (inset), d) 

closed circuit current of the device during the multiple folding 

and releasing, and e) the enlarged view of the boxed area of 

current.  

60 

Fig.3.20. Electrical measurement of the nanogenerator device with flat 

electrode, a) open circuit voltage, and b) short circuit current 

during the multiple folding and releasing of nanogenerator.  

61 

Fig.3.21. Electrical measurement of the nanogenerator device with Au 

coated ZnO nanowire electrode without PDMS, a) open circuit 

voltage and, b) short circuit current during the multiple folding 

and releasing of nanogenerator.  

61 



x 

 

Fig.3.22. Electrical measurement of the nanogenerator device, a) digital 

image of nanogenerator device when stretching and releasing of 

finger, b) open circuit voltage of the device during the multiple 

stretching and releasing, and c) the enlarged view of the boxed 

area of voltage, d) closed circuit current of the device during the 

multiple stretching and releasing, and e) the enlarged view of the 

boxed area of current. 

63 

Fig.3.23. Electrical measurements of the nanogenerator device, a) digital 

image of nanogenerator device when stretching and releasing of 

finger, b) open circuit voltage of the device the during multiple 

stretching and releasing, and c) the enlarged view of the boxed 

area of voltage, d) closed circuit current of the device during the 

multiple stretching and releasing, and e) the enlarged view of the 

boxed area of current. 

64 

Fig.3.24. Electrical measurements of the nanogenerator device, a) optical 

image of nanogenerator device when pressing and releasing, b) 

open circuit voltage of the device during the multiple pressing 

and releasing, and c) the enlarged view of the boxed area of 

voltage, d) closed circuit current of the device during the multiple 

pressing and releasing, and e) the enlarged view of the boxed area 

of current. 

65 

Fig.3.25. a) The output power of the nanogenerator with various load 

resistances. b) Schematic diagram of full wave bridge rectifier 

circuit. c) Open circuit voltage of the nanogenerator rectified by a 

bridge rectifier and enlarged view of one cycle (inset) during the 

multiple folding and releasing by fingers. d) Short circuit current 

of the nanogenerator rectified by a bridge rectifier and enlarged 

view of one cycle (inset) during the multiple folding and 

releasing by fingers.   

66 

Fig.3.26. a) Voltage across the single capacitor during the multiple folding 68 



xi 

 

and releasing of nanogenerator by fingers, and b) enlarged portion 

of the charging curve and extended view of the charging curve for 

one cycle of folding and releasing of nanogenerator by fingers 

(inset). c) Snapshot of the LED before and after lighting up using 

the stored energy. 

Fig.4.1.   XRD pattern of ZnO nanowall on PET substrate 78 

Fig.4.2. FE-SEM image of ZnO nanowall On PET substrate, a) lower 

(Scale bar: 10 μm), b)    higher (Scale bar: 100 nm) 

magnification. 

79 

Fig.4.3. Optical absorbance and transmittance of the ZnO nanowall on 

both sides of flexible substrate 

79 

Fig.4.4.   XPS spectrum of ZnO nanowall on flexible substrate, a) survey 

spectrum, b) Zn- 2p, c) O-1s high resolution core level spectra.  

80 

Fig.4.5.   Room temperature photoluminescence spectra of ZnO nanowall 81 

Fig.4.6. Electrical property of the ZnO nanowall under dark and under 

different illumination wavelength (365, 405, 535 nm) 

82 

Fig.4.7. Electrical characteristics of nanowall based nanogenerator. a) 

Open-circuit output voltage of a nanogenerator, c) enlarged view 

of the marked output voltage. b) Closed- circuit output current, d) 

enlarged view of the marked output current.  

84 

Fig.4.8. a) The voltage and current Vs external load resistance, b) power 

output Vs external load resistance.  

85 

Fig.4.9. a) Circuit diagram of full wave bridge rectifier circuit. b) 

Rectified voltage. c) Rectified current. Top of the right corner 

indicates the snapshots of a driving LCD display and light up a 

commercial green LED. 

86 

Fig.5.1. Schematic diagram of the experimental setup for the growth of 

ZnO micro/nanowires 

94 



xii 

 

Fig.5.2. X-ray diffraction (XRD) pattern of as-grown ZnO nanowire. 96 

Fig.5.3. FE-SEM image of ZnO nanowire (Lower and Higher 

Magnification) 

96 

Fig.5.4. Schematic diagram of the fabrication process of the hybrid 

composite nanogenerator 

97 

Fig.5.5. X-ray diffraction (XRD) pattern of the PVDF-ZnO nanowire 

composite film (the inset shows an enlarged view from 10–30°) 

98 

Fig.5.6. Fourier-transform infrared (FTIR) spectra of (a) PVDF, (b) ZnO 

nanowire, (c) PVDF-ZnO nanowire composite film (d) digital 

image of the composite film. 

98 

Fig.5.7. Field-emission scanning electron microscopy (FE-SEM) image of 

PVDF-ZnO nanowire composite film, (a) Lower, and (b) Higher 

magnification. Cross sectional image, (a) Lower, and (b) higher 

magnification. 

99 

Fig.5.8. X-ray photoelectron spectroscopy (XPS), (a) survey spectrum 

(the inset shows the Zn 2p core-level spectrum). Core-level 

spectra of (b) C 1s, (c) O 1s, and (d) F 1s of the PVDF-ZnO 

nanowire composite film. 

100 

Fig.5.9. Measured open circuit voltage and short circuit current of hybrid 

composite nanogenerator under continues bending condition, (a, 

b) at forward bias, (c, d) at reverse bias respectively. The insets 

are the enlarged view of the electrical output.  

101 

Fig.5.10. Measured open circuit voltage and short circuit current of hybrid 

composite nanogenerator under different speed of bending/ 

unbending condition, (a, b) at forward bias, (c, d) at reverse bias 

respectively.  

102 



xiii 

 

Fig.5.11. Measured open circuit voltage and short circuit current of hybrid 

composite nanogenerator under different speed of uniaxial 

pressing / unpressing condition, (a, b) at forward bias, (c, d) at 

reverse bias respectively.  

103 

Fig.5.12. Measured open-circuit voltage and short-circuit current of the 

hybrid composite nanogenerator for (a, b) folding and (c, d) 

pressing with fingers.  

105 

Fig.5.13. Schematic representation of self-polarization mechanism 106 

Fig.5.14. Power generation mechanism in the hybrid composite 

nanogenerator 

107 

Fig.5.15. a) Open-circuit voltage and b) short-circuit current of the hybrid 

composite (PVDF-ZnO) nanogenerator after poling at 5.5 kV for 

36 h under continuous pressing condition. 

108 

Fig.5.16. Measured electrical output of the PVDF nanogenerator: (a) 

open-circuit voltage, and (b) closed-circuit current.  

109 

Fig.5.17. Measured electrical output of the hybrid nanogenerator with ZnO 

nanoparticle: (a) open-circuit voltage, and (b) closed-circuit 

current.  

109 

Fig.5.18. (a) Schematic diagram of the full-wave Bridge rectifier circuit. 

(b) Measured rectified open-circuit voltage. (c) Short-circuit 

current by pressing the fingers. The rectified output was used to 

drive five green LEDs, which is shown in the top left corner. 

110 

Fig.6.1. Graphene Oxide (GO) a) X-ray diffraction (XRD) pattern, b) 

Field emission scanning electron microscopy (FE-SEM) image, 

c) Raman spectrum 

120 

Fig.6.2. Reduced graphene oxide (rGO), (a) X-ray diffraction (XRD) 

pattern, (b) Raman spectrum, (c) Field-emission scanning 

electron microscopy (FE-SEM) image. 

121 



xiv 

 

Fig.6.3. Schematic representation of composite nanogenerator fabrication 122 

Fig.6.4. Reduced graphene oxide (rGO)-ZnO nanowire composite, (a) X-

ray diffraction (XRD) pattern, (b) Fourier Transform Infrared 

(FTIR) spectrum. 

123 

Fig.6.5. Raman Spectrum of rGO-ZnO composite 123 

Fig.6.6. Field-emission scanning electron microscopy (FE-SEM) image, 

(a) and (b) lower and higher magnified image of rGO-ZnO 

composite .Cross Sectional view of PDMS- rGO-ZnO composite 

film, (c) lower, and (d) higher magnification.  

124 

Fig.6.7. Measured output performance of the composite nanogenerator 

under palm impact. a) Schematic representation of the polarity 

test. The voltage and current under forward connection (b, c) and 

reverse connection (d, e). 

125 

Fig.6.8. Enlarged view of the voltage curve of the composite 

nanogenerator under forward (a), and reverse (b) connections.  

126 

Fig.6.9. Measured output performance of the composite nanogenerator 

under foot stamp: a) digital image of the foot stamp at different 

stages, b) output voltage, and c) enlarged view of the voltage 

signal. d) Output current and e) enlarged view of the current 

signal.  

127 

Fig.6.10. The output performance of the only PDMS, PDMS-ZnO, PDMS-

rGO-ZnO composite device with same device size and thickness 

(a) Voltage, (b) Current. The graphene in the composite enhanced 

the output voltage and current of the composite device, compare 

to only ZnO device.   

128 



xv 

 

Fig.6.11.  (a) Digital image of the constructed bridge rectifier circuit and 

capacitors. Inset show the digital image of stored voltage in the 

capacitors (top) b) Snapshot of the LEDs (warm white, green) 

before and after power up c) Capacitor charging curve under 

mechanical deformation. d) Snapshot of glowing 15 green and 10 

red without storage using large-area nanogenerator. 

129 

Fig.6.12. Composite nanogenerator, (a) rectified voltage, and (b) rectified 

current. (c) Snapshot of the segmented display, (d) Snapshot of 

the LCD display.  

130 

Fig.6.13. Large-area nanogenerator, (a) digital image, (b) snapshots of 12 

white and 10 red LEDs glowing, (c) rectified voltage, and (d) 

rectified current.  

131 

Fig.7.1. Traditional Trioelectric generator based on Wimshurst machine 

and Van de Graaff generator 

137 

Fig .7.2. Trioelectric series 138 

Fig.7.3. Four fundamental modes of triboelectric nanogenerators: (a) 

vertical contact-separation mode; (b) lateral-sliding mode; (c) 

single-electrode mode; and (d) free standing triboelectric-layer 

mode 

139 

Fig.7.4. Schematic diagram and digital image of the fabricated 

triboelectric nanogenerator 

141 

Fig.7.5. Working mechanism of the triboelectric nanogenerator 142 

Fig.7.6. The measured open-circuit voltage and short circuit current under 

forward and reverse connection  

143 

Fig.8.1. Single ZnO microwire based pH sensor, a) digital image and b) 150 



xvi 

 

optical image 

Fig.8.2. Field emission scanning electron microscopy (FE-SEM) of ZnO 

microwire device 

150 

Fig.8.3. Current-voltage (I-V) characteristics of a ZnO microwire as a 

function of pH.  

151 

Fig.8.4. Current-time (I-t) characteristics of the fabricated ZnO microwire 

at different pH with constant bias voltage on - 0.5 V  

152 

Fig.8.5. Schematic representation of the self-powered pH sensor device 153 

Fig.8.6. Measured electrical output voltage of self-powered pH sensor 

without any buffer solution.  

154 

Fig.8.7. Electrical output as a function of pH across the pH sensor 155 

Fig.8.8. Schematic representation of pH mechanism of the self-powered 

device 

155 

Fig.8.9. Self-powered pH sensor output voltage as a function of different 

pH values  

156 

Fig.8.10. ZnO nanowire film, a) Digital image, and b, c) Optical image of 

the device 

156 

Fig.8.11. FE-SEM image of the ZnO nanowire film, a) Lower, and b) 

Higher magnification 

157 

Fig.8.12. Current – Voltage (I-V) characteristic of the ZnO nanowire photo 

sensor with different illumination wavelength 

157 

Fig.8.13. Schematic representation of the photocurrent generation 

mechanism in ZnO nanowire photo sensor 

158 



xvii 

 

Fig.8.14. Schematic diagram of the self-powered UV photo sensor 159 

Fig.8.15. The measured response with and without UV exposes. Inset 

enlarged portion of pink color mark.  

159 

Fig.8.16. The measured response as a function of exposure wavelength.  160 

Fig.8.17. The measured response for the commercial photo sensor 161 

Fig.8.18. a) The digital image of the experimental setup. Inset indicates the 

glowing red LED during UV expose. b) Circuit diagram of the 

self-powered UV photo sensor. 

161 

Fig.9.1. Overall outlook of the thesis 165 

 



xviii 

 

Acknowledgements 

 

I would like to express my sincere thanks to my honorific supervisor, Prof. 

Sang-Jae KIM, who accepted me as his Ph.D student. He offered me so much advice 

with patiently and encouraged my research.  He guided me in a right direction with 

courage which grows me as a good researcher. During my tenure, I have learned a lot 

of things from him, without his help I couldn’t finish my thesis successfully. I would 

like to thank my thesis committee members for letting my defense be an enjoyable 

moment, and for your brilliant comments and suggestions.  

This is the occasion to remember and thank to all of my professors and 

teachers, who teaches the subject and research. Especially, I would like to thank my 

physics teacher (Mr. R. Vellingiri) and chemistry teacher (Mr.R.Selvaraj), who make 

me an interest towards the science at my schooling. After that, my college time, my 

beloved professors make me tasty to do research. Especially, Late.Dr.Ananth, 

Dr.P.Christopher Selvin, Dr.R.Kanakaraju, Dr.V.Sathyabama, Dr. M.Karthika, and 

Dr. Yogeswari.  

I would like to thank Prof. P. Kolandaivel, who initiated my research carrier 

and actively directed me in the research and my personal life. I started my research 

carrier under the supervision of Prof. V. Rajendran, and he molded me as a good 

researcher. Under him, I developed my administrative skills and gathered research 

trends, so I thank him. I would like to thank, Dr. N. Meenakshi Sundaram, 

Dr.K.Saminathan, Dr.P.Prabu, Dr.Suthan Kissinger, Dr. Ravikumar, Dr. Sathesh and 

Dr. S.Sudhakar for their constant supports towards scientific discussion.  



xix 

 

Without support of other members in the lab, I could not graduate. First, I 

would like to thank my seniors, specially, Dr. Rajneesh Mohan, Dr. Shrikant Saini, 

Dr. Gunasekaran and Dr. Anil Khambampatti. They helped a lot during my initial 

stage in research as well as initial settlement. I am very grateful to my friends and 

colleague Mr. Ananthakumar Ramadoss, Mr. Kaliannan Thiyagarajan and family, 

Dr. Sivaprakasam Radhakrishnan, Dr.Karthikeyan, Mr. Veerasubramani Ganesh 

Kumar, Mr. Nagamelleshwara Rao, Mr. Arunkumar, Ms. Sophia Selvarajan, Mr. 

Eui-Youg Hong, Ms. Shin So Yoon, Mr. Kim Taehyun, Mr. Ko Eunhyung, Ms. Park 

Minhee and Mr. Seong Mingeon. 

Without friends help and motivation, we cannot move forward in the life as 

well as professional carrier. This is the occasion to thank all of my beloved friends. 

They stayed with me during the hard part of my life and lifted from that situation 

with the words of we are always with you lets go. I would like to thanks my friends 

from childhood, Mr. Arunkumar, Mr. Appadurai, Mrs. Ramya, Mrs.Priya and 

families. I would like to thank, Dr. Manivasakan and family, Dr. Yuvakkumar and 

family, Dr. Rajkumar, Dr. Sasipriya, Dr. Dharaneedharan and family, Dr. Sebastian 

Ananth, Dr.Saranya and Dr. Purush, Dr. Chandramohan and family, Dr. Afeesh, Dr. 

Suraj Tirupathi, Dr. Navaneethan, Dr. Ganesh Thangaraj, Dr.Sridharan, Dr.Gandhi, 

Ms. Pavithra, Ms. Kowsalya, Mr. Balaji, Mr. Raja, Mr. Subbiah Ramesh, Mr. Suresh 

Kannan Balasingam, Mr. MSP. Sudhakaran, Dr. Karuppiah. I would like to thank 

Jeju friends, they make homely environment during the stay.  Dr. Umasuthan and 

family, Dr. Kalpa, Dr. Nauman, Dr. Khalid, Dr. Murtaza, Dr. Naeem, Dr. Zubair Mr. 

Kamran Ali, Dr. Adanan Ali, Mr. Mamoon, Mr. Suresh Rai , Mr. Safdar Ali, Mr. 



xx 

 

Farrukh, Mr. Razhid, Mr.Sohail, Mr. Junaid Ali, Mr. Siddiqi, Mr. Zahid Manzoor, 

Mr.Lakmal, Mr. Anushka. 

I am also grateful for the Research Instrument facility (RIC) centre for their 

valuable support and permission given to handle all experimental and 

characterization facilities. Especially, thanks to Mr. Jeong Eun Koh, he helped a lot 

for measuring FE-SEM. 

Last but certainly not least I thank my father Mr. M. Balasubramaniam, 

mother Mrs. B. Umavathi and my brother Mr. B. Sureshkumar and family members. 

They have provided unconditional love and care. Finally, I acknowledge the friends 

those are not mentioned here they helped me a lot at different occasions.  

 

      Balasubramaniam Saravanakumar 

 

 



1 

 

Abstract in Hangeul  

기술의 급격한 성장과 나노기술의 영향으로 인해 소자의 크기는 몰라보게 

줄어들었으며 구동 전력 또한 감소하게 되었다.  심도깊은 연구를 통해 다목적으로 활용할 수 

있는 기능성 재료와 소자들이 개발되었다. 하지만, 모든 소자들은 외부 구동전원이 있어야 

작동하기 때문에 모든 조건에서 사용할 수 없다는 문제가 생기게 된다. 짧은 수명 시간과 큰 

크기를 가진 에너지 저장소자 때문에 축소화된 소자에 집약될 수 없기 때문에 에너지 저장 

장치를 없애거나 환경에서 에너지를 수확하는 것이 필요해졌다. 자가발전 구동을 하기 위해서, 

나노발전소자과 같은 에너지하베스터가 위와 같은 소자에 구성되었다.  에너지하베스터는 

주변환경에서 에너지를 수확하여 별도의 전원 없이 전자기기를 구동시킨다. 이 

학위논문에서는 ZnO 마이크로/나노와이어를 유연 기판 위에 증발전달방식을 통해 단면 또는 

양면에 일렬로 정렬하거나 ZnO nanowall을 저온열수 방법과 같은 물리적 방법을 통해 

합성하였다. 성장시킨 ZnO마이크로와이어와 나노와이어 배열은 나노발전소자를 제작하는 데 

사용되었다. 가장 처음에는, 마찰과 압전효과가 같이 공존하는 소자구조를 제작하여 출력 

성능을 향상시켰다. 두 번째로는, 넓은 크기의 소자에서 출력 값을 향상시키기 위해서 PVDF를 

혼합한 나노발전소자를 개발하였다. 여기서 PVDF는 압전효과를 추가적으로 발생시키면서 

또한 ZnO 필름을 만드는 역할을 한다. PVDF 배열에 ZnO가 존재하여 혼합한 필름에 자가편광 

하였다. 더불어, 산화그래핀-ZnO를 바탕으로한 혼합 나노발전소자를 실험하였다.. 

마지막으로, 실험을 통해 발광다이오드(LED)와 액정디스플레이(LCD)와 같은 전자소자를 

나노발전소자로 구동시켜 그 가능성을 확인하였다. 더불어 ZnO마이크로와이어 pH센서와 

ZnO나노와이어 포토센서를 나노발전소자와 결합시켜 자가발전소자의 활용을 확인하였다. 이 

논문에서는 자가발전 소자로서 나노발전소자를 사용하였고 환경모니터링을 위한 바이오센서 

또는 스마트, 웨어러블, 진동 센서에 확장하여 미래에 실현 가능할 수 있음을 확인하였다.  
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Abstract 

The rapid technical growth and the influence of nanotechnology in the device 

fabrication incredibly reduced the device dimension as well as the operating power.  

