
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 2

/9
/2

02
6 

12
:1

4:
45

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Effect of the rela
Department of Materials Science and Engin

South Korea. E-mail: hjc@yonsei.ac.kr

† Electronic supplementary informa
10.1039/c7ra07274k

Cite this: RSC Adv., 2017, 7, 49368

Received 1st July 2017
Accepted 11th October 2017

DOI: 10.1039/c7ra07274k

rsc.li/rsc-advances

49368 | RSC Adv., 2017, 7, 49368–493
tive permittivity of oxides on the
performance of triboelectric nanogenerators†
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and Heon-Jin Choi *

Since the working mechanism of triboelectric nanogenerators (TENGs) is based on triboelectrification and

electrostatic induction, it is necessary to understand the effects of the inherent properties of dielectric

materials on the performance of TENGs. In this study, the relationship between the relative permittivity

and the performance of TENGs was demonstrated by fabricating TENGs using both pure oxide materials

(SiO2, Al2O3, HfO2, Ta2O5 and TiO2) and oxide–PMMA composites. As oxide materials and PMMA are

triboelectrically positive, PTFE film was selected as the counter tribo-material, which has highly negative

triboelectric polarity. The triboelectric series of the above-mentioned oxides was experimentally

organized to clarify the major parameter for the performance of TENGs. The electrical data values for

both oxides and composites clearly showed a tendency to increase as the relative permittivity of the

tribo-material increased. It is also well-matched with the theoretical analysis between the electrical

performances (e.g. open-circuit voltage) and relative permittivity. However, such a tendency is not

observed with the triboelectric polarity. Due to the tribo-material’s high relative permittivity, an open-

circuit voltage of 124.1 V, a short-circuit current of 14.88 mA and a power of 392.08 mW were obtained in

a pure TiO2 thin film.
Introduction

In the last decade, mechanical energy harvested from the
ambient environment, such as wind, water waves and vibra-
tions, has been extensively studied as a promising eco-friendly
and sustainable power source.1–4 A triboelectric nanogenerator
(TENG), which is a device that generates electricity from repet-
itive friction driven by the environment, has been introduced
and studied as a solution for this purpose.5 Studies reveal that
TENGs have advantages such as a simple structure, high energy
conversion efficiency and low cost, as well as the ability to
produce sustainable and eco-friendly power.6–8

Meanwhile, theoretical analyses of the different structural
models and friction modes in TENGs have been studied to
clearly understand the fundamental mechanism of energy
conversion and conversion efficiency.9–13 TENGs are categorized
into two structural models: dielectric-to-dielectric and
conductor-to-dielectric, and four basic working modes: contact,
sliding, single-electrode and freestanding triboelectric layer
mode.14–23 In most cases, tribo-material parameters such as
relative permittivity or polarity are considered critical factors to
achieve a high energy conversion efficiency, since they
eering, Yonsei University, 03722, Seoul,

tion (ESI) available. See DOI:

73
determine the electrostatic charge generation, accumulation
and transportation, which are crucial to the performance of
TENGs.5,24–26

However, limited studies have been done on these parame-
ters, and more studies must be done to clearly understand the
effect of the parameters of the material.27–29 For example, Jie
Chen et al. demonstrated the inuence of the effective relative
permittivity of materials on the output performance of
conductor-to-dielectric contact mode TENGs.26 However, since
PDMS composites were used as the tribo-materials, and the
effective relative permittivity was calculated using volumetric
fractions of the matrix and lling materials, this method could
not clearly address the effect of permittivity.

Herein, we present dielectric-to-dielectric contact mode
TENGs using both pure dielectric oxide thin lms and oxide–
PMMA composites. The inuence of the two critical parameters,
dielectricity and triboelectric polarity, on the output perfor-
mance is discussed experimentally and theoretically. The
results indicate that both the surface charge density and the
charge transfer quantity, which are important for the perfor-
mance of TENGs, are dependent on the relative permittivity of
the tribo-materials.
Results and discussion

A schematic design of the layered structure of TENGs is shown
in Fig. 1a. In this study, the dielectric-to-dielectric contact-mode
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The working mechanism of TENGs. (a) Device design. The dielectric–dielectric model is used. Dielectric 1 is a commercial PTFE film with
50 mm thickness. Dielectric 2 is a layer of deposited thin film of different oxide dielectric materials with different dielectric constants. (b) Electricity
generation is achieved from the repetitive contact of two different materials.