The intensive research has been carried out to develop a new functional materials and 

devices with multipurpose applications. However, all the fabricated devices are 

operated by external power sources, which is not favor for all conditions. Due to 

large size and short life time of the energy storage device, compare to active devices 

which hinders their integration in miniaturized device. It is highly required to operate 

without energy storage device (or) harvest the required energy from the environment. 

To obtain the self-powered operation, energy harvester such as nanogenerator has 

been integrated with those active devices. The energy harvester harvests the energy 

from environment and power up the electronic devices without any external power.  

This thesis provides the solid background about the synthesis of ZnO 

micro/nanowires through physical method such as vapor transport method and 

vertically aligned nanowire array on one side and double sides of the flexible 

substrate and as well as ZnO nanowall through low temperature hydrothermal 

process. The grown ZnO microwire and nanowire array was used to fabricate the 

nanogenerator device. At first time, we demonstrated the coexistence of tribo and 

piezoelectric effect in the same device architecture, which improved the output 

performance.  Secondly, to improve the output performance and extent to large area 

device, we have investigated composite based nanogenerator using PVDF, in which 

PVDF provides the additional piezoelectric output as well as to make ZnO film. The 

presences of ZnO in PVDF matrix self-polarize the composite film. Further, we have 
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examined the reduced graphene oxide-ZnO based composite nanogenerator. Finally, 

we have showed the capability of the nanogenerator by powering commercial 

electronic devices such as light emitting diodes (LEDs), liquid crystal displays 

(LCDs). Further, we have investigated self-powered device application by integrating 

the nanosensors such as ZnO microwire pH, ZnO nanowire photosensors with 

nanogenerators. This thesis demonstrates the feasibility of using a nanogenerator as a 

self-powered device that can be extended for use as a biosensor for environmental 

monitoring and/or as a smart, wearable, vibration sensor in future applications.  
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CHAPTER -I 

Introduction 

1.1. Introduction  

 The introduction of nanotechnology minimized the device size and improved 

the property of the materials. It is nothing but any technology at nanoscale that has a 

real application. It emphasis that the production of materials at nanoscale and apply 

to physical, chemical, and biological systems. At nanoscale, the material has 

extraordinary physical, chemical, optical and electrical property than their 

counterpart in bulk. The exceptional properties of materials at nanometer scale 

makes the interest to work in this field and developed varies rapidly. The increment 

of technological development and using this technology improved the performance 

of the devices in all field of science and technology. 

 The energy crisis is one of the most important problems facing society, due to 

the diminishing availability of fossil fuels and the shortfall of existing technology to 

efficiently convert renewable energy sources [1]. Numerous renewable energy 

sources are available, including solar, biomass, wind, geothermal, hydro, and tidal 

energy; however, these sources can be variable and tend to depend on environmental 

conditions such as time and place [2]. On the other hand, a huge amount of reliable 

energy sources are available in the form of vibration, heat, which exists regardless of 

place and time [3], may provide the means to counter growing energy deficits. After 

a lot of efforts, the scientists find a way to harvest those energy using piezoelectric, 

pyroelectric, and triboelectric materials [4]. Prof. Wang and his team have been 

creatively developed a concept of nanogenerator consisting of diverse nanostructured 
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materials [5]. The nanogenerator was capable of converting low-frequency irregular 

vibration, mechanical motion, and heat into electrical energy through different 

physical mechanisms based on the piezoelectric, pyroelectric and triboelectric 

effects. The human body also provides energy in the form of heat and mechanical 

energy during human activities. This energy can be used to drive various devices 

without the need of external power source. As such, there continues to be great 

interest in self-powered portable and wearable device applications. For these device 

applications, mechanical energy is the most reliable, independent energy source [6]. 

Fabrication of the self-powered system can be achieved by combining electronic 

devices with an energy-harvesting device such as a nanogenerator; additionally, the 

nanogenerator itself can act as a sensor to detect the signals [7–9]. Numerous studies 

have investigated energy harvesting from irregular mechanical sources, including air 

flow, heartbeat, body movement, hydraulic energy, respiration, or air/liquid pressure 

[8,10], and have used this energy to successfully power liquid crystal displays 

(LCDs), light-emitting diodes (LEDs), implantable biosensors, and many portable 

personal electronic devices [11,12]. Various nanostructured materials, such as ZnO 

[13–15], GaN [16], lead zirconium titanate (PZT) [17,18], BaTiO3 (BTO)[19,20], 

NaNbO3[21], (1–x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 (PMN-PT) [22], ZnSnO3 [23,24], 

polyvinylidene fluoride (PVDF) [10], and polytetrafluoroethylene (PTFE) [25] have 

been widely used for nanogenerator fabrication in a variety of forms, such as 

micro/nanowires, nanobelts, and particles. Among them, ZnO is lead-free, 

biocompatible, and has piezo and semiconducting properties [26, 27]; its non-

centrosymmetric nature has proven to be advantageous for nanogenerator 

applications. Specifically, ZnO played an important role in the nanogenerator 
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progress with diverse nanogenerator device configurations (e.g., lateral, vertical, 

radial, integration, stacked and composite nanogenerator forms) [28].  

1.2. Piezoelectricity  

 In 1880, the piezoelectric effect was discovered by Jacques Curie and Pierre 

Curie. The discovery of this phenomenon created revolution in the technological 

development. The piezoelectric effect is nothing but when applying pressure on 

certain crystals (piezoelectric materials) aligns the dipole over the surface generates 

electrical output. At initially this effect was observed in tourmaline, quartz, topaz, 

cane sugar, and Rochelle salt. It have converse effect that is when electric field 

applied to this materials, it change the shape and size through expansion or 

contraction. Fig.1.1 shows the schematic representation of the piezoelectric effect 

and inverse piezoelectric effect. 

 

              

 

 

 

 

 

 

  Fig.1.1 Schematic diagram of piezoelectric effect and inverse piezoelectric effect 
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1.3. Zinc oxide nanostructure 

  ZnO is a promising material which has extensively studied for all technical 

application from olden days. The main driving force for using ZnO in electronic 

application was due to existence of wide band gap structure, near-UV the spectral 

region, which opens the usage of this material for light emitting diode, transistor and 

all other electronic applications. At room temperature, it have larger free- exciton 

binding energy of around 60 meV, which is good to use in high emission application. 

ZnO is an III-V and II-VI compound semiconductor, with crystal structure of 

hexagonal wurtzite and cubic zinc blende structure P63mc. The cubic zinc blende 

structure is not stable under ambient condition, so most probable stable structure is 

wurtzite structure, in which each anion is surrounded by four cations at the corners 

[29, 30]. The crystal structure of the ZnO was shown in Fig.1.2. 

  

Fig.1.2. Crystal Structure of ZnO 

ZnO have wide range of application based on the physical, chemical, optical, 

electrical properties and few of the properties discussed here. 
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1. The wide direct band gap and large excitation binding energy of the ZnO, 

makes this material for light emitting and transparent conducting application 

2. Due to presents of the non-centrosymmetric crystal structure, this material 

has additional property of piezoelectricity. Which wider this material 

application into sensors and transducers.  

3. ZnO is a non-toxic and biocompatible nature makes this material to use in 

biologically application 

4. Compare to all other semiconducting and piezoelectric materials, this is easy 

to grow in any substrate in different shape at elevated temperature.  

1.4. Review of Literature  

  In the year of 2006, Prof. Wang and his team developed an innovative way 

to produce the electrical signal through mechanical deflection in the 1D ZnO 

nanowire structure by piezoelectric effect. In this, they used AFM tip to deflect the 

nanowire as well as to measure the output signal. Later on new designs were inputted 

to improve the output performance of the piezoelectric nanogenerator.  After that the 

vertically aligned ZnO was used to assemble the nanogenerator, which improved the 

output rapidly [4]. The roadmap of the development of ZnO based piezoelectric 

nanogenerator was shown in Fig.1.3. At last the higher output voltage of 57 V 

achieved for patterned vertically aligned ZnO nanowire array nanogenerator.  
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Fig.1.3. Summary of the development of ZnO based piezoelectric nanogenerator  

 

Other than this Prof. Park et.al developed the innovative way to fabricate 

large area nanogenerator with higher output. He developed composite nanogenerator 

at low cost with simple fabrication process [17, 23, 24].  

1.5 Objectives and scope of the present work   

Recently, energy requirements have escalated exponentially due to increasing 

populations and industrial growth, while at the same time; fossil fuel availability has 

steadily decreased. Thus, scientists have been focused on increasing the utilization of 

renewable energy sources in an effective way. The commonly available renewable 

energy sources such as solar, wind, hydro, geothermal and biomass are place and 

time dependent. A numerous irregular energy sources are available in the living 

environment include sound, friction, motion, wind, and noise; these energies exist 
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enormously in everywhere, which is small and have the potential for use as future 

power sources for smart, wearable electronic devices. The objective of this thesis is 

to develop an innovative device structure to harvest the mechanical vibration from 

environment. A lot of reports are available for vibration energy harvesting from the 

environment, but further, research required o improve the conversion efficiencies and 

output power of the device. In this regard, an intensive research required to 

fabricated energy harvesting device. Based on the pioneering research, we have 

developed new types of device structure to harvest the mechanical energy with 

higher output performance. 

In the present investigation, we have fabricated energy harvesting device 

using ZnO micro/nanostructure with different architecture to harvesting mechanical 

energy as well as human based energy harvester. The harvested energy was used to 

operate the commercial electronic devices. 

The wearable as well as smart electronic devices and low –power sensor 

systems required long term operation without interruption. In those devices, the life 

time reduced because of the draining of energy, which is used to drive those systems. 

To overcome this problem, self-powered device is one of the remedy to operate the 

electronic device without external power. 

In this view, we investigated and fabricated the self-powered pH sensor and 

UV photosensors using ZnO nanostructures, which coupled with energy harvester to 

achieve the self-powered operation. The fabricated devices were operated with 

external power. 
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1.6. Thesis overview  

 

                          

 

 

 

 

 

 

     

 

 

Fig.1.4. Thesis over view 

 

 

                                                      Fig.1.4. Thesis Overview 

  The detailed thesis overview is shown in the Fig.1.4. The main focus of this 

thesis is to develop a piezoelectric and triboelectric nanogenerator for self-powered 

device applications. Thesis consists of nine chapters which includes introduction and 

summary of the thesis. 
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 The chapter -2 demonstrates the growth of ZnO microwire through vapor 

transport method and describes about the fabrication and measuring output of the 

piezoelectric nanogenerator and its output performance. The next chapter (chapter-3) 

provides the details about the growth of vertically aligned ZnO nanowire arrays over 

the various substrates. The vertically grown ZnO nanowire array on flexible substrate 

at one side and double side was used to fabricate the piezoelectric nanogenerator. 

The fabricated device was used to harvest the energy from human body movement. 

The next chapter (chapter-4) proposes the growth of aligned nanowall on the flexible 

substrate and fruitfully applied for energy harvesting. In chapter-5, explains the 

growth of nanowires in vapor transport method. The fabricated ZnO was used to 

make PVDF based composite film, which was finally applied for energy harvesting 

application. In next chapter (chapter-6), provides the synthesis of reduced graphene 

oxide and reduced graphene oxide- ZnO composite. The synthesized composite was 

used to fabricate hybrid composite film by adding into PDMS polymer. The 

fabricated film was used to make nanogenerator and fabricated device was 

characterized. The next chapter (chapter-7), explains the fabrication of triboelectric 

nanogenerator and its mechanism, electrical output measurements. In next chapter 

(chapter-8), describes the fabrication of self-powered device and its measurements. 

The last chapter of the thesis provides the outlook of the work and summaries all of 

work. 
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CHAPTER -II 

Microwire Based Nanogenerator 

 

In this chapter demonstrates the synthesis of ZnO microwire through vapor 

transport method. The synthesized ZnO microwires were characterized through 

XRD, FE-SEM and Raman spectroscopy to check the structure and morphology of 

ZnO microwire. We fabricated piezoelectric nanogenerator using those microwires. 

In additionally, we have tested the performance of the nanogenerator with different 

number of wires. In this study, we have studied comparatively by adding microwires 

until 4 fires. To improve the performance, I fabricated hybrid device using PVDF 

coated ZnO microwire. 
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2.1. Growth of ZnO microwire 

             

Fig.2.1. Schematic diagram of the vapor transport growth experimental setup for the growth 

of ZnO micro/nanowires. The used source materials ZnO, metal Zn, and graphite, with 

weight ratio of 1.5:0.5:1. The experiment was carried out at 1100°C for 1 hr under elevated 

condition (O2/Ar = 30/350 sccm).  

ZnO microwires were synthesized using a vapor transport method [1-3]. 

Fig.2.1 shows a schematic diagram of the experimental setup for the growth of the 

ZnO micro/nano wires. In typical growth, a horizontal quartz tube furnace was used. 

The source material consisted of a mixture of ZnO, metal Zn, and graphite, having a 

weight ratio of 1.5:0.5:1. The mixture of the source material with ethanol was 

continuously pulverized in a mortar to obtain the proper mixture. The mixed source 

material was then loaded into an alumina boat and dried in an oven overnight at 

100°C. After, the alumina boat was placed inside a small quartz tube and then placed 

in the center of a long quartz tube (1.5 m). The source material was heated to 1100°C 

at a heating rate of 360°C/h under a constant argon flow of 350 sccm. Once the 

temperature reached 550–600°C, oxygen gas was introduced at a flow rate of 30 

sccm. The furnace was maintained under these conditions for 1 h, and then cooled to 

room temperature. The ZnO microwires and nanowires were collected from source 
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boat and the end of the quartz tube, respectively, in the up flow direction of the gas 

flow. 

2.2. Fabrication of ZnO Microwire based piezoelectric nanogenerator 

The piezoelectric nanogenerator was fabricated by using the as synthesized 

ZnO microwires. At first, the ZnO microwires were attached to the Au patterned 

substrate, which was schematically shown in Fig.2.2. 

             

Fig.2.2. Schematic representation of microwire based nanogenerator device 

ZnO microwire was grown using vapor transport method. In this experiment, 

ZnO microwire was collected from the source boat (Aluminium crucible). The 

quality of the collected microwire was characterized by X-ray diffractometer. The 

measured XRD pattern was shown in Fig. 2.3 and it confirms the high crystalline 

nature with lattice constants of a = 3.25 and c = 5.21 Ǻ. The observed diffraction 

peaks are well matched with standard JCPDS file (36-1451) and from the ZnO 
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hexagonal wurtzite structure [2].   Fig.2.3 shows a typical XRD pattern and two SEM 

images of the as-grown ZnO microwires.  

 

            Fig.2.3. X-ray diffraction (XRD) pattern of ZnO microwire 

Fig. 2.4 shows a FE-SEM image of ZnO microwires. The average length and 

diameter of these ZnO microwires are several millimeter meter and 50 – 60 µm, and 

cross section of ZnO microwires are well-defined hexagons, reflecting the wurtzite 

structure of ZnO (shown in the inset). 

        

    Fig.2.4. Field emission scanning electron microscopic (FE-SEM) image of ZnO microwire 
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The Raman spectroscopy is a good analytical tool to analysis the micro 

structural and chemical properties of the nanomaterials such as orientation, 

crystallinity, defects and impurities [4]. Fig.2.5. illustrates the Raman spectrum of 

ZnO microwire and demonstrates the high crystalline wurtzite crystal structure, 

which belongs to the C6v space group (P63mc). According to group theory, the ZnO 

have 12 phonon modes which includes nine optical and three acoustic phonon 

modes,  

                                       2111 22 EEBAopt     ------------------------------------ (1) 

        

                             Fig.2.5. Raman spectrum of single ZnO microwire 

where,  A1, E1, E2 modes are Raman active, and B1 are silent. The A1 and 

E1 modes are polar which split into transverse (A1 (TO) and E1 (TO)) and 

longitudinal optical (A1 (LO) and E1 (LO)) optical components. E2 mode consists of 

two modes such as E2L (low), E2H (high) with low and high frequency phonons.  

E2L (low), E2H (high) phonons are associated with the non-polar vibration of the 

heavy Zn sub lattice and lighter oxygen atoms, respectively. The E2 (low), E2 (high), 
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E1 (TO), A1 (TO) and secondary scattering phonon peaks were observed in the as 

synthesized single ZnO microwire.  

Recently, strain engineering of semiconductor nanostructures has attracted 

great interest towards the tuning properties of nanostructure. Raman spectroscopy is 

an important tool to study strain engineering of nanostructures. For measuring 

Raman spectra, we have lay down a single ZnO microwire over the semi cured 

PDMS film and cured. The schematic diagram (Fig.2.6.) shows the experimental 

setup used to measure Raman spectra with and without strain, which is a quantitative 

analysis. The Raman spectra of the ZnO microwire under the strain and strain free 

state were measured by a micro-Raman microscopy system (LabRAM HR, Horiba). 

The Raman spectra were excited by a 514 nm Ar+ ion laser with a power of ∼3.75 

mW at room temperature. For applying strain, we have stretched the PDMS film and 

hold by both side of the film by tape and measured the Raman spectrum under 

strained condition. In Raman spectra, we have observed E2 low (E2L) and E2 high 

(E2H) phonon frequency peaks of ZnO structure in ZnO microwire, around 97 and 

436 cm-1 respectively. 

 

Fig.2.6. Schematic diagram of Raman measurement strain and strain free-state 
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There is no obvious Raman shift was observed in E2LH phonon frequency of 

ZnO microwire under strain and strain free state.  In ZnO nanowire, E2L phonon 

frequency is observed at 106.49 cm-1, which is downshifted to 103.82 cm-1 after 

applying strain. The down shift in shift in E2L phonon frequency was mainly due to 

the experience of tensile strain under strain condition [5], which was shown in 

Fig.2.7.  

The piezoelectric nanogenerator was fabricated using as grown ZnO 

microwire, which was schematically represented in Fig.2.2. The digital image of the 

fabricated device was shown in the Fig.2.8. The experimental setup used for applying 

force to the device was shown in Fig.2.9. The one end of the device fixed with 

support and other end was free movement. When applying the force at free end it 

will bend which creates the strain over the ZnO microwire.  

                         

Fig.2.7. Raman spectra of ZnO microwire at strain and strain free state. 



24 

 

                         

Fig.2.8. ZnO microwire based piezoelectric nanogenerator, a) single wire, b) double wire, c) 

three wire, and d) four wire 

                      

Fig.2.9. Schematic diagram of the force applying setup 

At first open-circuit voltage was measured under forward connection by 

connecting the positive and negative terminal of the measurement system to the 

positive and negative end of the nanogenerator. The schematic representation of the 

connection configuration was shown in Fig.2.10. In order to check the real output 

from the device, we have performed the switching-polarity test. At reverse 

connection, the positive and negative end of the nanogenerator was connected to the 

negative and positive terminal of the measurement system. At forward connection, 
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the positive peaks corresponding to the stretching states of the microwire when the 

free end of the substrate is bended downward. When the substrate is released, the 

microwire returns to original state, which results negative peak in the measurement. 

At the reverse connection, the peaks are reversed, the stretching peaks at negative 

side and release peak at positive side. The same trend was observed in both open-

circuit voltage and short circuit current. Here, we have fabricated different device 

with various no of microwire such as 1 wire, 2 wires, 3 wires and 4 wires. At first, 

we have measured electrical output of the single wire piezoelectric nanogenerator 

which was shown in Fig.2.11. For single microwire based piezoelectric 

nanogenerator generated the maximum open-circuit voltage of around 9 mV and 5.5 

mV under forward and reverse connection respectively. 

                  

Fig.2.10. Schematic diagram of the device connection in forward and reverse connection 

 The maximum short-circuit current was produced in this device was around 

0.6 nA under both forward and reverse connection. When integrating with two 

microwires, the generated open-circuit voltage and short-circuit current was 
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increased to 20 mV and 3 nA respectively. The electrical output performance of the 

two piezoelectric nanogenerator was shown in Fig.2.12. 

                  

Fig.2.11. Single wire nanogenerator, open-circuit voltage and short circuit current under 

forward and reverse connection condition 

                    

Fig.2.12. Two wire nanogenerator, open-circuit voltage and short circuit current under 

forward and reverse connection condition 
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Fig.2.13. Three wire nanogenerator, open-circuit voltage and short circuit current under 

forward and reverse connection condition 

 

 Likewise, integrating the more number of wires in the device increased the 

output voltage and current in linearly. In this study we have integrated totally four 

number of wire which produced maximum open-circuit voltage and short-circuit 

current of 60 mV and 3 nA respectively. The output performance of the three and 

four wire nanogenerator was shown in Figs.2.13 and 2.14. 
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Fig.2.14. Three wire nanogenerator, open-circuit voltage and short circuit current under 

forward and reverse connection condition 

The mechanism for output generation in the microwire was explained by the 

generation of piezo-potential over the nanowire [6-8]. The detailed mechanism was 

shown in Fig.2.15. Due to existence of schottky at the one end of microwire restrict 

the flow of electron from nanowire because of higher local resistance. When apply 

external force to bend or stretch the microwire piezo-potential was generated along 

the microwire surface due to polarization of atoms in the crystal to create ionic 

charges. The polarized ions in the microwires are non-movable; it remains until 

release of strain. The positive and negative piezo-potential was generated at schottky 

barrier end and other side (ohmic) of the wire respectively. The presents of schottky 

contact will raise the energy of the Fermi level of electrode at ohmic contact side to 

ZnO conduction band, which gives raise to flow of electron ohmic contact electrode 

to high resistance schottky side through external load. The flown electrons 

accumulate at the interfacial region between the schottky barrier electrode and the 
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wire, and this accumulation process was continued until to get the balance of 

generated piezoelectric potential and accumulated electron potential. When releasing 

the strain, the generated piezo-potential was disappearing to attain equilibrium the 

accumulated electron at schottky barrier side move to other side electrode through 

external circuit.   

                       

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.15. Mechanism of electrical output generation in ZnO microwire based nanogenerator 
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2.3. Fabrication of ZnO Microwire - Polyvinylidene fluoride (PVDF) based 

inorganic- organic hybrid piezoelectric nanogenerator 

 To improve the output of the microwire based nanogenerator, we have 

fabricated inorganic-organic core-shell structure. For this purpose, we have coated 

polyvinylidene fluoride (PVDF) over the half of the ZnO microwire by dip coating 

method. The PVDF coated microwire was lay down on the flexible substrate. The 

fabricated hybrid device was allowed to dry at 60°C for 12 h at hot air oven. After 

drying the device, we have made electrical contact using Cu wire and silver paste. 

The one connection was taken from ZnO microwire and another one from PVDF. 

After make contact, the whole device was packed with PDMS. The schematic 

diagram of the fabricated device was shown in Fig.2.16.  

                            

Fig.2.16. Schematic diagram of ZnO microwire - PVDF hybrid piezoelectric nanogenerator  

 To confirm the PVDF coating over the ZnO microwire, we have measured 

Raman spectrum at the interface of ZnO-PVDF. The inset shows the optical image of 

hybrid structure, which is not clearly showing the PVDF coating over the microwire 

due to thin layer of PVDF over the microwire. To further, confirm we measured 

Raman spectrum, which clearly indicating the coating of β- phase of PVDF. The 

existence of β- phase PVDF give the additional piezo-potential during the applying 
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strain. The Fig.2.17 shows the Raman spectrum of the ZnO microwire-PVDF hybrid 

wire. 

 

Fig.2.17. Raman spectrum of ZnO microwire - PVDF hybrid wire. The inset shows the 

optical image took in Raman instrument  

 

 

 

 

 

 

 

 

Fig.2.18. The electrical output performance of the ZnO microwire- PVDF hybrid 

nanogenerator, open-circuit voltage and short circuit current under forward and reverse 

connection condition 

We have fabricated the piezoelectric nanogenerator using the ZnO microwire- 

PVDF hybrid wire. The measured open-circuit voltage and short-circuit current of 
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the hybrid device under forward connection is shown in Fig.2.18. The fabricated 

device generated open-circuit voltage and short circuit current of 10 mV, 20 mV and 

2.5 nA under forward and reverse connection respectively. The fabricated device 

showed higher output than bare ZnO based device. The mechanism of energy 

generation in the hybrid device was explained based on the piezoelectric effect. Due 

to presents of PVDF in the device increase the schottky barrier height and reduced 

the leakage current through schottky barrier, which improved the output performance 

of the device. 

2.4. Conclusion    

 This chapter discusses the detailed growth of ZnO microwire through vapor 

transport method.  The grown microwire was characterized with XRD, FE-SEM, and 

Raman spectrum. Finally, the piezoelectric nanogenerator was fabricated by using 

these microwires. Here, we have studied the performance of nanogenerator when 

increasing no wires. We have studied until four wires and results concluding that the 

output increases with increase of number of nanowire. To further improve output, we 

have fabricated hybrid device using PVDF as a shell over the microwire. The coating 

of PVDF improved the output performance of the nanogenerator by reducing leakage 

current and increase Schottky barrier height. 
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Chapter -III 

Aligned Nanowire Array Based Nanogenerator 

 

This chapter presents the growth of vertically align ZnO nanowire array on 

flexible substrate using low temperature hydrothermal method. The grown ZnO 

nanowire was well characterized using X-ray diffraction pattern, FE-SEM. We 

fabricated piezoelectric nanogenerator using vertically aligned ZnO nanowire on one 

side and double side. The detailed analysis of nanogenerator characteristics was 

discussed. Further, We fabricated a new device structure consists of double side 

grown ZnO nanowire array sandwiched between gold coated ZnO nanowire arrays 

using polydimethylsiloxane and this devices was  effectively used to energy 

harvesting from human body movement.  
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3.1. Introduction 

Recent years, quasi-one dimensional nanostructures are created enormous 

interest towards their technical application and in-depth analysis over their properties 

because of unique properties than their bulk counterparts. It is an ideal system to 

explore a novel phenomenon at the nanoscale relating with size, dimension and 

directional. One dimensional nanostructure is expected to play an important role in 

the development of science and engineering.  The one-dimensional nanostructures 

such as rod, wire, springs/rings and belt received more attention in many applications 

including field effect transistors [1, 2], UV lasers [3], light emitting diodes [4], solar 

cells [5], photodetectors [6], nanogenerators [7], and piezotronics [8], catalysis etc.  

To demonstrate the various applications, synthesis of one dimensional nanostructure 

with control over size, aspect ratio, orientation and density are significant and much 

needed one. There are main methods are available to grow one dimensional 

nanostructures such as physical vapor deposition [9, 10], MOVCD [11], MBE [12], 

chemical vapor deposition [13], pulsed layer deposition (PLD) [14] and the wet 

chemical method [15]. For large scale, low cost and easy fabrication, hydrothermal 

method is one of the fascinating methods to fabricate one dimensional nanostructure 

with controlled aspect ratio and orientation with higher crystallinity at low 

temperature (< 100 ºC).  

3.1.1. Synthesis of vertically aligned ZnO nanowire array 

The ZnO nanowire array was grown through seed mediated hydrothermal 

method on various substrates such as Si, ITO coated glass/PET and PET substrate. 

To optimize the experimental condition and explore the experimental parameters, we 



36 

 

have chosen only flexible substrate. The substrates were cleaned by ultrasonication 

consecutively in different solution such as ethanol, acetone, and isopropyl alcohol 

and deionised water each for 15 min. Initially, substrates were dried by nitrogen gas 

blew and in oven for 1 hr at 60°C. The ZnO seed layer was coated on the cleaned 

substrate by spin coating method. The ZnO nanowire array was grown on the 

substrate using hydrothermal method. For hydrothermal reaction, the solution was 

prepared by dissolving equal concentration of zinc nitrate hexahydrate and 

hexamethylenetetramine (HMTA) in de-ionized water. 

The ZnO nanowire was grown during hydrothermal reaction based on the 

following reactions, 

HCHONHOHNCH 646)( 32462   --------------  (1)   

 

  OHNHOHNHOHNH 42323 .  --------------  (2)  

 

OHZnOOHZnOHZn 22

2 )(2    --------------  (3)  

At the start of hydrothermal reaction, HMTA hydrolyzes into ammonia and 

formaldehyde as per equation (1). The existence of ammonia in the solution 

increased the pH of the growth solution. Here, HMTA release ammonia in controlled 

and slowly to reaction solution, which hold the constant pH over the reaction period, 

simply it act as a buffer. Then, ammonia reacts with water molecules, which form 

ammonium hydroxide.  Then, Zn2+ react with OH- released from ammonium 

hydroxide form different kinds of hydroxide monomers such as Zn (OH)+, Zn(OH)2, 

Zn(OH)3
-, Zn(OH)4

-, like equation (2)&(3).  Finally, ZnO nuclei are formed by the 
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dehydration of zinc hydroxide at the seed layer surfaces as equation (3). The rapid 

hydration followed by condensation of zinc hydroxide forms ZnO nanowire. The 

existence of HMTA and ammonia observed over the particular planer surface of ZnO 

nanocrystals, which hinders their growth along that direction and it meant grow only 

certain direction. Even though, the exact mechanism and role of HMTA during the 

ZnO nanowire growth is still unclear. 

The controlling of the chemical equilibrium of the reaction solution helps to 

control the size, aspect ratio, density and orientation of nanowires and crystallinity.  

The equilibrium of the reaction was controlled by changing reaction parameters, such 

as reactants concentration and growth duration. By adjusting concentration of the 

reactant solution controls the density of the nanowires and aspect ratio, morphology 

of the nanowires was controlled by growth time and temperature. In this part, we 

detail analyzed about the vertical growth of ZnO nanowire array over different 

substrate, seed solution concentration, growth time and concentration. 

3.1.2 ZnO Seed layer  

To explore the relation between ZnO seed layer concentration and 

crystallinity, morphology of the nanowire, we have performed a serious of 

experiment with different concentration of seed layer concentration at constant 

hydrothermal reaction solution concentration (50 mM) and growth temperature, time 

of 90° C, 6 h.   

The ZnO sol-gel precursor was prepared as follows: the different 

concentration (0.2, 0.4, 1 M) of ZnO seed solution was prepared as follows; an equal 
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mole of zinc acetate and monoethanolamine was dissolved in 50 ml of 2 – 

methoxyethanol. The solution mixture was stirred for 30 min at 60 °C and then the 

solution was allowed to cool down to room temperature under stirring condition. The 

prepared transparent solution was aged at ambient condition for 48h to check the 

stability of the solution. The aged seed solution was spin coated at 2000 rpm for 20 s 

on flexible substrate and dried at 100 °C for 10 min in a hot air oven. The Fig.3.1 

shows the XRD pattern of the as grown ZnO nanowire array on flexible PET 

substrate with different seed layer concentration. From these results, we conclude 

that the higher concentration of seed layer solution formed a good crystalline 

nanowire array compared to other concentration. 

                       

Fig.3.1. X-ray diffraction pattern of the as grown nanowire with different seed layer 

concentrations (0.2, 0.4, 1 M) at 50 mM of Zinc nitrate/HMTA @ 90°C for 6 h 

 

Fig.3.2 shows the FE-SEM image of vertically grown ZnO nanowire array on 

different concentration seed layer. The higher concentration of seed solution results 

smaller and orientated nanowire array compare to 0.2 and 0.4 M concentration. At 
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lower concentration, the nanowire diameter was small and also in mixed structure 

which contains, sheets and higher diameter nanowires. The higher concentration of 

seed solution is optimum for growing well aligned nanowire array. 

                         

Fig.3.2. Field emission scanning electron microscopic (FE-SEM) image of ZnO nanowire 

grown at 50 mM of Zinc nitrate/HMTA @ 90°C for 6 h with different seed layer 

concentration (0.2, 0.4 and 1 M) 

 

3.1.3. Different Substrate  

To study the effect of substrate on the nanowire growth, we have grown ZnO 

nanowire array on Si and ITO coated glass substrate. A  Si / ITO coated glass 

substrates were cleaned by a standard cleaning progress. First, the substrate was 

sonicated consecutively in acetone, ethanol and de-ionized water each for 10 

minutes, then substrate was dried by nitrogen gas blew and then baked in oven to 

remove moisture and remain water. Then, 0.2 M ZnO seed layer was coated on the 

substrate by spin coating method. The spin coating process was carried out for 3 

times and after each coating the substrate was dried at 100°C for 5 min and finally, 
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annealed at 500°C for 1 hr.  The ZnO nanowire was grown by hydrothermal method, 

which is described in detail as follows. An equimolar (0.075 M) aqueous solution of 

Zinc nitrate (Zn(NO3)26H2O)and Hexamethylenetetramine (HMTA,(CH2)6N4) was 

dissolved in 50 ml of DI water with molecular ratio of 1:1. The prepared solution 

was transferred to 100 ml Teflon container and the seed layer coated substrate was 

hanged in Teflon container.  Hydrothermal reaction was performed at 95°C for 6 h. 

Finally, the samples were rinsed in DI water and then dried in air at 60 °C for 5 min. 

                           

Fig.3.3. XRD pattern of ZnO nanowire array grown on ITO and Si substrate 

Fig.3.3. shows the X-ray diffraction pattern of ZnO nanowire array grown on 

ITO/Si substrate. From diffraction pattern, we observed one dominant peak at 34.36° 

which corresponds to ZnO (0 0 2) plane and another peak at 72.32° this corresponds 

to ZnO (0 0 4) plane (JCPDS 65-3411). The ZnO (0 0 2) plane was corresponds ZnO 

wurtzite structure. The higher crystallinity was observed in ITO substrate than Si 

substrate. The morphology of the ZnO nanorods were analyzed through FESEM 
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which shown in Fig.3.4. The FESEM result was conformed the vertical orientation, 

highly dense nanorods and uniformly orientated in whole sample area. The length 

and diameter of the grown ZnO nanorods was measured from FESEM which have 

the diameter of 180 – 300 nm and 2-3 μm of length.    

                   

       Fig.3.4. FE-SEM image of ZnO nanowire array grown on ITO and Si substrate 

3.1.4. Growth temperature  

To explore the relation between growth temperature and aspect ratio and 

orientation of   nanowire, we have performed a serious of experiment with different 

growth temperature at constant hydrothermal reaction solution concentration (50 

mM) for 6 h.   

The 1 M ZnO seed layer was coated on the flexible substrate by spin coating 

method. The spin coating process was carried out for 3 times and after each coating 

the substrate was dried at 100°C for 5 min. An equimolar (0.05 M) aqueous solution 
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of Zinc nitrate (Zn(NO3)26H2O)and Hexamethylenetetramine (HMTA,(CH2)6N4) was 

dissolved in 50 ml of DI water. The prepared solution was transferred to 100 ml 

Teflon container and the seed layer coated substrate was hanged in Teflon container.  

Hydrothermal reaction was performed at different temperature such as 60, 70, 80 and 

90°C for 6 h. 

At the various growth temperatures, the growth of non plar surface is almost 

compared to polar surface growth that means the variation of diameter almost 

constant for different growth temperature. But in case of length increased with 

increasing temperature and also density, orientation of nanowire were higher at 90 

°C, which is shown in Fig.3.5. From this experimental study we concluded that 1 M 

seed layer concentration with growth solution concentration of 50 mM at 90°C  for 6 

h were optimum condition to grow the vertically aligned nanowire array over the 

flexible substrate.  
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Fig.3.5. Field emission scanning electron microscopic (FE-SEM) image of ZnO nanowire 

grown at different growth temperature 

 

3.2. Single side Aligned ZnO Nanowire array based nanogenerator 

Fig. 3.6 represents detailed process of aligned ZnO nanowire array growth 

over flexible IT coated PET substrate by low temperature hydrothermal method. The 

seed layer (1 M) was coated over the cleaned ITO substrate by spin coating method. 

The nanowire was grown through hydrothermal reaction and reaction was carried out 

in equimolar zinc nitrate/HMTA solution (50 mM) at 95°C for 8 h.  
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                Fig.3.6. Schematic diagram of the aligned ZnO nanowire growth 

 

The crystallinity and orientation of the grown ZnO nanowire array were 

measured through X-ray diffraction pattern, which is shown in Fig.3.7. The observed 

XRD pattern is well agreement with standard JCPDS (JCPDS card - 36-14510).  In 

XRD pattern, a predominant peak observed at 2θ of 34. 4, which is originated from 

the (002) plane of ZnO NWs. Micro-Raman analysis was carried to analysis the 

microstructure of the aligned nanowire array.  According to group theory, ZnO have 

nine optical phonon modes and three acoustic phonon modes. The available phonon 

modes such as E2 (low and high), A1 [(TO) transverse optical and (LO) longitudinal 

optical] and E1 (TO and LO) are Raman active, which expressed as [16]. 

                                

  2111 2121 EEBAopt                  ----------------------- (1) 
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Fig.3.7. X-ray diffraction pattern of aligned ZnO nanowire array on single side of the PET 

substrate  

 

In as grown aligned nanowire (Fig.3.8), we observed only E2 (low), E2 (high), 

which confirms the wurtzite structure of ZnO. The existence of higher intensity of E2 

(high) indicates the high crystalline nature of the nanowire. 

                   

           Fig.3.8. Raman spectrum of as grown aligned ZnO nanowire array  
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The surface morphology of the aligned nanowire array was analyzed through 

field emission scanning electron microscopy (FE-SEM), which is shown in Fig.3.9. 

The image indicates the homogeneous and uniform growth of nanowire over the 

whole substrate.  The nanowires are well-aligned and vertically oriented with 

average diameter of ∼ 60–100 nm and ∼ 3–4 µm in length. 

                  

Fig.3.9. FE-SEM image of aligned nanowire array in-plane view. Insets cross sectional and 

20° tilted view. 

The piezoelectric nanogenerator was fabricated using aligned nanowire array 

by coating poly (methyl methacrylate) (PMMA) over the nanowire array through 

spin coating and Au top electrode was fabricated through thermal evaporator. The 

connection was taken out from top Au and bottom ITO electrode through Cu wire. 

The whole device was packed with polydimethylsiloxane (PDMS), to avoid breaking 

of device during measurement. The performance of the fabricated nanogenerator 

device (active area 1.5 x 1.5 cm2) was tested through bending tester under pressing 

condition.  
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Fig.3.10. The electrical output performance of the single side ZnO nanowire array 

nanogenerator, output voltage under forward and reverse connection condition. 

The Fig.3.10 represents the measured output voltage (V) from nanogenerator 

under forward and reverse connection. The origin of generating voltage was verified 

by conduct the polarity test (reverse bias). The result revealed that the generated 

voltage in forward bias condition is a negative voltage side. When change the 

polarity of the device, the voltage changes to the positive voltage side which 

confirms the generated voltage is only from the nanogenerator. The maximum 

voltage generator under forward and reverse connection are 0.4, 0.2 V under the 

pressing speed of 25 mm.s-1. 
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Fig.3.11.The electrical output performance of the single side ZnO nanowire array 

nanogenerator at different pressing speed of 25, 50  mm.s-1. 

To check effect of the pushing speed on the output performance of 

nanogenerator, we have tested under different pushing speed of 25, 50 mm.s-1. When 

increasing pushing speed the output of the nanogenerator increased due to increase of 

higher force over the nanowire, which was shown in Fig.3.11. The maximum output 

voltage and current was observed at 50 mm.s-1, which are 1 V and 0.18 µA. 

The mechanism for voltage and current generation in the device is based on 

the piezoelectric effect. When the device is deformed by an external force, a 

piezoelectric potential generated in the ZnO nanowire. The existence of a potential 

gradient over nanowire from top to bottom will induces the charges over the top and 

bottom electrode. The induced charges in the top and bottom electrode have a 
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potential difference which will drive the electron in the external circuit to get 

equilibrium under strain condition. When applied force is released, the generated 

piezo-potential over the nanowire will vanish, which disturb equilibrium again. To 

attain the equilibrium, electron flow back in the opposite direction. 

                   

Fig.3.12. The rectified voltage and current under pressing speed of 50 mm.s-1. The digital 

images of the electronic device powered through nanogenerator. 

To demonstrate the application of nanogenerator, we have constructed bridge 

rectifier circuit, which consists of four diodes. The constructed rectifier rectified the 

nanogenerator output, which was shown in the Fig.3.12. The maximum rectified 

output of the nanogenerator was 1 V and 0.15 µA. the rectified output was stored in 

commercial capacitor (1 µF) to drive the green light emitting diode (LED) and liquid 

crystal display (LCD). The harvested energy was successfully stored in capacitor and 

applied to LED and LCD to power up.  

3.3. Double side Aligned ZnO Nanowire array based nanogenerator 

In this section, we demonstrate new device architecture to harvest the 

mechanical vibration into electric energy using both piezoelectric effect from 
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vertically aligned zinc oxide nanowire (ZnO NW) and triboelectric effect from 

PDMS. Vertically aligned ZnO nanowire was grown on both sides of the flexible 

substrates and sandwiched between the gold coated vertically aligned ZnO nanowire 

electrode substrate using PDMS. The gold coated ZnO NW array was used as an 

electrode to enhance the effective contact between the electrode and nanogenerator. 

This modified novel structure have potential to extract more energy from the device 

due to unevenly aligned nanowire surface creates the more contact area as well as the 

introduction of  inductance charges in PDMS layer by triboelectric effect.  

3.3.1 Preparation of ZnO seed layer  

The flexible polyethylene terephtalate (PET) substrate was used for 

fabricating ZnO nanogenerator.  First, the flexible substrate was cleaned with ethanol 

and deionized (DI) water in bath sonicator for 30 min respectively. ZnO seed layer 

was coated by sol-gel spin-coating method. The ZnO seed solution was prepared as 

follows, equal mole of zinc acetate (1 M) and monoethanolamine was dissolved in 50 

ml  of 2-methoxyethanol. The solution mixture was stirrer for 30 min at 60 °C after 

that solution allowed to cool ambient temperature under stirrering condition. The 

prepared transparent solution was aged at ambient condition for 48 hr for checking 

any precipitation formation. The aged solution was spin coated at 2000 rpm for 20 s 

on flexible PET substrate and dried at 100 °C for 10 min in hot air oven. This process 

was repeated for five times.  The seed layer was coated for both sides for active layer 

and electrode layer coated on one side.  

3.3.2 Growth of ZnO nanowire array  

An equimolecular (25 mM) aqueous solution of zinc nitrate hexahydrate and 

hexamethylenetetramine and 0.5 ml of directional agent polyethylenimine (PEI) was 
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dissolved in 50 ml of DI water with molecular ratio of 1:1. The prepared solution 

was transferred to 100 ml Teflon container and seed layer coated substrate was 

hanged in Teflon container. Hydrothermal reaction was performed at 90 °C for 6 h. 

Finally, the samples were rinsed with DI water to remove the residual present on the 

surface and then dried in air at 100 °C for overnight. The ZnO nanowire was grown 

in both side of the flexible PET substrate its act as an active layer for nanogenerator. 

For electrodes the ZnO NW array were also grown on single side of two other 

flexible PET substrates with similar procedure. The gold electrodes were coated over 

these one sided grown ZnO NW array using thermal evaporation. These two one 

sided gold coated ZnO NW array will act as top and bottom electrodes for the 

prepared nanogenerator.  

3.3.3 Fabrication of ZnO nanowire nanogenerator 

The double side grown ZnO nanowire substrate was sandwiched between the 

gold coated ZnO nanowire substrate using PDMS. The sandwiched device was 

pressed using 150 g weight over the top of the device it will help to attach properly.  

The device was dried at 70 °C for overnight in oven. The electrical contact was taken 

from top and down side of gold coated ZnO nanowire through Cu wire using silver 

paste. After drying the whole device wrapped with scotch tab to prevent peel off 

problems.  

3.3.4. Results and discussion  

The detailed step by step process of ZnO NW growth and fabrication of the 

nanogenerator device was schematically presented in Fig.3.13. The low temperature 
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hydrothermal method was used to grow vertically aligned ZnO NW array on the 

flexible substrate for fabrication of the nanogenerator device.  

                         

Fig.3.13. Schematic diagram of the ZnO nanowire growth and nanogenerator device 

fabrication process 

 

The crystallinity and orientation of the grown ZnO NW array on the PET 

substrate were studied through X - ray diffraction method, which is depicted in 

Fig.3.14. The observed XRD pattern is well matched and indexed with standard 

JCPDS (JCPDS card - 36-14510) [17].  In XRD pattern, a predominant peak at 34. 4º 

is originated from the (002) plane of ZnO NWs. The (002) orientation indicates the 

c-axis growth of ZnO, which is normal to the substrate surface. Since few nanowires 

are bent randomly, therefore few small peaks corresponding to other crystalline 

planes of ZnO were also observed. ZnO NW arrays were uniformly grown on both 

sides of the substrate, as evident from the optical image of a grown ZnO NW array 

on the PET substrate shown in Fig.3.15a. The optical image of the gold coated ZnO 

NW (ZnO NW @ Au) array is shown in Fig.3.15b. The ZnO NW @ Au array on two 
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separate flexible PET substrates was served as metal electrode for top and downside 

of the nanogenerator.  

       

Fig.3.14. XRD pattern of vertically grown ZnO nanowire on PET substrate 

 

The surface morphology of the grown ZnO NW array on a flexible PET 

substrate from normal view and 20º tilted view (insert) was imaged through FESEM, 

which is reported in Fig.3.15 c and d. The FESEM images confirm the vertical 

orientation of ZnO NW, which is densely packed over the whole substrate. The 20º 

titled view of ZnO NW on a flexible substrate shown in the inset of Fig.3.15c, which 

clearly indicates the c-axis orientation of the ZnO NW. The average length and 

diameter of as grown ZnO nanowire was 2 – 3 µm and 70 – 100 nm respectively. 

The FESEM image of the gold coated ZnO NW array is publicized in Fig.3.15d, 

which depicting each ZnO nanowire is fully covered by gold like core shell structure 

(more clear in insets).   
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Fig.3.15. The optical and FESEM image of a) as grown ZnO nanowire, b) Gold coated ZnO 

nanowire, c) top view of as grown ZnO nanowire (insert: 20° tilted image), d) top view of 

gold coated ZnO nanowire (insert: 20° tilted image & higher magnification).   

 

Fig.3.16a represents the 3-dimensional schematic diagram embodies the 

hybrid device structure of the fabricated nanogenerator. The digital image and 

interface manifestation of the fabricated nanogenerator was represented in Fig.3.16 b, 

c respectively. The top and bottom ZnO NW @ Au act as an array of tips to deflect 

the ZnO NW array grown on another flexible substrate on both sides. The 

piezoelectric and semiconducting properties of ZnO were coupled for charge creation 

and accumulation, transfer respectively [18]. The strain will occur in the uncoated 

ZnO NW array by the deflection or bending of electrode when it experience stress 

from the environment at any direction. Because of these stresses on the nanowire, the 

piezo-potential was generated on both sides of the uncoated ZnO nanowire and 

extracted and then transported through electrode. The non-uniform lengths of gold 

coated nanowire arrays have created more interface contact when it bend /fold, which 
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increase the transfer efficiency effectively. In this study, the nanogenerator device 

with four layer structure includes two ZnO NW @ Au array and two uncoated ZnO 

NW array. The double side grown ZnO NW was entangled with ZnO NW @ Au 

array on both sides. 

 

Fig.3.16. a) 3D Schematic representation of the fabricated nanogenerator device. b) Digital 

image of the real device. c) FESEM image of interface depiction. 

 

The output voltage and current generated in this architecture can be explained 

via two mechanisms that are piezoelectric and triboelectric principles. The 

piezoelectric potential is generated by the strain applied to nanogenerator such as 

bending, pressing. It was assumed that ZnO NW array behave like a film oriented 

along c-axis. In case of bending, the double sided nanowire array will subjected to 

tensile strain on one side due to stretching in nanowire film and compressive strain 

on the other side owing to compression in nanowire film. In case of ZnO NW @ Au 

array will not be generated the piezo-potential due to the metallic conductivity of the 

surface, which will nullify the polarization of charges. When the substrate is being 
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bent (top to a downside), then tensile and compressive stress will generate on top and 

bottom side of the nanogenerator respectively.  Due to tensile stress on top side (ZnO 

NW @ Au substrate) results in the compressive strain along the c–axis direction of 

ZnO NW. The compressive strain generates the piezo-potential distribution which 

drops from root to top of the nanowire.  At the same time bottom-side of the NW 

array experiences compressive stress, which produce tensile strain along c-axis. The 

higher piezo-potential generated at the tips of the nanowires in bottom side. The 

potential difference between top and bottom side of nanowire array is same, then the 

potential is added constructively. The generated piezo-potential introduces the 

induced charge on a ZnO NW @ Au electrode, which will derive the electron in an 

external load. The bending and pressing of nanogenerator creates friction at nanowire 

and PDMS interface due to stretching and compression of nanowires. Friction of the 

nanowires induces the electrostatic charge on PDMS surface by triboelectric effect. 

Simultaneously, opposite charge was induced on the ZnO NW @ Au surface which 

will derive the electron in an external load [19].  

The as grown  ZnO nanowire have a higher surface defect mostly oxygen 

related defects, which generates free electron in crystal lattice as well as the reactive 

center for chemisorptions process. These native defects affect the piezo-potential 

distribution in the nanowire [20]. In this device PDMS play an important role. 

Firstly, it passivates the ZnO NW and reduces depletion layer formation due to 

chemisorptions. Because of the passivation improved the nanogenerator performance 

which was already reported by Y.Hu et al [21]. Then due to capillary force and the 

force applied due to the weight PDMS flow inside the nanowire and fill the gap 
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between nanowires. These PDMS holds the nanowire as stiff like film when 

stretching.  

                  

Fig.3.17. Electrical measurements of the nanogenerator device, a) open circuit voltage, and 

b) short circuit current of the PDMS device during the multiple folding and releasing of 

nanogenerator by fingers, c) Open circuit voltage, and d) short circuit current of the PET 

device during the multiple folding and releasing of nanogenerator by fingers. 

In case strain applied by pressing, the top side ZnO NW @ Au substrate 

applies compressive stress to the uncoated ZnO NW substrate.  At the same time 

bottom nanowire array felt compressive stress from downside electrode. The applied 

compressive stress produces tensile strain along the ZnO growth direction and 

generates the piezo-potential gradient from root to top of the nanowire. The same 

potential gradient was generated in top and bottom side of the substrate. This 

potential difference derives the transient flow of inductance charges [19].  The 

presence of PDMS in the device increases the inductance charge due to triboelectric 

effect. We checked the contribution of the triboelectric effect of our device by 

making a separate device made by PDMS film and PET substrate separately with the 
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same device area. This device generated low electrical power output compared to 

nanogenerator made by ZnO NW. The measured voltage and current was shown in 

Fig.3.17. From these results we confirmed that the generated voltage is combined 

effect of the piezoelectric from ZnO NW and triboelectric effect of PDMS and PET 

substrate. At this point, ZnO nanowire playing dual role to generating piezo-potential 

as well as templates for desired shape to PDMS [22]. In our device, PDMS plays an 

important to produce the triboelectric effect and also act as a dielectric between two 

ZnO NWs as well as it passivate the ZnO NW surface.  

The human body contains enormous quantities of energy in the form of heat, 

fat, kinetic energy from physical movement. This creates interest to exploit this 

enormous power in an effective way. The development of low power devices opens 

this possibility to use human as a self-powered system to power up the wearable 

electronic devices.  Here, we demonstrate the energy harvesting from human body 

movement by converting biomechanical energy to electrical energy using ZnO NW 

nanogenerator. The body movements like folding, pressing and stretching of finger 

were effectively utilized for generating strain on the nanogenerator. We have 

measured the output power generated by the nanogenerator with periodic bending 

and unbending conditions. The performance of the fabricated nanogenerator device 

(active area 1.4 x 4.4 cm2) was tested by fixing the device on above and down of the 

finger for energy harvesting from the movement of a finger. The Fig.3.18a represents 

the real time picture of bend created by periodic stretching and releasing of fingers 

and measured the open-circuit voltage (Voc) and closed circuit current (Isc).  
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Fig.3.18. Electrical measurement of the nanogenerator device, a) digital image of 

nanogenerator device when folding and releasing using hand, b) open circuit voltage of the 

device the during multiple folding and releasing, and c) the enlarged view of the boxed area 

of voltage and schematic diagram of biased condition (inset), d) closed circuit current of the 

device during the multiple folding and releasing, and e) the enlarged view of the boxed area 

of current.  

 

The generated voltage and current were shown in Fig.3.18 b, d and enlarged 

view of the voltage and current (Fig.3.18 b, d) for forward bias, which corresponds to 

the folding and unfolding state of the device. The origin of generating voltage and 

current was verified by conduct the polarity test (reverse bias) [23]. The result 

revealed that the generated voltage in forward bias condition is a positive voltage 

side. When change the polarity of the device, the voltage changes to the negative 

voltage side which confirms the generated voltage is only from the nanogenerator. 
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Fig.3.19. Electrical measurement of the nanogenerator device, a) digital image of 

nanogenerator device when folding and releasing using hand, b) open circuit voltage of the 

device the during multiple folding and releasing, and c) the enlarged view of the boxed area 

of voltage and schematic diagram of biased condition (inset), d) closed circuit current of the 

device during the multiple folding and releasing, and e) the enlarged view of the boxed area 

of current.  

The average peak to peak at voltage and current were generated in 

nanogenerator when folding the finger was 30 V to – 20 V and 300 nA to - 150 nA 

(average current density 48.70 nA/cm2) in forward bias. Peak to peak at voltage and 

current in the reverse biased condition was 2 V to – 20 V and - 150 nA to 150 nA, 

which is opposite polarity with reduced voltage (Fig.3.19). The output power 

densities of the nanogenerator in forward and reverse bias are 0.390 and 0.130 

mW/cm2 respectively. Height of the voltage peak was different in folding and 

releasing condition, which is due to different strain rate [23-26]. The average peak 

current of the device was same, which confirms the similar amount of charge 

transferred at folding and releasing conditions [26]. The non-symmetric behavior 

observed in voltage and current before and after switching the polarity because of 
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non-uniform strain rate was experienced in nanogenerator device when folding and 

releasing the device [27].  

                

Fig.3.20. Electrical measurement of the nanogenerator device with flat electrode, a) open 

circuit voltage, and b) short circuit current during the multiple folding and releasing of 

nanogenerator.  

 

We compared our device performance with normal flat electrode 

nanogenerator and Au coated nanowire nanogenerator without PDMS. The 

performance of this device increased nearly 10 times higher than conventional flat 

electrode as well as ZnO NW @ Au electrode. This dramatic increase in the device 

efficiency is attributed due to the combined piezo and triboelectric effects of ZnO 

NWs and PDMS respectively. The results are shown in Figs.3.20 and 3.21.   

            

Fig.3.21. Electrical measurement of the nanogenerator device with Au coated ZnO nanowire 

electrode without PDMS, a) open circuit voltage and, b) short circuit current during the 

multiple folding and releasing of nanogenerator.  
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The main aim of this work scavenges the energy from human body 

movement. So we tested the performance of our device for practical application 

using the stress generated by finger movement. Here, we fixed our device in two 

different places of the finger. First, we fixed the device down of index finger, and we 

tested the performance of the device when twisting the finger. The nanogenerator 

device was firmly attached to the finger using scotch tape, so that the device could 

experience enough strain when twisting the finger. The Fig.3.22a shows the optical 

image of the nanogenerator in the stretched and un-stretched (released) state. The 

average voltage and current generated by twisting of index finger is 5 V to -1 V and 

2 nA to -1.8 nA (average current density 0.325 nA/cm2) with an output power 

density of 9.492 nW/cm2. The generated output voltage is higher than previously 

reported values for other device structures [28, 29]. The generated voltage and 

current are shown in Fig.3.22b and d and enlarged view of the voltage and current 

(Fig.3.22 b and d) which corresponds to the stretching and relaxed state of the index 

finger.  
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Fig.3.22. Electrical measurement of the nanogenerator device, a) digital image of 

nanogenerator device when stretching and releasing of finger, b) open circuit voltage of the 

device during the multiple stretching and releasing, and c) the enlarged view of the boxed 

area of voltage, d) closed circuit current of the device during the multiple stretching and 

releasing, and e) the enlarged view of the boxed area of current. 
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Fig.3.23. Electrical measurements of the nanogenerator device, a) digital image of 

nanogenerator device when stretching and releasing of finger, b) open circuit voltage of the 

device the during multiple stretching and releasing, and c) the enlarged view of the boxed 

area of voltage, d) closed circuit current of the device during the multiple stretching and 

releasing, and e) the enlarged view of the boxed area of current. 

 

 

In the second measurement, we fixed the device on top of the index finger as 

shown in Fig.3.23a. The performance of the device is shown in Fig.3.23 b and d with 

an enlarged view in Fig.3.23 c and e. The measured voltage and current value of the 

device when folding and unfolding condition was 2.5 V to - 8.5 V and – 1 nA to 1 

nA (current density 0.146 nA/cm2) with power density of 8.19 nW/cm2.  
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Fig.3.24. Electrical measurements of the nanogenerator device, a) optical image of 

nanogenerator device when pressing and releasing, b) open circuit voltage of the device 

during the multiple pressing and releasing, and c) the enlarged view of the boxed area of 

voltage, d) closed circuit current of the device during the multiple pressing and releasing, 

and e) the enlarged view of the boxed area of current. 

 

 

Finally, we tested the fabricated nanogenerator device by pressing with two 

fingers, as shown in Fig.3.24a. The average voltage and current generated through 

compressive stress applied by pressing the fingers on the nanogenerator is shown in 

Fig.3.24 b and d and enlarged view of the same is shown in Fig.3.24 c and e. The 

measured output voltage and current is 24 V to – 4.5 V and 7.5 nA to – 10 nA 

(current density 1.22 nA/cm2) with an output power density of 0.115 μW/cm2 

respectively. 
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Fig.3.25. a) The output power of the nanogenerator with various load resistances. b) 

Schematic diagram of full wave bridge rectifier circuit. c) Open circuit voltage of the 

nanogenerator rectified by a bridge rectifier and enlarged view of one cycle (inset) during the 

multiple folding and releasing by fingers. d) Short circuit current of the nanogenerator 

rectified by a bridge rectifier and enlarged view of one cycle (inset) during the multiple 

folding and releasing by fingers.   

 

 

To derive the electronic device using nanogenerator or other power source, 

the load resistance was important this must match with electronic device load 

resistance. We have measured the output power of the nanogenerator with different 

load resistances. The results clearly indicating that when increasing the load 

resistance from 1 M to 100 MΩ output voltage and current was increased and further 

increase reduce the voltage and current. The maximum output power was attained at 

100 M ohm which is 0.317 mW/cm2 (Fig.3.25a). To utilize entire electrical energy 

generated in nanogenerator for one cycle of mechanical deformation by using full 
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wave rectifier circuit, which rectify both positive and negative voltage and current 

generated by folding and unfolding.  The rectified voltage and current of 25 V and 

200 nA respectively was shown in Fig.3.25 c, d, which validates the full wave 

rectification of the input signal. The inset figures indicate the one complete cycle of 

mechanical deformation created by folding and unfolding.  

To demonstrate the practical application of nanogenerator, it is necessary to 

store the generated power in external device like a capacitor, supercapacitor or 

battery. Here, we stored generated voltage in a capacitor and used to drive the 

commercial LED. The output energy was stored in commercial capacitor with the 

help of a bridge rectifier circuit, which is shown in Fig.3.25 b. The charging and 

discharging of capacitor through nanogenerator output was shown in Fig.3.26 a. The 

capacitor can be charged to 1.6 V by continuous stretching of nanogenerator for 710 

s, which is enough for deriving commercial LED (Fig.3.26 c). The enlarged view of 

charging curve showed discrete steps with increment voltage of 2 mV which is 

shown in Fig.3.26 b. The inset Fig.3.26 b indicating the time taken to store 2 mV in 

the capacitor (453 ms), which is one complete cycle of the nanogenerator (folding & 

unfolding). The present idea of integrating ZnO nanogenerator improved the 

performance of the nanogenerator device compared to conventional flat electrode. In 

future the performance of the device will be increase by improving the charge 

extraction and transport efficiency. 

 

 

 

 



68 

 

 

                

Fig.3.26. a) Voltage across the single capacitor during the multiple folding and releasing of 

nanogenerator by fingers, and b) enlarged portion of the charging curve and extended view 

of the charging curve for one cycle of folding and releasing of nanogenerator by fingers 

(inset). c) Snapshot of the LED before and after lighting up using the stored energy. 

 

3.4. Conclusion   

In this chapter, a detail discussed about the growth of aligned ZnO nanowire 

array over the various substrates and experimental conditions. The detailed growth of 

aligned nanowire array on one side double side of flexible substrate is discussed. 

Finally, this chapter concluding the optimum condition for aligned nanowire growing 

on flexible substrate was seed layer solution concentration of 1 M with hydrothermal 

reaction solution concentration of 50 mM (zinc nitrate & HMTA) at 95°C for 6 h. 

The secondly, this chapter described the fabrication and measurement of nanowire 

array based nanogenerator. 
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Finally, the novel device structure consists of four layers of the vertically 

aligned crystalline ZnO nanowire array. The vertically aligned ZnO nanowires on the 

flexible substrate were growth through hydrothermal method. The ZnO nanowire 

array grown on the both sides (top and bottom) of the PET substrates were 

sandwiched between two gold coated ZnO nanowire electrodes. This novel device 

was working in both piezoelectric and triboelectric effect. The fabricated device 

successfully applied for biomechanical energy harvesting from human body activities 

like folding, stretching, and pressing. It showed good performance against applied 

activities.  
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CHAPTER - IV 

ZnO Nanowall based nanogenerator 

 

In this chapter describes about a novel and facile way to grow the vertically 

aligned ZnO nanowall on both sides of the flexible substrate through low 

temperature, cost-effective hydrothermal method and their application toward energy 

harvesting application. The fabricated nanogenerator device structure consists of a 

ZnO nanowall structure on the both sides of the flexible substrates covered with 

poly(methyl methacrylate), and gold (Au) coating on both sides acts as an electrode. 

The fabricated nanowall nanogenerator produces the maximum output voltage and 

current of 2.5 V and 80 nA respectively, with maximum power output of 0.2 

μW·cm−2, when folding the device through the finger. Furthermore, we have studied 

the performance of the nanogenerator device with different load resistance. The 

voltage and current were linearly varied with the load resistance. The maximum 

power output (37.7 nW·cm−2) was measured at load resistance of 75 MΩ. The 

fabricated device showed the capability by driving a commercial green LED and 

LCD with the help of the capacitor.  

 

 

 

 



75 

 

 

4.1. Introduction 

ZnO is a promising material for this application [1, 2] because it is easy to 

grow and control its shape in all substrates and is nontoxic and abundant in nature. 

Recently, much attention has been paid to growing low dimensional ZnO 

nanostructures, including 1D nanostructure such as nanowires, nanobelts, nanorods, 

and nanotubes as well as 0D nanostructures such as quantum dots due to their 

enhanced electronic, optical, and mechanical properties. When compared with 0D 

and 1D nanostructures, fewer reports came in the growth and application of 2D 

nanostructures such as nanowalls and nanosheets. Many methods have been used to 

grow nanowall structures on different substrates, such as metal organic chemical 

vapor deposition (MOCVD), pulsed vapor laser deposition (PLD), 

vapor−liquid−solid (VLS) method, molecular-beam epitaxy (MBE), thermal 

evaporation method on glass, and sapphire substrate [3-5]. Kim et al. reported the 

growth of ZnO nanowall network on GaN/c-Al2O3 substrates by Au catalyst-

assisted epitaxial method. The grown ZnO nanowall network was used for hydrogen-

sensing application [3]. Kumar et al. reported the growth of ZnO nanowall and 

nanowire structure on graphene-coated c-plane Al2O3 substrates through thermal 

CVD method, and they studied the interfacing property of graphene and ZnO 

nanostructure. Furthermore, they fabricated ZnO NG using ZnO nanowall and 

nanowire structure with graphene electrode [6]. Recently, Kim et al. reported the DC 

power generation using ZnO nanosheets and anionic heterojunction, and Gupta et al. 

also reported the DC power generation using vanadium-doped ZnO nanosheets [7]. 
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To the best of our knowledge, it is the first report on the growth of ZnO nanowall 

structure of flexible substrate on both sides using the low-temperature hydrothermal 

method as well as the fabrication of the NG using this structure. Inspired by their 

pioneer work, we have developed a low temperature method to grow ZnO nanowall 

structure on both sides of the flexible substrate for energy harvesting application. 

4.2. Experimental Section 

4.2.1. Fabrication of Seed Layer  

The ZnO seed layer was fabricated on the flexible substrate by a spin-coating 

method using seed solution. The seed solution was prepared as follows: 0.5 M of 

zinc nitrate hexahydrate was dissolved in deionized (DI) water; then, 3 M NaOH 

solution was added drop wise to that solution under vigorous stirring, and it started to 

precipitate. The precipitate was centrifuged repeatedly by three times to remove the 

Na+ and NO3
− from the sample. Finally, zinc hydroxide was redispersed in 

ammonia/water (1:0.2 v/v) mixture under bath sonicator for 20 min. The final zinc 

ammonia complex (Zn(NH3)4
2+) solution was used as a seed solution. The as-

prepared seed solution was spin-coated at 2000 rpm for 20 s on flexible substrate and 

dried at 100 °C for 10 min in a hot air oven. This process was repeated three times to 

get 100 nm thicknesses. The seed layer was coated for both sides of the flexible 

substrate using the same procedure. 

4.2.2. Hydrothermal Growth of ZnO Nanowall 

The hydrothermal growth solution was prepared with an equimolecular (100 

mM) aqueous solution of zinc nitrate (Zn(NO3)2·6H2O) and hexamethylenetetramine 

(HMTA,(CH2)6N4) and 15 mM of polyethylenimine (PEI) dissolved in 50 mL of DI 

water. The prepared growth solution was transferred to a 100 mL Teflon container, 
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and seed-layer-coated substrate was hung in Teflon container. Then, hydrothermal 

reaction was performed at 90°C for 8 h. Finally, the samples were rinsed with DI 

water to remove the residual present on the surface and then dried in air at 100 °C 

overnight.  

4.2.3. Fabrication of Nanogenerator Device 

  After drying, 1μm thick poly(methyl methacrylate) (PMMA) layer was 

coated on both sides of the substrate using the spin-coating method. The top and 

down Au electrodes with thickness of 100 nm were coated on both sides of the 

substrate using a thermal evaporator. Finally, two Cu wires were connected to the top 

and a bottom electrode; then, the whole device was packed with poly 

(dimethylsiloxane) (PDMS). The electrical output of the NG was measured by the 

semiconductor parameter analyzer (Agilent, 1500 A) without any external voltage. 

The typical bending deformation was given through the finger. The photocurrent 

measurement was carried on a probe station attached with semiconductor parameter 

analyzer with the help of a Prizmatix multiwavelength LED light source with 

intensity of 8 mW·cm−2. 

4.3. Results and discussion  

The seed-mediated hydrothermal method was successfully utilized to grow 

the controlled and well-aligned ZnO nanowall structure on the flexible substrate. The 

XRD pattern was measured to identify the phase and orientation of as-grown ZnO 

nanowall, which is shown in Fig.4.1.  
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Fig.4.1.  XRD pattern of ZnO nanowall on PET substrate. 

From XRD pattern, all measured peaks are corresponding to the hexagonal 

wurtzite phase of ZnO, which is confirmed through the JCPDS file (89-1397) [8]. 

The higher intense diffraction peaks were found at (100), (002), and (101) planes, 

which indicate the in-plane and out-of-plane orientation of ZnO nanowall [9]. The 

prepared nanowall showed the preferred orientation along the c-axis orientation of 

(001) plane, and (100) orientation indicates the nanowall growth along the substrate. 

The (101) peak indicates that some of the c-axis-orientated nanowall is not 

perpendicular to the substrates that are bent (Fig.4.2a). In addition to strong peaks, 

other peaks were also were observed at (102) and (103) planes, which are from the 

bent nanowall. The growth direction and morphology of the nanowall were imaged 

through FE-SEM and are shown in Fig.4.2.  
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Fig.4.2. FE-SEM image of ZnO nanowall On PET substrate, a) lower (Scale bar: 10 μm), 

b)    higher (Scale bar: 100 nm) magnification. 

 

The typical FE-SEM image demonstrates that the ZnO nanowall structure 

was grown over the whole area of the substrate and grown perpendicular to the 

substrate, and a few of them are bent. The thickness (diameter) of 60−80 nm and the 

length of 2 to 3 μm is clearly seen from the magnified image (Fig.4.2b). The optical 

absorbance and transmittance spectrum of the ZnO nanowall on the flexible substrate 

was illustrated in Fig.4.3.  

                            

Fig.4.3. Optical absorbance and transmittance of the ZnO nanowall on both sides of flexible 

substrate 
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The grown nanowall film shows a high optical transmittance, ~92%, in the 

visible region that is due to the presence of oxygen vacancies in the nanowall [10]. 

The absorbance edge was observed at 389 nm, which corresponds to electron transfer 

from the valence band to the conduction band. The chemical compositions of ZnO 

nanowall film were investigated by XPS (Fig.4.4). The typical survey spectrum of 

ZnO nanowall film is shown in Fig.4.4a, which confirms the existence of Zn, O, and 

C, and there is no indication for the presence of impurity in the sample. The ZnO 

nanowall exhibits a double peak at 1023.4 and 1046.5 eV that corresponds to the Zn-

2p level of p3/2 and p1/2, respectively (Fig.4.4b) [10]. Fig.4.4c displays the 

asymmetric O 1s core spectrum deconvoluted with two peaks centered at 530.6 and 

532.3 eV that correspond to the O2
− ions in the wurtzite structure (O−Zn) and the 

presence of point defects or chemisorbed oxygen species [11].  
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Fig.4.4.  XPS spectrum of ZnO nanowall on flexible substrate, a) survey spectrum, b) Zn- 

2p, c) O-1s high resolution core level spectra.  

The room-temperature PL spectrum of the as-grown ZnO nanowall is shown 

in Fig.4.5. The PL spectrum of as-grown ZnO nanowall exhibits several peaks 

covering the UV and visible regions. The UV emission arises due to the bound 

excitonic recombination, also referred to as near-band emission, which is observed at 

389 nm [9]. In general, a broad visible emission, also referred to as defect level 

emission, was arisen due to the presence of defects such as oxygen vacancies, 

interstitial zinc, or zinc vacancies.  

                     

Fig.4.5.  Room temperature photoluminescence spectra of ZnO nanowall 

A broad visible emission observed at 540 nm belongs to the green emission, 

which arises due to recombination of photo generated hole with electrons generated 

from the oxygen vacancies like singly ionized oxygen, interstitial oxygen vacancies 

[9]. The intensity of the near-band emission was low when compared with defect 

emission because of the existence of higher interstitial oxygen vacancy, which is 

confirmed through XPS (Fig.4.4). 
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To verify the electrical property of the as-grown nanowall, we measured 

current−voltage (I−V) characteristics at dark and different illumination wavelength. 

The measured typical I−V characteristics showed the ohmic behavior at dark and 

illumination condition, which is shown in Fig.4.6.  

                 

Fig.4.6. Electrical property of the ZnO nanowall under dark and under different illumination 

wavelength (365, 405, 535 nm) 

The higher photocurrent response of 0.9 mA was observed under illumination 

wavelength of 365 nm when compared with dark, 535 nm (0.16 mA), and 405 nm 

(0.5 mA). The fabricated nanowall photo-detector showed the good response in 365 

nm. 

The NG was fabricated using the as-grown ZnO nanowalls. The active area of 

the fabricated NG was 1 × 1 cm2. The fabricated NG device consists of three layers, 

which are ZnO nanowall structure grown on the both sides of the flexible substrate 

and coated with PMMA layer. The top and bottom sides of the surface were coated 

with gold film for electrode. The electrical signal was generated in the NG measured 

under bending condition. The performance of the fabricated NG was tested under 
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periodic deformation through biomechanical movement of the human body by 

fingers.  

The mechanism of the fabricated NG was explained through the piezoelectric 

effect of ZnO nanowall. When the NG was bending through the fingers, the ZnO 

nanowall layer felt tensile stress on the top and compressive stress on the bottom 

layer of the substrates. The tensile stress on the top of the substrate produced the 

compressive strain along the (002) plane of the nanowall, which created the piezo-

potential distribution along the nanowall surface. At the same time, the bottom of the 

substrate underwent compressive stress, which generated the tensile strain along the 

nanowall growth direction (c axis). Tensile and compressive strain generated the 

piezo-potential distribution along the nanowall surface. The maximum piezo-

potential was observed at the top of the nanowalls at both sides of the substrate. The 

generated piezo-potential distribution induces the charges on both sides of the 

electrode, which will derive the electron in the external load. The total potential of 

the device is the sum of the top and bottom sides of the substrate [12-14]. 

The generated output voltage and the closed-circuit current output of the 

fabricated NG device are shown in Fig. 4.7a, b. The measured peak voltage and 

current of the device were 2.5 V and 80 nA, respectively. The maximum output 

power of the NG is 0.2 μW·cm−2. The enlarged view of the current and voltage peaks 

is shown in Fig.4.7c, d. The height of the voltage and current peaks is not uniform 

because of the different strain rate experienced by NG [12]. The fabricated device 

showed higher performance than previous reports [4].  

The performance of the NG was directly related to load resistance of the 

external device. Here we tested the performance of the NG with different load 
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resistance, which is shown in Fig.4.8a. The output voltage and current of the NG 

were linearly varied with respect to the load resistance. The current was decreased 

with increasing load resistance, and at the same time voltage increased with 

increasing the load resistance [15]. The maximum output current density of the NG 

was observed at 150 Ω, which is 73 nA·cm−2. The maximum output voltage of 2.1 V 

was observed at 125 MΩ. The output power of the NG was linearly increased until 

37.7 nW·cm−2 and decreased with increasing load resistance, which is shown in 

Fig.4.8b. The maximum output was observed at 75 MΩ, which is ~ 37.7 nW·cm−2. 

On the basis of the results, this device structure has potential in the real-world 

application like smart and wearable electronics.  

            

 

Fig.4.7. Electrical characteristics of nanowall based nanogenerator. a) Open-circuit output 

voltage of a nanogenerator, c) enlarged view of the marked output voltage. b) Closed- circuit 

output current, d) enlarged view of the marked output current.  
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Fig.4.8. a) The voltage and current Vs external load resistance, b) power output Vs external 

load resistance.   

 

To demonstrate the capability of NG, we have constructed the rectifier circuit 

(Fig.4.9a) with a capacitor and resistors for converting the AC signal into DC and 

stored the rectified electrical signals. The rectified voltage and current are shown in 

Fig.4.9b, c, which are ~ 1.8 V and 85 nA, respectively. The generated voltage was 

stored in the capacitor by close S1 key and open S2 until it reached an optimum 

voltage. After a multiple deformation cycle, the stored energy reached a maximum; 

S2 key was closed and S1 was opened, and this energy was used to light up a 

commercial green LED (3BG4UC00). The generated power is more than the 

threshold power of a commercial LCD (Penguin LCD) display, which is enough to 

operate the LCD display.  
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Fig.4.9. a) Circuit diagram of full wave bridge rectifier circuit. b) Rectified voltage. c) 

Rectified current. Top of the right corner indicates the snapshots of a driving LCD display 

and light up a commercial green LED. 

 

The LCD display is a non-polar device that can operate under AC power, so 

we directly connected to this device with NG in parallel without any external circuit. 

The connected display was blinking at each deformation cycle, which is shown in 

Fig.4.9. 
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4.4. Conclusion 

We have successfully grown vertically aligned ZnO nanowall structure on 

flexible substrate using facile low temperature hydrothermal method. The (002) 

orientation of the nanowall was confirmed through the X-ray diffraction pattern. The 

length and wall thickness of the nanowall was around 2 to 3 μm and 60−80 nm, 

respectively. The grown ZnO nanowall film showed better responses to UV light. 

The fabricated nanowall NG generated the maximum voltage and current of 2.5 V 

and 80 nA, respectively. Finally, we have constructed a bridge rectifier to store the 

harvested energy in the capacitor and to use to light up a commercial green LED. 

The energy harvested from NG was applied directly to drive the commercial LCD 

display without rectification and storage. The fabricated NG device has potential in 

smart and wearable electronic applications. 
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CHAPTER – V 

Organic- Inorganic Hybrid Composite Nanogenerator 

 

In this chapter demonstrates the fabrication of hybrid composite 

nanogenerator using ZnO nanowire and piezoelectric polymer poly(vinylidene 

fluoride), through a simple, inexpensive solution-casting technique. The fabricated 

hybrid composite nanogenerator delivered a maximum open-circuit voltage of 6.9 V 

and a short-circuit current of 0.96 μA, with an output power of 6.624 μW under 

uniaxial compression, which was twofold higher than the values observed under 

bending conditions. This high-performance, electric poling free composite 

nanogenerator opens up the possibility of industrial-scale fabrication. The hybrid 

nanogenerator demonstrated its ability to drive five green LEDs simultaneously, 

without using an energy-storage device.  

 

 

 

 

 

 

 

 



92 

 

5.1. Introduction  

The coexistence of semiconducting and piezoelectric properties in ZnO has 

germinated a new field of piezotronics, which take this material into further 

dimensions. Furthermore, it is utilized for harvesting the solar, thermal and 

mechanical energy in hybrid forms [1]. There are many reports on the fabrication of 

piezoelectric nanogenerator using vertical, laterally aligned ZnO micro/nanowires, 

nanotubes and micro/nanobelts using a variety of device tectonics [2]. However, the 

utility of these piezoelectric materials in this form is limited due to the brittleness and 

reduced strain levels, which limit large-scale fabrication. The first nanocomposite-

based nanogenerator was proposed by Park et.al, [3] which overcomes the problem 

discussed earlier. However, the performance of this nanogenerator was not sufficient 

to self-drive the wearable electronic devices and sensors. Further explorations were 

required to improve the performance of the nanogenerator, which inspired us to 

design a flexible, paper-like, lightweight, large-scale nanogenerator that offered 

higher performance.  

There have been several reports of composite nanogenerators based on 

polydimethylsiloxane (PDMS) and piezoelectric pervoskites such as BaTiO3, [4] PZT 

[5], NaNbO3 [6], ZnSnO3 nanostructures [7], and ZnO nanoparticles [8].  As of now, 

only a few reports are available for fabricating composite nanogenerators that use 

organic and which are small and have the potential for use inorganic piezoelectric 

materials [9]. The ferroelectric organic polymers, namely poly (vinylidene fluoride) 

(PVDF),[10] and its copolymers with trifluoroethylene (TrFE) [11] are used for 

energy harvesting applications because these materials possess both piezoelectric and 
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pyroelectric properties. The main advantages of using polymers are their low cost, 

chemical stability, flexibility, ease of fabrication in various forms, and durability 

under an applied strain. Among these, the PVDF polymer has a higher piezoelectric 

coefficient [12] and has been used in a variety of applications (e.g., soft-touch 

switches, strain gauges, piezoelectric transducers, actuators and ultrasound 

transducers) for more than two decades [13-15].  

5.2. Experimental Section 

5.2.1. Growth of ZnO nanowires 

Fig.5.1 shows a schematic diagram of the experimental setup for the growth 

of the ZnO micro/nano wires. ZnO micro/nanowire growth was reported in our 

previous reports [11, 16, 17]. In typical growth, a horizontal quartz tube furnace was 

used. The source material consisted of a mixture of ZnO, metal Zn, and graphite, 

having a weight ratio of 1.5:0.5:1. The mixture of the source material with ethanol 

was continuously pulverized in a mortar to obtain the proper mixture. The mixed 

source material was then loaded into an alumina boat and dried in an oven overnight 

at 100°C. After, the alumina boat was placed inside a small quartz tube and then 

placed in the center of a long quartz tube (1.5 m). The source material was heated to 

1100°C at a heating rate of 360°C/h under a constant argon flow of 350 sccm. Once 

the temperature reached 550–600°C, oxygen gas was introduced at a flow rate of 30 

sccm. The furnace was maintained under these conditions for 1 h, and then cooled to 

room temperature. The ZnO nanowires were collected from the end of the quartz 

tube in the up flow direction of the gas flow.  
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Fig.5.1.Schematic diagram of the experimental setup for the growth of ZnO micro/nanowires 

5.2.2. Fabrication of the Hybrid Composite Nanogenerator 

The ZnO nanowire and poly(vinylidene fluoride) (PVDF) (Sigma Aldrich) 

was dispersed in 15 mL of N,N-dimethylformamide at the weight percentage of 0.1/1 

(w/w). The homogeneous mixer was prepared by the sonication process, using a 

probe sonicator for 30 min and was poured into a Petri dish and dried in a hot-air 

oven overnight at 80°C. The dried film was peeled off from the Petri dish. The 

nanogenerator was fabricated by coating Au electrodes on the top and bottom of the 

composite film through thermal evaporation. The electrical contact was taken from 

the top and bottom sides of the gold-coated composite, with Cu wires connected with 

silver paste. Finally, the entire device was covered with polydimethylsiloxane 

(PDMS) to avoid physical damage while under operation.  

5.2.3. Characterization 

The crystallinity and surface morphology of the as-grown nanowire and 

composite film were analyzed using X-ray diffraction (XRD, Rigaku) and field-

emission scanning electron microscopy (FE-SEM, JEOL, JSM-6700F) 
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correspondingly. The chemical and surface composition of the composite film was 

analyzed through Fourier-transform infrared spectroscopy (FTIR, Nicolet 6700, and 

Thermo Scientific) and X-ray photoelectron electron spectroscopy (XPS, Theta 

Probe, and Thermo Scientific). The electrical measurement was carried out under 

continuous bending and uniaxial pressing conditions, using a Picoammeter (Keithley 

6485) and Nanovoltmeter (Keithley 2182A). A bending tester (JIBT-200, Junil Tech) 

provided the uniaxial pressing/bending for the experimental testing.  

5.3. Results and discussion 

We have synthesized ZnO nanowire through vapor transport method. The 

crystal structure and morphology of the as synthesized ZnO nanowires were analyzed 

by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), field-

emission scanning electron microscopy (FE-SEM). The XRD pattern of the ZnO 

nanowire was shown in Fig.5.2. The ZnO diffraction peaks films were in good 

agreement with standard file 3-1457. The diffraction peaks were confirmed the 

formation of wurtize structure of the hexagonal ZnO and there is no impurity peak 

other than ZnO. 
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     Fig.5.2. X-ray diffraction (XRD) pattern of as-grown ZnO nanowire 

The morphology of the nanowire was confirmed from FE-SEM image and shown in 

Fig.5.3. The diameter and length of the grown ZnO nanowires are 60-80 nm and 6-8 

μm respectively. 

                          

          Fig.5.3. FE-SEM image of ZnO nanowire (Lower and Higher Magnification) 

We fabricated a simple, low-cost, flexible hybrid composite nanogenerator, 

using PVDF and ZnO nanowire. PVDF plays a crucial role in this device, not only as 

a piezoelectric, but also by restricting aggregation between the ZnO nanowires. 

Fig.5.4 shows a schematic diagram of the detailed fabrication process. A simple 
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solution-casting process was used to fabricate the composite film; this technique is 

applicable to large-scale nanogenerator fabrication for real-world applications.  

 

         

Fig.5.4.Schematic diagram of the fabrication process of the hybrid composite nanogenerator 

 

X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), 

field-emission scanning electron microscopy (FE-SEM), and X-ray photoelectron 

spectroscopy (XPS) were used to verify the crystallinity, phase, morphology, and 

composition of the composite film, respectively. The XRD pattern of the composite 

film confirmed the presence of ZnO and PVDF. The ZnO diffraction peaks in the 

composite film were in good agreement with standard file 3-1457, and also with as-

grown ZnO nanowires [18] (Fig.5.5).  
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Fig.5.5. X-ray diffraction (XRD) pattern of the PVDF-ZnO nanowire composite film (the 

inset shows an enlarged view from 10–30°) 

The inset shows an enlarged portion over 10–30°, corresponding to the 

crystalline phase of the PVDF film. XRD results showed a strong peak at 2θ = 20.7°, 

corresponding to the (200) plane of the β-phase, and a small peak at 2θ = 18.4°, 

corresponding to the (020) plane of α-PVDF [15].  

               

Fig.5.6. Fourier-transform infrared (FTIR) spectra of (a) PVDF, (b) ZnO nanowire, (c) 

PVDF-ZnO nanowire composite film (d) digital image of the composite film. 
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The FTIR results confirmed the existence of the β-phase of PVDF [15] at 

512, 606, 838, and 1282 cm−1, and ZnO stretching vibration mode peaks at 518 and 

420 cm−1; the remaining peaks were related to other phases of PVDF (Fig.5.6a). The 

peaks that appeared in the composite film were in good agreement with the bare 

PVDF and ZnO nanowire results (Fig.5.6 b, c). The digital image of the fabricated 

composite film was clearly indicating the high transparency and it shown in Fig.5.6d.  

The microscopic surface morphology of the composite film was investigated 

by FE-SEM, as shown in Fig.5.7a, b; the magnified image shows a homogeneous 

distribution of ZnO nanowires in crystalline superulites of the PVDF matrix [19].    

                   

Fig.5.7. Field-emission scanning electron microscopy (FE-SEM) image of PVDF-ZnO 

nanowire composite film, (a) Lower, and (b) Higher magnification. Cross sectional image, 

(a) Lower, and (b) higher magnification. 

For clear observation, we also measured the cross-sectional view of the 

composite film, from which we obtained the composite film thickness (~30 μm) 

(Fig.5.7c, b). The homogeneous and disaggregated ZnO nanowires in the film are a 

good sign to ensure the highest performance.  
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The surface composition of the film was investigated using XPS. Fig.5.8a 

shows the XPS spectra, which confirmed the presence of O, C, F, and Zn in the 

composite film, as well as the high purity of the fabricated film. The inset shows the 

Zn 2p core-level spectra of the ZnO nanowire. The core level spectrum of C 1s 

consisted of three peaks at 284.57, 286.02, and 290.67 eV which corresponded to 

C═C, C─H, and C─F species, respectively (Fig.5.8b). An O 1s and F 1s peak were 

observed at 532.27 and 688 eV, respectively, which corresponded to the C─O and 

C─F bonds (Fig.5.8.c,d) [20]. 

               

Fig.5.8. X-ray photoelectron spectroscopy (XPS), (a) survey spectrum (the inset shows the 

Zn 2p core-level spectrum). Core-level spectra of (b) C 1s, (c) O 1s, and (d) F 1s of the 

PVDF-ZnO nanowire composite film 

 To show the potential of the composite film, we fabricated a nanogenerator 

with gold as the top and bottom electrodes, having an active device area of 3 × 3 cm2. 

The electrical measurement was carried out under periodic deformation by bending 
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and pressing, using a bending tester. Fig.5.9 shows the performance of the 

nanogenerator under bending speeds of 25 mm.s−1.  

                     

Fig.5.9. Measured open circuit voltage and short circuit current of hybrid composite 

nanogenerator under continues bending condition, (a, b) at forward bias, (c, d) at reverse bias 

respectively. The insets are the enlarged view of the electrical output.  

The average output voltage and current under bending and release conditions 

were 1.3 V, 0.16 μA and 0.77 V, 0.087 μA, respectively. The switching polarity test 

was used to verify the measured electrical output generated from the hybrid device. 

To check the polarity test, we connected the nanogenerator under reverse connection 

conditions. The measured outputs were the same; however, the polarity of the output 

signal was reversed in case of the reverse connection. The results conclude that the 

measured electrical signal generated from nanogenerator during bending and 

unbending condition. The output voltage and current of the device were not uniform 

for both forward and reverse connection conditions, which may be attributed to 

different strain rates [21]. The nanogenerator delivered an output voltage and current 
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of 1.3, 0.77 V and 0.162, 0.087 μA with an output power of 0.211, 0.072 µW for 

forward-connection conditions, and 0.75, 1.21 V and 0.157, 0.0875 μA with an 

output power of 0.066, 0.190 µW for reverse-connection conditions, under bending 

and release, respectively.  

                 

Fig.5.10. Measured open circuit voltage and short circuit current of hybrid composite 

nanogenerator under different speed of bending/ unbending condition, (a, b) at forward bias, 

(c, d) at reverse bias respectively.  

To verify the effect of bending speed on the output performance of the 

nanogenerator, we measured the performance as a function of the bending speed. The 

results, shown in Fig.5.10, indicated that the output voltage and current increased 

with the bending speed. The maximum output voltage and current of 3.9 V and 0.48 

μA, respectively, were measured at a bending speed of 75 mm.s−1, and corresponded 

to an output power of 1.856 μW; these values are higher than those given in earlier 

reports [9, 19, 22, 23].    
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Most practical nanogenerator applications are based on uniaxial compression; 

as such, we tested our device under the periodic uniaxial compression force through 

a bending tester. The open-circuit voltage and short-circuit current of the hybrid 

device were measured under periodic uniaxial pressing and release conditions 

(Fig.5.11).  

           

Fig.5.11. Measured open circuit voltage and short circuit current of hybrid composite 

nanogenerator under different speed of uniaxial pressing / unpressing condition, (a, b) at 

forward bias, (c, d) at reverse bias respectively.  

At a compression speed of 25 mm.s−1, we measured an average output 

voltage and current of 2.9 V and 0.263 μA respectively. The switching polarity test 

was used to verify the measured electrical output generated from the hybrid device. 

The nanogenerator delivered an output voltage and current of 2.9, 1.46 V and 0.193, 

0.263 μA with an output power of 0.56, 0.384 µW for forward-connection 

conditions, and 1.15, 2.45 V and 0.174, 0.186 μA with an output power of 0.20, 

0.456 µW for reverse-connection conditions, under compression and release, 

respectively.  
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To verify the effect of compression speed on the output performance of the 

nanogenerator, we measured the performance as a function of the compression speed. 

Increasing the compression speed up to 50 mm.s−1 increased the output; however, 

further increases in the compression speed reduced the electrical output. The 

maximum output voltage and current of 6.9 V and 0.96 μA with an output power of 

6.624 μW was measured at a compression speed of 50 mm.s−1. These results were 

higher than the values presented in previous reports based on composite 

nanogenerators, as summarized in Table. 5.1. [3, 10, 20, 23].   

Table.5.1. Comparison of the performance of other reported PDMS based composite- 

nanogenerators 

Materials Composite  Applied 

stress 

Output 

voltage 

Reference 

BaTiO3 Nanotubes PDMS Bending 5.5 V 

BaTiO3 

Nanoparticles with 

CNT dispersant 

PDMS Bending 3.2 V 

PZT Nanoparticles 

with CNT 

dispersant 

PDMS Bending 10 V 

NaNbO3 Nanowires PDMS Pressing 3.2 V 

KNbO3 Nanorods PDMS Pressing 3.2 V 

ZnO Nanoparticles 

with CNT 

dispersant 

PDMS Pressing 7.5 V 

ZnSnO3 
Triangular Belts 

PDMS Pressing 5.5 V 

ZnO 
Nanowires 

PVDF Pressing 6.9 V 
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In our daily life, activities related to human body movement, such as walking, 

running, arm movements, finger typing, blood flow, and heartbeats, are ideal 

mechanical energy sources for human-based self-powered devices. To develop a 

human-based self-powered device, we tested the feasibility of our hybrid 

nanogenerator to harvest biomechanical energy.  

 

Fig.5.12. Measured open-circuit voltage and short-circuit current of the hybrid composite 

nanogenerator for (a, b) folding and (c, d) pressing with fingers.  

 

Fig. 5.12 shows device testing under folding and pressing of fingers. When 

folding or pressing, the finger produces stress on the hybrid composite 

nanogenerator, which generates a piezo-potential across the device. The developed 

piezo-potential drives the electrons in the external circuit through Au electrodes. The 

measured average voltage and current under folding and pressing were 0.33 V, 0.062 
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μA and 1.3 V, 0.177 μA, respectively, which is higher than values cited in an earlier 

report [24]. The higher output may be due to the equal distribution of applied strain 

over the nanowire surface. The device performance was higher under uniaxial 

compression than bending (Fig.5.12c, d), which suggests that this device could be 

used to harvest the biomechanical energy while walking and running.    

                                    

    Fig.5.13. Schematic representation of self-polarization mechanism 

The proposed working mechanism of the hybrid composite nanogenerator is 

the combined effect of PVDF and ZnO nanowire. In the hybrid nanogenerator, ZnO 

nanowires are uniformly distributed in the PVDF polymer matrix, which prevents 

agglomeration. The presence of oppositely charged polar surface in nanowire 

during the process, actively interact with CF2 / CH2 groups in PVDF build a 

negative and positive charge densities over the surface. The formation of dipole 

promotes the formation of piezoelectric PVDF β-phase through surface charge 

induced polarization [25] and nano confinement [26].  Both nano confinement and 

surface charge induced polarization results the self-polarized film, which was 

schematically represented in Fig.5.13. In addition to that the applied external 

mechanical force build a potential in the nanowire, which align the PVDF electric 
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dipole further along the unidirection through stress-induced polarization [7]. 

Finally, PVDF molecules are self-polarized along a single direction from the results 

of stress and surface charge induced polarization without external electric potential. 

The self-polarization mechanisms in piezoelectric and ferroelectric materials are 

unclear due to its complex nature. The self-polarization eliminates the complexity 

of poling process in MEMS and microstructure based energy harvesting devices, 

which is the additional advantage. 

           

Fig.5.14. Power generation mechanism in the hybrid composite nanogenerator 

Under bending/compression, the hybrid composite device experiences a strain 

over surface, which produces the piezo-potential in ZnO nanowires surface and as 

well as from the PVDF film and this combined effect contribute in the final output. 

The produced piezo-potential on either side of the composite film induces an 

inductive charge on the top and bottom electrodes. This potential difference will 

drive the electron in the external circuit and it’s represented in Fig.5.14. To prove 

the self-polarization of the fabricated film, we have tested the device after electrical 

pole (5.5 kV, 36 hr). The result suggested that the electrical output was not much 
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improved than unpoled device, which defend the self-polarization behavior of 

PVDF-ZnO film (Fig.5.15) [26].  

            

Fig.5.15. a) Open-circuit voltage and b) short-circuit current of the hybrid composite 

(PVDF-ZnO) nanogenerator after poling at 5.5 kV for 36 h under continuous pressing 

condition. 

 

To check the effect of ZnO nanowires on the performance of hybrid 

nanogenerator, we measured the electrical output voltage and current of the PVDF 

nanogenerator; voltage and current values of 60 mV and 30 nA were observed, 

respectively (Fig. 5.16). The measured low output due to the random orientation of 

molecular dipoles in the PVDF film. To show the potential of hybrid device, we 

further compared with the ZnO nanoparticle based hybrid device. The results are 

clearly indicating that the fabricated hybrid device displayed higher performance 

than bare and ZnO nanoparticle based device (Fig.5.17). 
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Fig.5.16. Measured electrical output of the PVDF nanogenerator: (a) open-circuit voltage, 

and (b) closed-circuit current.  

                      

 

Fig.5.17. Measured electrical output of the hybrid nanogenerator with ZnO nanoparticle: (a) 

open-circuit voltage, and (b) closed-circuit current.  

 

To demonstrate the application of the hybrid composite nanogenerator, we 

fabricated a full-wave bridge rectifier circuit (Fig.5.18). Using this circuit, we 

rectified the electrical signal generated in the nanogenerator, shown in Figure 3b and 

c. The rectified electrical signal generated by one press/ release cycle was directly 

used to drive five green LEDs simultaneously, without any storage device, see 

Fig.5.18.  
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Fig.5.18. (a) Schematic diagram of the full-wave Bridge rectifier circuit. (b) Measured 

rectified open-circuit voltage. (c) Short-circuit current by pressing the fingers. The rectified 

output was used to drive five green LEDs, which is shown in the top left corner. 

 

The fabricated hybrid composite nanogenerator exhibited several advantages. 

First, the fabrication process was simple, cost-effective, and easily transferred to 

mass production. Second, electric poling was not required to align the piezoelectric 

domains, which increases the possibility for mass production. Third, the device is 

non-toxic, flexible, and lightweight. Finally, a higher output performance was 

observed under uniaxial compressive stress, which facilitates real-life applications of 

the device. The integration of other piezoelectric nanomaterials with PVDF 

polymer gives the new research area to enhance the output performance.   
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5.4. Conclusion 

A hybrid composite nanogenerator was developed with ZnO nanowires and 

a PVDF polymer, using a simple, low-cost solution-casting method. The simplicity 

of the process and electric poling free composite nanogenerator provided the 

possibility of producing a thin, large-scale, lightweight nanogenerator of any shape. 

The hybrid composite nanogenerator delivered a maximum voltage, current, and 

output power of 6.9 V, 0.96 μA, and 6.624 μW. Finally, we used the hybrid 

composite nanogenerator to build a self-powered ZnO microwire-based pH sensor 

that was capable of operating five green LEDs simultaneously, without the need for a 

storage device.  
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CHAPTER-VI 

Carbon based Composite nanogenerator  

 

In this chapter describes the fabrication of composite nanogenerator, which 

consisted of ZnO nanowires and reduced graphene oxide in a polydimethylsiloxane 

matrix, generated an average peak-to-peak output voltage and current of 15.5 V and 

2.26 µA, respectively, with an output power of 35.03 µW under palm impact. Under 

a periodic foot stamp, an output voltage and current of 5.5 V and 0.63 µA, 

respectively, were observed. A large-area composite nanogenerator (11 × 10 cm2) 

was fabricated; the device delivered a maximum output voltage and current of 35 V 

and 4 µA, respectively. Further, we have demonstrated the capability of the 

composite nanogenerator to power light-emitting diodes, segmented displays, and 

liquid-crystal displays.  
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6.1. Introduction  

The ZnO is lead-free, biocompatible, and has piezo and semiconducting 

properties [1, 2]; its non-centrosymmetric nature has proven to be advantageous for 

nanogenerator applications. Specifically, ZnO played an important role in the 

nanogenerator progress with diverse nanogenerator device configurations (e.g., 

lateral, vertical, radial, integration, stacked, and composite nanogenerator forms) [3]. 

The composite-based nanogenerator has significantly impacted in nanogenerator 

progress, due to its flexibility and stretchability, in addition to its low-cost and simple 

fabrication method that can be easily scaled to industrial applications. However, the 

composite nanogenerator based on piezo-materials has encountered problems with 

aggregation, limiting device performance. To overcome this problem and achieve 

higher outputs, various fillers have been used to evenly disperse the piezoelectric 

material in the composite layer. These fillers include carbon materials [4], metal 

nanowires [5], and two-dimensional (2-D) materials (e.g., boron nitrate and 

molybdenum sulfide). Among these, graphene has attracted much attention as a filler 

material, due to the added advantage of improved conductivity and higher surface 

area. Graphene is a single hexagonal carbon layer that possesses a large surface area 

and enhanced electrical, thermal conductivity, higher surface area and mechanical 

stability [6–8]. Due to its exceptional properties, graphene-based composites have 

been used in a wide range of applications, such as energy harvesting [9], storage 

[10], and as catalysts.[11] Recently, Kumar et al. reported on a graphene vertically 

aligned ZnO nanostructure-based energy harvester [9]; here, graphene was used as a 

buffer layer and substrate to grow the ZnO nanostructure. Inspired by the pioneer 
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research, we developed a composite nanogenerator design that included one-

dimensional ZnO nanowires and 2-D reduced graphene oxide (rGO) in a 

polydimethylsiloxane (PDMS) matrix; the rGO provided conducting paths, in 

addition to acting as a filler to disperse the ZnO nanowires throughout the PDMS 

matrix.  

6.2. Experimental Section 

6.2.1. Preparation of Graphene Oxide (GO) 

The detailed experimental procedure for graphene oxide (GO) was given as, 2 

g of natural graphite powder and 2 g of NaNO3 was added in 50 mL of concentrated 

H2SO4. The mixture was vigorously stirred in an ice bath for 30 min. Further, 7 g of 

KMnO4 was gradually added into that solution and then the mixer was stirred until 

the color change into brown.  The color change indicates that the completion of 

exfoliation reaction. After completion of the reaction, 100 mL of distilled water was 

added gradually into the mixture, and 10 mL of H2O2 was added to that solution to 

increase the oxidation level and terminated the reaction.  After 30 min, the mixture 

was diluted by the addition of 300 mL of DI water.  Then, the solution was 

centrifuged and washed consecutively with 5% HCl solution until to reach a neutral 

pH value by centrifuge. After reaching neutral pH, the sample was dried at 70°C in 

hot air oven for overnight [12, 13].  

6.2.2. Preparation of Reduced Graphene Oxide (rGO) 

Reduced graphene oxide (rGO) was synthesized from graphene oxide through 

chemical reduction followed by thermal reduction. The prepared GO (0.1 g; 1 mg 

mL−1) was dissolved in 100 mL of deionized water; the solution was sonicated for 30 
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min. Sodium borohydride and hydrazine mixtures were added to the solution under 

constant stirring at 70ºC overnight. The prepared rGO was centrifuged several times 

in a deionized water/ethanol mixture to remove the residue and unreacted 

component. Finally, the sample was dried at 70ºC for 12 h and then heat-treated at 

250ºC for 15 min under an Argon atmosphere.  

6.2.3. Preparation of rGO-ZnO nanowire composites  

ZnO nanowires were synthesized using a vapor transport method, as 

described in chapter-5 [13]. The rGO-ZnO nanowire composite was prepared by 

dispersing rGO and ZnO nanowire in an ethanol solution at a weight ratio of 0.1:1. 

The mixed solution was sonicated for 30 min to homogeneously disperse the ZnO 

nanowires and rGO, and then dried in an oven at 80ºC overnight to obtain a 

composite powder. 

6.2.4. Fabrication of the rGO-ZnO composite nanogenerator 

The prepared rGO-ZnO composite (0.2 g) and 10 g of polydimethylsiloxane 

(PDMS) (Sylgard 184, Dow Corning at 10:1) were mixed well and then cast into a 

Petri dish. The composite film was cured at 80ºC for 5 h in an oven. The composite 

nanogenerator was fabricated by sandwich the composite film between the Al foil/ 

polyethylene terephthalate (PET) substrate as the top and bottom electrodes.  

6.2.5. Characterization 

The crystallinity and surface morphology of the as-grown nanowire, rGO, 

and composite were analyzed using X-ray diffraction (XRD, Rigaku) and field-

emission scanning electron microscopy (FE-SEM, JEOL, JSM-6700F), respectively. 

The functional groups present in the composite and nanowire were analyzed through 

Fourier transform infrared spectroscopy (FTIR, Nicolet 6700, Thermo Scientific). 
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The electrical measurement was carried out under continuous pressing/release 

conditions using a Keithley Picoammeter (6485) and Nanovoltmeter (2182A). 

Periodic mechanical deformation was applied to the nanogenerator by palm impact 

and stamping of the foot.  

6.3. Results and Discussion 

The graphene oxide (GO) was synthesized by modified hummers method and 

synthesized graphene oxide was characterized by X-ray diffraction (XRD) pattern, 

raman spectrum and field emission scanning electron microscopy (FE-SEM) to 

measure the interlayer spacing, structure and morphology, it is displayed in Fig.6.1. 

 

    

 

 

 

 

 

Fig.6.1. Graphene Oxide (GO) a) X-ray diffraction (XRD) pattern, b) Field emission 
scanning electron microscopy (FE-SEM) image, c) Raman spectrum 

In XRD pattern (Fig.6.1a), the strong and sharp peak observed at 2theta = 

10º, which corresponds to the (002) plane of graphene oxide with interlayer distance 

of 0.880 nm. The two broad peaks at 1347, 1576 cm-1 are observed in the Raman 

spectrum of the graphene oxide samples, which are D and G bands of the carbon 

based materials (Fig.6.1b). The G band assigned to the first-order scattering of the 
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E2g phonon from sp2 carbon (graphite lattice), and the D band resulting from the 

structural imperfections created by the hydroxyl and epoxy groups on the carbon 

basal plane. The sheet like morphology of the graphene oxide was confirmed through 

FE-SEM image (Fig.6.1c). Further, the prepared graphene oxide was successfully 

reduced to reduced graphene oxide (rGO) by two steps, in which chemical reduction 

followed by thermal reduction at inert atmosphere.   

            

Fig.6.2. reduced graphene oxide (rGO), (a) X-ray diffraction (XRD) pattern, (b) Raman 

spectrum, (c) Field-emission scanning electron microscopy (FE-SEM) image 

The quality of the synthesized rGO was evaluated using XRD, Raman 

spectroscopy, and FE-SEM. The XRD pattern (Fig.6.2a) revealed the existence of a 

broad peak at 2θ = 24.6º, corresponding to the (002) peak of graphene. In the Raman 

spectra, two intense peaks were observed at 1593 and 1359 cm−1, corresponding to 

the G and D bands of rGO, as shown in Fig.6.2b. The intensity of the D peak was 

slightly higher than that for the G peaks, due to the presence of defects or structural 

disorder in the basal plane of graphene during the reduction from graphene oxide 
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[12]. Fig.6.2c shows the surface morphology of the prepared rGO, confirming a 

loosely bound, fluffy, sheet-like structure. 

We fabricated a lead-free, eco-friendly, biocompatible rGO-ZnO nanowire 

composite nanogenerator, using a simple, low-cost method. The fabrication process 

is shown in the schematic diagram in Fig.6.3. To prepare the rGO-ZnO nanowire 

composite, ZnO nanowires were grown using the vapor transport method (chapter-5) 

and rGO was synthesized from graphene oxide.  

                        

            Fig.6.3. Schematic representation of composite nanogenerator fabrication 

XRD, FTIR and Raman spectroscopy, and FE-SEM measurements were 

performed on the prepared composite. The XRD pattern indicated a wurtzite 

structure corresponding to hexagonal ZnO, which is shown in Fig.6.4a. All of the 

diffraction peaks observed in the composite were well matched with the standard 

Joint Committee on Powder Diffraction Samples (JCPDS) file (3-1457) [13]. No 

obvious peak related to rGO was observed in the composite, which may be due to 

presence of small amounts of rGO, as well as the emergence of high intensity peaks 

related to ZnO. The FTIR spectrum of the composite confirmed the presence of a 
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skeletal vibration peak for graphene at 1565 cm−1 and the characteristic peak of Zn-O 

at 514 cm−1(Fig.6.4b).  

 

Fig.6.4. Reduced graphene oxide (rGO)-ZnO nanowire composite, (a) X-ray diffraction 

(XRD) pattern, (b) Fourier transform infrared (FTIR) spectrum. 

  The structure of the as-prepared rGO-ZnO composite was evaluated by 

Raman spectroscopy (Fig.6.5). Peaks were observed at 98, 201, 327, 434, and 577 

cm−1 corresponding to ZnO, specifically, E2 (low), B1 (low), A1 (TO), E2 (high), and 

A1 (low), respectively. The peaks at 1355 and 1596 cm−1 corresponded to the D and 

G bands of rGO.  

 

  Fig.6.5. Raman Spectrum of rGO-ZnO composite 
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The FE-SEM images confirmed the distribution of ZnO nanowires and 

intercalation with rGO in the prepared composite. The presence of rGO prevents 

agglomeration and distributes the ZnO nanowires. From the homogeneous 

distribution of ZnO nanowires and intercalated rGO sheets (Fig.6.6 a, b), we 

expected improved electrical performance for the nanogenerator. Here, rGO played 

an important role as a dispersing agent, stress reinforcement, and conduction path 

between nanowires for enhanced piezo-potential extraction from the nanowires. The 

composite film was fabricated by mixing the rGO-ZnO composite with PDMS 

having a film thickness of ~220 µm; the thickness was confirmed in cross-sectional 

images (Fig.6.6 c, d). 

                       

Fig.6.6. Field-emission scanning electron microscopy (FE-SEM) image, (a) and (b) lower 

and higher magnified image of rGO-ZnO composite .Cross Sectional view of PDMS- rGO-

ZnO composite film, (c) lower, and (d) higher magnification.  

To characterize the electrical performance of the composite film, we 

fabricated a nanogenerator device with an active area of 4 × 4 cm2. The electrical 
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measurement was carried out under continuous periodic mechanical deformation by 

pressing through palm impact and foot stamp. Fig.6.7 shows the electrical output 

performance of the composite nanogenerator under continuous palm impact in 

forward and reverse connection conditions. To check that the measured output was 

only from the piezoelectric effect of the device, we performed polarity-switching 

tests. Fig.6.7a shows a schematic diagram of the device connection configuration 

with measurement unit. The device delivered an average peak-to-peak voltage and 

current of 13.6 V and 2.33 µA, respectively, with an output power of 31.69 µW 

under forward connection. Under a reverse connection, the measured output signals 

were inverted, with an average peak-to-peak output voltage and current of 15.5 V 

and 2.26 µA, respectively, and an output power of 35.03 µW; these values were 

higher than those reported previously [4,5,14 16].   
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Fig.6.7. Measured output performance of the composite nanogenerator under palm impact. a) 

Schematic representation of the polarity test. The voltage and current under forward 

connection (b, c) and reverse connection (d, e). 

 

An enlarged view of the voltage curve under forward and reverse connection 

conditions is shown in Fig.6.8. The variation in the output voltage and current under 

forward and reverse conditions was attributed to the different strain rate experienced 

in the device. 

 

Fig.6.8. Enlarged view of the voltage curve of the composite nanogenerator under forward 

(a), and reverse (b) connections.  

To demonstrate the capability of the device to harvest biomechanical energy 

during human body movements, such as walking and running, we tested our device 

under foot stamp (walking) conditions, using the device connection shown in 

Fig.6.9a. The output voltage and current were measured during foot stamp (human 

walking); an average voltage and current of 5.5 V and 0.63 µA, respectively, were 

recorded (Fig.6.9). These values were higher than the reported values [17]. Based on 

these results, the rGO-ZnO based composite nanogenerator is a promising device for 

harvesting mechanical energy during walking, running, or vehicle transport.  
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Fig.6.9. Measured output performance of the composite nanogenerator under foot stamp: a) 

digital image of the foot stamp at different stages, b) output voltage, and c) enlarged view of 

the voltage signal. d) Output current and e) enlarged view of the current signal.  

The enhanced power generation mechanism in the composite nanogenerator 

can be explained by the piezoelectric effect. The ZnO nanowires undergo 

compressive strain via the PDMS polymer, when subjected to external mechanical 

deformation perpendicular to the device. Under this condition, a separation of the 

static ionic charge centers occurs in the wurtzite ZnO crystal along the nanowire 

surface; this results in a piezoelectric potential gradient along the nanowire surface 

[18]. The resultant piezo-potential induces a potential difference across the electrode 

surface, which drives the electrons in the external circuit. The applied compressive 

strain on the nanowire vanishes when the external force is removed, eliminating the 

piezo-potential in the nanowire. As a result, electrons flow in the opposite direction 

via an external circuit for charge neutrality, resulting in the reverse (negative) signal.  
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To show the potential of the composite nanogenerator, we performed control 

experiments with only PDMS and PDMS-ZnO devices. The output of these devices, 

shown in Fig.6.10, clearly indicated that the output power of the composite 

nanogenerator was higher than the bare ZnO nanowire device.  

           

Fig.6.10.The output performance of the only PDMS, PDMS-ZnO, PDMS-rGO-ZnO 

composite device with same device size and thickness (a) Voltage, (b) Current. The graphene 

in the composite enhanced the output voltage and current of the composite device, compare 

to only ZnO device.   

The higher output of the composite nanogenerator was attributed to the 

following. The presence of rGO in the composite reduced nanowire aggregation, and 

the higher aspect ratio of rGO distributed the nanowires uniformly throughout the 

polymer matrix, compared with the PDMS-ZnO device. Moreover, rGO acted as 

filler that enhanced the stress over the ZnO nanowire in the device and improved its 

mechanical stability, compared with the bare ZnO device. Finally, rGO formed an 

electrical bridge between the nanowires and varied the dielectric constant of the 

device via Maxwell–Wagner–Sillars (MWS) polarization and microcapacitance 
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effects [19]. The generated open-circuit voltage of the device can be calculated as 

follows [20]: 

                                  
YtgVOC 33

 --------------------------------------   (1) 

where σ is the strain in the perpendicular direction, g33 is the piezoelectric voltage 

constant (g33 = d33 / ε0K)), d33 is the piezoelectric charge constant, ε0 is the 

permittivity of free space, K is the dielectric constant or relative permittivity, Y is 

Young’s modulus, and t is the thickness of the device. From Eq. (1), the piezoelectric 

output voltage depends mainly on g33 and σ. The presence of rGO improved the 

strain over the nanowire and the dielectric constant of the composite film.  

                           

Fig.6.11. (a) Digital image of the constructed bridge rectifier circuit and capacitors. Inset 

show the digital image of stored voltage in the capacitors (top) b) Snapshot of the LEDs 

(warm white, green) before and after power up c) Capacitor charging curve under 

mechanical deformation. d) Snapshot of glowing 15 green and 10 red without storage using 

large-area nanogenerator. 

To show the potential of the composite nanogenerator, we used this 

nanogenerator to power commercial LEDs, LCDs, and segmented displays. To 

demonstrate these applications, we constructed a bridge rectifier circuit (Fig.6.11a) 
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for the harvested energy, which was then stored in a commercial capacitor (100 µF). 

Fig.6.12a, b shows the rectified voltage and current of the composite nanogenerator, 

14.3 V and 2.46 µA, respectively, in agreement with the peak-to-peak values of the 

device. The insets in Fig.6.11a show the voltage value stored in the two commercial 

capacitors connected in series and Fig.6.11a shows the charging curve of the 

capacitor (3.2 V in 80 s). The stored energy was used to power a commercial serial 

warm-white LED (length: 0.3 m) (Fig.6.11b). Further, we used this rectified power to 

drive directly seven green LEDs, without storage (Fig.6.11d).  

                           

Fig.6.12. Composite nanogenerator, (a) rectified voltage, and (b) rectified current.(c) 

Snapshot of the segmented display, (d) Snapshot of the  LCD display.  

We constructed a series of four seven-segmented displays to spell the word 

“NANO”. These displays were powered by harvested energy (capacitor), as shown in 

Fig.6.12c. Finally, a LCD was directly operated by the composite nanogenerator 

during pressing/release, without rectification and storage. The LCD display is a non-

polar device that can operate under an alternating current (AC) signal when the 

signal is greater than the turn-on voltage of the LCD device (Fig.6.12d). 
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Fig.6.13. Large-area nanogenerator, (a) digital image, (b) snapshots of 12 white and 10 red 

LEDs glowing, (c) rectified voltage, and (d) rectified current.  

         The method used to fabricate the composite-based nanogenerator was simple; 

thus, this method could easily be applied to large-scale production. To demonstrate 

this, we fabricated a large-area composite nanogenerator (area: 11 × 10 cm2) by 

casting the composite in a Petri dish. The thickness and size of the film were 

controlled by adjusting the mass of the composite and the size of the Petri dish. To 

reduce the cost and facilitate scale-up, we used commercially available Al foil as an 

electrode. A digital image of the fabricated large-area composite nanogenerator is 

shown in the inset of Fig.6.13. The large-area composite nanogenerator produced a 

maximum rectified voltage and current of 35 V and 4 µA, respectively, under palm 

impact (Fig.6.13c, d). The harvested energy was directly applied to simultaneously 

lighting 12 commercial white (Fig.6.13b), 15 green, and 10 red LEDs, without 

storage, under continuous impact (Fig.6.13b). These results demonstrate that the 

fabricated composite nanogenerator is a good candidate for self-powered personal 
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electronic device applications.  The fabricated composite nanogenerator exhibited 

several advantages. First, the fabrication process was simple, inexpensive, and could 

be easily adapted to large-scale production. Second, the materials used were non-

toxic, lead-free, and biocompatible.  

6.4. Conclusion  

We fabricated a biocompatible, lead-free, eco-friendly composite 

nanogenerator using ZnO nanowires and rGO. The fabricated device showed a 

higher response to palm impact, delivering a maximum voltage and current of 15.5 V 

and 2.26 µA, respectively, with a higher output power of 35.03 µW. The composite 

nanogenerator generated an output voltage and current of 5.5 V and 0.63 µA, 

respectively. We successfully fabricated a large-area composite nanogenerator that 

displayed higher output performance. This composite nanogenerator was then used to 

power LEDs of various colors (green, white, warm white, and red); further, this 

nanogenerator was used to operate segmented displays and LCDs, without the need 

for external power.  
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CHAPTER -VII 

                   Triboelectric Nanogenerator 

 

This chapter presents the fabrication of triboelectric nanogenerator with 

vertical contact mode. The triboelectric nanogenerator was fabricated using Kapton 

and aluminium electrification layer to create the charges. The performance of the 

fabricated device discussed in details. 

7.1. Introduction 

Recent years, new types of energy harvesting methods were developed based 

on contact electrification and electrostatic induction processes and it is named as 

“triboelectric nanogenerator”. Contact electrification is considered as a negative 

effect in olden days, because it creates an external electric field which destroys the 

performance of the devices. The electrification creates the following problems over 

the years, (i) damage to microelectronics, (ii) explosions during transfer of 

flammable liquids (e.g., during fueling of vehicles), (iii) damage caused by 

discharges of ungrounded helicopters, and (iv) explosions of dust in silos.[1-7] The 

scientists are effectively used this negative effect into some useful potential 

application for harvesting [8] mechanical vibration into electrical signals and other 

than this it is used for chemical sensors,[9, 10] electrostatic charge patterning,[11, 

12] metal-ion reduction,[13–15] and laser printing[16].  In traditionally, Wimshurst 
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machine and Van de Graaff generator was developed to produce voltage by the 

process of triboelectrification and electrostatic induction.  

The Fig.7.1 shows the traditional triboelectric generator generated based on 

Wimshurst machine and Van de Graaff generator and with working mechanisms. 

The fundamental mechanism in the triboelectric nanogenerator was contact induced 

electrification between the two different materials during contact.  The polarity of the 

charge generated in the materials are purely depends on their triboelectric charge 

which is shown in Fig.7.2. The triboelectric effect is a common one it is happen 

every one’s life, which is frequently happen in daily life. For achieving higher 

triboelectrification, the Materials should have few qualities that are likely less 

conductive or insulators, it have tendency to capture the transferred charges and 

retain them for an extended period of time.   

                   

Fig.7.1. Traditional Trioelectric generator based on Wimshurst machine and Van de Graaff 

generator 
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Fig.7.2. Trioelectric series 

The clear mechanisms for triboelectric charge creation in the materials are 

under debate, which is basically come into contact with other surface, a chemical 

bond was formed between those two surfaces. Due to chemical bonding, the charges 

move from one material to the other to equalize their electrochemical potential [17].  

During separation, few bonded atoms have a tendency to leave free electrons or keep 

the electrons in the atom, possibly makes the charges over the surfaces. Based on this 

concept, there are many mode were proposed to generate the surface charges over the 

polymers.  
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Fig.7.3. Four fundamental modes of triboelectric nanogenerators: (a) vertical contact-

separation mode; (b) lateral-sliding mode; (c) single-electrode mode; and (d) free standing 

triboelectric-layer mode [18]. 

When two different triboelectric surfaces with opposite charges come into 

contact with each other, the triboelectric charges are generated over the surface of the 

concern triboelectric surfaces. Based on the triboelectric charges the concern electric 

charges are induced over their electrode surfaces. Due to induced charges in the 

electrodes create potential difference between the electrodes which drives the 

electron through external circuit. Based on the contact mode the triboelectrification 

varied and the schematic of those methods are represented [18] in Fig.7.3.  There are 

four modes to harvest mechanical energy into electrical energy using triboelectric 

effect. It is vertical contact-separation, sliding, single electrode configuration and 

freestanding modes. The first triboelectric nanogenerator was demonstrated based on 

the vertical contact-separation method. In which two triboelectric materials with 

opposite polarity was come into contact and separated periodically. During the 
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contact, the tribo-charges created over the surface of the materials which is under 

equilibrium condition. Under the released condition, the surface charges are 

separated by small distance which generates the potential difference between the 

electrodes by induced charge over the electrodes by generated tribo-charges. Due to 

the potential difference electron will flow in the external circuit to compensate 

potential difference. At next pressing, the two charge surfaces come into contact, 

which forms the equilibrium between two tribosurfaces, which creates again 

unequilibrium in the electrodes. To compensate, the electrons are flown back through 

external circuit. The electron flows in the both side produce the signal in the 

measurement unit.  

Second sliding mode, in which two surface are in contact when sliding the 

separation was takes place at in-plane direction. The periodic sliding produces an 

electrical signal by continues contact and separation at in-plane. These types of 

sliding motion harvest the energy from planar motions, disc rotation, or cylindrical 

rotation. In single electrode mode, only one triboelectric layer was used to generate 

the energy. In this method, the one layer induces the potential during the sliding or 

contact to the electrode, which is simple and applicable for many applications. At 

final free standing mode, the potential was in two stationary symmetry electrodes 

through moving (or) other tribosurface, which creates the potential difference 

between this electrode and electron flow through circuit due to the potential 

difference. 
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7.2. Fabrication of Triboelectric nanogenerator 

The triboelectric nanogenerator was fabricated using kapton tape and 

aluminum, here kapton act as triboelectric material and aluminum act as an electrode 

as well as triboelectric layer. The kapton film was attached with aluminum foil and 

other surface of the kapton was rapped with salt paper to make surface roughness. 

The aluminum was used as a top electrode and here also rapped with salt paper. The 

kapton layer and aluminum was assembled like arc shape through PET substrate. The 

contact was made from top and bottom aluminum foil through Cu wires. 

7.3. Results and discussion  

  We have fabricated triboelectric nanogenerator very simple by assembling 

kapton and aluminum in arc shape. The digital image of fabricated device structure 

and schematic diagram was shown in Fig.7.4. 

 

 

 

 

 

Fig.7.4. Schematic diagram and digital image of the fabricated triboelectric nanogenerator 

Fig.7.5. represents the schematic diagram of energy conversion mechanism. 

The working mechanism basically constructed based on contact electrification and 

electrostatic induction. In originally there is no electric charge over the triboelectric 

materials (kapton, aluminum). When top aluminium electrode come to contact with 

down kapton due to applied external force, it will create the triboelectric charge 
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(negative) over kapton surface and positive on aluminium through contact 

electrification. At contact state the charge equilibrium was maintained by top 

aluminium and kapton. When release the force, the top aluminium separated from the 

kapton, i.e., positive charge and negative charges are separated by some distance. 

The separation of positive and negative charges creates the field over the surfaces. 

The negative field over the kapton surface induces the positive charge in the bottom 

aluminium electrode. 

         

                      Fig.7.5. Working mechanism of the triboelectric nanogenerator 

The potential difference between the top and bottom aluminium drives the 

electron through external circuit through load.  Until to reach new equilibrium state, 

the electrode will flows through external circuit. At equilibrium, again pressing the 

device, second time aluminium is contact with kapton. At this moment surface 

induced charges over kapton and aluminium surfaces breaks the equilibrium state. To 

attain equilibrium, again electron flows through the external circuit in opposite 
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direction. This process will continue and electron will flows in forward and reverse 

the direction in the external circuit produces AC signal in load resistance. 

The measured output signals from the fabricated triboelectric nanogenerator 

were shown in Fig.7.6. The maximum output voltage and current was measured 

around 2.3 V and 0.6 µA under forward connection. When reverse the connection 

configuration the signal are inverted and output was measured as 0.2 V and 0.03 µA 

              

Fig.7.6. The measured open-circuit voltage and short circuit current under forward and 

reverse connection  
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7.4. Conclusion 

We have successfully fabricated triboelectric nanogenerator using kapton and 

aluminum. Here kapton and aluminium have negative and positive triboelectric 

serious. The fabricated device worked under vertical contact –separation method. 

The electric signal generation mechanism was discussed in detail. The fabricated 

device generated the maximum open circuit voltage and short circuit current of 2.3 V 

and 0.6 µA respectively. 
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CHAPTER - VIII 

Self-powered Device Applications 

 

 This chapter demonstrates that the fabrication and operation of self-powered 

devices by integrating with nanogenerator and sensors. In first, I fabricated single 

ZnO microwire based pH sensor and characterized the device. Then, I carried out 

detailed electrical measurement under different pH environment. Finally, I integrated 

pH sensor with PVDF- ZnO nanowire composite nanogenerator for self-powered 

operation. The result of the fabricated self-powered device was clearly indicating the 

output variation with pH variation. Secondly, I fabricated UV photo sensor using 

ZnO nanowire and characterized the fabricated device. Then, I measured electrical 

output of the device with different illumination wavelength (365, 405 and 535 nm) 

and dark conditions. Finally, I integrated the photo sensor with reduced graphene 

oxide (rGO) - ZnO nanowire composite nanogenerator to perform the self-powered 

UV sensing application.  Based on this results, nanogenerator based self-powered 

nanosensors are good candidature for future self-powered sensor application in 

hazardous environment. 
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8.1. Introduction 

The tremendous growth in the electronics industry has resulted in the steady 

reduction of the operating voltages and sizes of electronic devices. At the same time, 

development of miniaturized power sources are highly demanded to operate those 

electronic devices. Due to limitation of size reduction and operation time hinders 

their developments [1-4]. To overcome those problems, the self-powered concept 

was developed, in which required energy was harvested from the environment. The 

integrated self-powered system provides an independent, sustainable, maintenance-

free operation for long time. The self-powered device has created a huge 

technological impact on smart and portable nanoelectronic for environmental 

monitoring and sensing, or as implantable biomedical devices in small, wearable 

electronic applications [1]. The self-powered operation is achieved by the integration 

of the energy harvester with electronic devices [5, 6]. A nanogenerator is one of 

energy harvester, which converts low-frequency vibration and environmental 

activities (e.g., wind, sound, friction, and thermal energy) into electrical energy 

through piezoelectric, triboelectric, and pyroelectric effects [3]. The harvested energy 

is sufficient for the operation of small electronic devices in an aperiodic manner. The 

self-powered operation was achieved in two ways by, i) integrating the sensor with 

nanogenerator, ii) nanogenerator itself acts as a sensor. In this work, I have 

fabricated ZnO microwire based pH sensor and ZnO nanowire based UV photo 

sensor. The fabricated pH sensor and UV photo sensor/commercial sensor was 

integrated with PVDF - ZnO hybrid composite nanogenerator and composite 

nanogenerator (rGO-ZnO) respectively, for self-powered operation. The integrated 



149 

 

self-powered sensors successfully monitor pH and UV light without external power 

by utilizing from nanogenerator.   

8.2. Experimental Section 

8.2.1. Fabrication of the pH Sensor 

The pH sensor was fabricated using a ZnO microwire, which was grown 

using the vapor transport method and detailed growth process was given in Chapter-

2. A single ZnO microwire was positioned across a glass substrate, and both ends of 

the wire were affixed with silver paste. A very thin poly(methyl methacrylate) 

(PMMA) layer of around 100 nm was coated on the microwire surface to protect the 

microwire from dissolving in the buffer solution. Electrical contact was made 

through Cu wires; both electrical contacts were covered with epoxy. The buffer 

solution pH was varied from 12 to 6 by adding sodium dihydrogen phosphate (5 M 

NaH2PO4). The fabricated pH sensor was connected in parallel with a hybrid 

composite nanogenerator to measure the response as a function of pH value.  

8.2.2. Fabrication of the UV photo sensor 

 The UV photo sensor was fabricated using a ZnO nanowire, which was grown 

using the vapor transport method and detailed growth process was given in Chapter-

5. To fabricate the UV photo sensor, ZnO nanowires were dispersed in a polyvinyl 

alcohol (PVA) polymer solution through probe sonication. The dispersed ZnO-PVA 

solution was drop casting onto a patterned indium tin oxide (ITO)-coated glass 

substrate. The drop-cast film was dried at 100ºC for 30 min and annealed at 300ºC 

for 1 h to remove the polymer (PVA) and other impurities (physisorbed molecules on 

the nanowire) from the film. The connection was taken from both sides of the ITO 
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substrate through Cu wire using Ag paste. The fabricated UV photo sensor was 

connected in parallel with the composite nanogenerator to measure the response as a 

function of the light intensity. Also, we fabricated a self-powered UV photo sensor, 

using a commercial photo resistor (gl5528). 

8.3. Results and discussion  

8.3.1. Self-Powered pH sensor 

Fig.8.1 shows the digital and optical image of the fabricated ZnO microwire 

based pH sensor. Further, I have measured FE-SEM, which clearly indicating that the 

length of the channel around 1 mm and shown in Fig.8.2.  

              

Fig.8.1.Single ZnO microwire based pH sensor, a) digital image and b) optical image 

                              

Fig.8.2. Field emission scanning electron microscopy (FE-SEM) of ZnO microwire device 
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We have measured the electrical behavior of the fabricated single microwire 

sensor under different pH environment.  In this experiment, I have used phosphate 

buffer solution with different pH value. Initially, 50 ml of 0.1 M Na2HPO4 solution 

was prepared which have the pH of 9.2 and I have adjusted the pH value to 12 by 

adding NaOH. Then, I have varied the pH from 12 to 6 adding the different amount 

of 5 M NaH2PO4 solution and I have monitored I-V characteristics at each pH value 

which was shown in Fig.8.3.  

                             

Fig.8.3. Current-voltage (I-V) characteristics of a ZnO microwire as a function of pH.  

 Under normal conditions (without buffer solution), the device showed a very 

low current (in the pA range), which confirmed the existence of higher resistance. 

Upon addition of buffer solution increased the conductivity significantly compared to 

bare device which is because of change in chemical environment to higher base 

condition (pH = 12.02) over the ZnO surface which reduced depletion layer thickness 

considerably and it results decrease in resistivity of the device.  Further, reducing the 

pH values from 12 to 6 alter the chemical environment from base to acidic condition. 

When the solution pH changed from basic to acidic, the chemical environment 
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around the ZnO surface become altered, which lead to an increase in the output 

current. In addition, we have carried out stability measurement test at different pH 

value with constant bias voltage of - 0.5 V to check the device stability over time and 

chemical environment. The results indicate that the fabricated device has stability 

under basic and acidic condition over this period, which displayed in Fig.8.4.  From 

this result, the fabricated device was good stability and which can be extent to self-

powered application. 

                      

Fig.8.4. Current-time (I-t) characteristics of the fabricated ZnO microwire at different pH 

with constant bias voltage on - 0.5 V  

Further, to show the self-powered operation, we fabricated a pH sensor using 

a ZnO microwire, connected in parallel to a hybrid nanogenerator. Fig.8.5 shows a 

schematic diagram of the pH sensor. The fabricated hybrid composite nanogenerator 

was used to drive the ZnO microwire-based pH sensor without external power. 
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Fig.8.5. Schematic representation of the self-powered pH sensor device 

When there was no buffer solution, the measured potential drop across the 

microwire pH sensor was ~0.34 V (Fig.8.6), due to the high resistance across the 

ZnO microwire (Fig.8.6). The introduction of a buffer solution changed the chemical 

environment (H+, OH−) around the microwire, which altered the output voltage by 

changing the depletion region [7]. The measured output voltage as a function of pH 

value is presented in Fig.8.7; the change from basic to acidic conditions reduced the 

output voltage. At higher pH (base) values, a hydroxyl group on the ZnO surface 

combined with OH− ions to form Zn-O− (Zn-OH + OH− ↔ ZnO−). The existence of 

negatively charged species (-O−) produced a depletion region at the ZnO surface, and 

increased the resistance of the microwire. This leads to developing a potential drop 

across the microwire for a pH value of 12.2. 
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Fig.8.6. Measured electrical output voltage of self-powered pH sensor without any buffer 

solution.  

Under lower pH conditions (acidic), the surface was modified into Zn-OH2
− 

(Zn-OH+ + H ↔ ZnOH2
−) by H+ ion adsorption, which lead to a reduction of the 

depletion region thickness. The pH changed from basic to acidic (12.2 to 6.02) and 

the O− species were converted into OH2
−, which reduced the output voltage by 

lowering the resistance across the microwire [5, 8-10]. The mechanism of the pH 

sensing was schematically represented in Fig.8.8. The chemical environment over the 

microwire surface was highly sensitive and changed the depletion layer thickness 

according to H+, OH- ion concentration. The change of resistance across the 

microwire changes nanogenerator output. Simply, here pH sensor acts as a variable 

resistance according to pH value (Fig.8.8).  
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               Fig.8.7. Electrical output as a function of pH across the pH sensor 

                     

                  Fig.8.8. Schematic representation of pH mechanism of the self-powered device 

Non-linear behavior was observed in the response current as a function of pH 

value, which may be due to small variations in the depletion layer at lower pH levels, 

it shown in Fig.8.9. A similar behavior was observed in the self-powered device, as 

well as in the bare ZnO device, indicating that the fabricated self-powered device 

could be used as a pH sensor. This study demonstrates the potential of the hybrid 

composite nanogenerator as a self-powered device for portable, wearable electronic 

device applications.  
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               Fig.8.9. Self-powered pH sensor output voltage as a function of different pH values  

8.3.2. Self-Powered UV photosensor   

The Fig.8.10 shows the digital image and optical image of the fabricated ZnO 

nanowire photosensor.  

                   

           Fig.8.10. ZnO nanowire film, a) Digital image, and b, c) Optical image of the device 

 

The film FE-SEM image (Fig.8.11) confirmed the presents of ZnO nanowire 

without any morphological changes during process. From this results, we confirmed 

that the ZnO nanowire have diameter of ~ 100 nm and length of ~ several 

micrometer. 
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 Fig.8.11. FE-SEM image of the ZnO nanowire film, a) Lower, and b) Higher magnification 

                         

Fig.8.12. Current – Voltage (I-V) characteristic of the ZnO nanowire photo sensor with 

different illumination wavelength 

Further, the electrical measurement was performed on the device, to confirm 

the electrical behavior of the device with different illumination wavelength and 

shown in Fig.8.12. The device showed the higher resistance under dark condition 

because of the chemisorbed oxygen species on the nanowire surface. The free 

electron present in the nanowire was draped by chemisorbed oxygen molecules 

which increase the resistance of the nanowire. When expose to high energy photons, 

the conductivity of the device increased drastically and higher response was observed 

for 365 nm wavelength. The detailed photocurrent generation mechanism of ZnO 

nanowire was schematically represented in Fig.8.13. When ZnO device expose to 
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environment, oxygen molecules (O2
-, O, O2-) chemisorbed over the ZnO surface and 

drape the free electrons from ZnO conduction band (CB) to form the depletion layer 

over the ZnO surface. The increase of depletion layer increased the resistance across 

the device. The reaction at the surface of device under dark condition given as, 

)()( 22 adsOegO      ----------------------------------     (1) 

                 

Fig.8.13. Schematic representation of the photocurrent generation mechanism in ZnO 

nanowire photo sensor  

Upon expose the light with higher energy then band gap (3.3 eV),   the 

electron – hole pair was created in the device, the hole migrate towards the surface 

and neutralize with chemisorbed oxygen species, reduces the depletion layer 

thickness. As a result, the unpaired electrons are generated in the device which 

reduced the resistance across device [11]. The neutralization reaction at ZnO surface 

was represented as follows, 

)()( 22 gOhadsO   ----------------------------------     (2) 

We designed and fabricated a self-powered UV photo detector by connecting 

the composite nanogenerator to a UV photo detector [12].  Fig.8.14 shows a 
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schematic diagram of the photo detector, in which ZnO nanowire photo detector 

connected in parallel to the composite nanogenerator.  

                                 

Fig.8.14. Schematic diagram of the self-powered UV photo sensor 

The composite nanogenerator was used to drive the UV photo detector 

without external power. The response was measured as a voltage across the 

nanowire/photo resistor sensor. Without UV light, the voltage drop across the sensor 

was 60 and 80 mV at the positive and negative sides, respectively; note the higher 

resistance across the nanowire sensor.  

                         

Fig.8.15. The measured response with and without UV exposes. Inset enlarged portion of 

pink color mark.   

Hereafter, we considered only the positive side of the output to simplify the 

explanation. When illuminated with UV light (λ: 365 nm; intensity: 8 mW cm−2), the 
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resistance across the sensor was reduced due to the photo generated free electrons, 

which reduced the voltage to 2 mV (Fig.8.15). To assess the selectivity of the device, 

we conducted an illumination test using various wavelengths (Fig.8.16).  The 

measured voltage drop increased with increasing exposure wavelength, due to the 

change in the resistance across the sensor. The increase in the wavelength reduced 

the number of photo generated carriers, due to the lower photo excitation energy, in 

good agreement with the inherent properties of ZnO [13].   

                                        

    Fig.8.16. The measured response as a function of exposure wavelength.  

Our composite nanogenerator was then connected to a commercial photo 

detector to validate our results; the results were similar to those obtained using a ZnO 

nanowire-based photo sensor (Fig.8.17). The self-powered UV sensor circuit 

consisted of a nanogenerator, a photo detector and an LED, as shown in Fig.8.18; the 

actual experimental set-up is shown in Fig.8.18. The rectified signal output from the 

nanogenerator was connected in series to the photo detector and LED. In the absence 

of UV light, the circuit was open, and no light was emitted under palm impact. When 

exposed to UV light, the circuit was shorted and the LED emitted light under impact. 

Thus, UV sensing was achieved via the self-powered photo detector. 
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Fig.8.17. The measured response for the commercial photo sensor 

                    

Fig.8.18. a) The digital image of the experimental setup. Inset indicates the glowing red LED 

during UV expose. b) Circuit diagram of the self-powered UV photo sensor. 

8.4. Conclusion 

 We have successfully fabricated nanosensors for pH and UV sensing 

applications using ZnO micro and nanowires. The fabricated device was highly 

response to both pH variation and light illumination wavelength.  Finally, we have 

coupled ZnO based sensors and composite nanogenerator (PVDF-ZnO and rGO-

ZnO) for self-powered device application. The constructed self-powered device 

provided an output voltage in response to light exposure and pH variation. From this 

result, we concluded that the fabricated device can be used for self-powered device 

applications, in particular, as an environmental/hazardous material sensor.  
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CHAPTER -IX 

Summary and future direction 

 

 

This chapter describes the summary of overall thesis. The thesis mainly 

focuses on the development of piezoelectric and triboelectric nanogenerator for 

energy harvesting application using ZnO micro/nanostructures. The main part of the 

thesis provides the development of piezoelectric nanogenerator using different ZnO 

micro/ nanostructures and composites such as ZnO microwire, vertically aligned 

ZnO nanowire array, nanowall array, PVDF-ZnO and rGO-ZnO. The second part of 

the thesis presents the development of self-powered devices and self-powered 

operation of commercial electronic devices such as light emitting diodes, liquid 

crystal displays etc.,. The overall outcome the thesis was schematically shown in 

Fig.9.1. It clearly presents the achievement and outcome the whole research during 

the thesis time. In future, further improvements are required in the output 

performance to operate real time devices for monitoring environment and biomedical 

health care application. I will focus to integrate energy harvesting devices with those 

sensors for sustainable operation with the help of energy storage devices. 
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Fig.9.1. Overall outlook of the thesis 
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