Fig. 2 A conventional triboelectric series and an experimentally
determined triboelectric series of oxide dielectric materials.
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is used. PTFE lm (50 mm) was chosen as a negative tribo-
material, and sputter-deposited oxide thin lms (300 nm),
with a different relative permittivity, were chosen as positive
tribo-materials, which are referred to as dielectric 1 and
dielectric 2 in Fig. 1a, respectively. Fig. 1b illustrates the
working mechanism of TENGs under a vertical load. In the
initial state, there is no charge transfer between the two plates,
and thus electric potential does not exist. When the top plate is
pressed and the two tribo-materials contact, electrons transfer
from the positive material to the negative material. Once the
load is removed, the two plates are separated and an electric
potential difference is established between the two plates. The
electric potential difference works as a driving force of electron
ow from the negative plate to the positive plate through the
electrode. Upon applying the external load, the existing electric
potential difference diminishes and the electric outputs, such
as the open-circuit voltage (Voc) and short-circuit current (Isc),
are measured from the electron ow. This process is repeated
upon repetitive contact in a working device. From previous work
by the Zhong Lin Wang group,10 the voltage of the dielectric-to-
dielectric model in the contact mode can be given by

V ¼ �Ds

30

�
d1

3r1
þ d2

3r2
þ xðtÞ

�
þ sxðtÞ

30

where s, 30 and x(t) are, respectively, the triboelectric charge
density, vacuum permittivity and separation distance, and Ds,
d and 3r are the induced charge density, thickness and relative
permittivity of each dielectric layer. In the case of open-circuit
conditions, there is no charge transfer, which means Ds is
zero. Therefore, Voc is simplied by

Voc ¼ sxðtÞ
30

As TENGs are fundamentally based on capacitive behavior,
the concept of the displacement eld (D) can be applied in order
to determine the relationship between the relative permittivity
and the electric performance of TENGs.11 In a parallel plate
capacitor, the triboelectric charge density (s) is equal to the
magnitude of D,30 which is given by
This journal is © The Royal Society of Chemistry 2017
s ¼ Q

A
¼ D ¼ 303rE

where E is the electric eld strength and A is the surface area of
the dielectric materials. Therefore, from the equation, the
proportional relationship between s and the relative permittivity
(3r) is claried. Voc is therefore dependent on the relative
permittivity of the material.26

A table of the relative permittivity of several oxide dielectric
materials is shown in Fig. 2. The triboelectric series is consid-
ered as a basic reference to select proper materials for TENGs.
From the triboelectric series, it is possible to estimate which
side will be negatively or positively charged when a triboelectric
RSC Adv., 2017, 7, 49368–49373 | 49369
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Fig. 4 Plotted Voc, Isc and power data as a function of (a–c) relative
permittivity and (d–f) triboelectric polarity.
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charge is generated by friction between two different materials.
Since there is limited data for the above-mentioned oxide
materials, a triboelectric series consisting of SiO2, Al2O3, HfO2,
Ta2O5 and TiO2 was made experimentally. The series was made
by comparing the measured Voc values of the TENGs using 10
combinations of two oxide materials. All of the Voc data showed
very low Voc values, from 0.1 V to 1.7 V (Fig. S1†), which means
the triboelectric polarities of the above-mentioned oxide mate-
rials have very small differences. The Voc values were also
measured with a reversed connection of the electrodes to make
sure that the generated pulses were from the TENGs. The most
positively charged oxide material was TiO2, followed by Al2O3,
SiO2 and HfO2, and the most negatively charged oxide material
was Ta2O5.

The oxide thin lms with a thickness of 300 nm were used as
the positive tribo-materials. PTFE lm with a thickness of 50 mm
was used as the counter tribo-material. The electrical data for
the fabricated TENGs are shown in Fig. 3. Voc was measured
using a Keithley 6514B electrometer, and Isc was measured
using a Keithley 6485 picoammeter and a Tektronix DPO 2024
oscilloscope. The Voc values of SiO2, Al2O3, HfO2, Ta2O5 and
TiO2 are, respectively, 50.2 V, 87.2 V, 109.3 V, 114.5 V and
124.1 V (Fig. 3a), and the Isc values are 3.92 mA, 5 mA, 5.12 mA,
6.24 mA and 14.88 mA (Fig. 3b). Both Voc and Isc showed a general
tendency to increase as the relative permittivity increases.

As shown in Fig. 4, the measured electrical data were plotted
as a function of the relative permittivity and triboelectric
polarity according to the organized triboelectric series. The
maximum instantaneous power of the thin lm (TF) TENGs was
measured as 307.58 mW, 322.86 mW, 333.09 mW, 346.29 mW and
Fig. 3 Electrical output measurements. (a) Voc was measured using a K
Ta2O5 and TiO2 are, respectively, 50.2 V, 87.2 V, 109.3 V, 114.5 V and 1
a Tektronix DPO 2024 oscilloscope. The output currents of SiO2, Al2O3, H
mA and 14.88 mA.

49370 | RSC Adv., 2017, 7, 49368–49373
392.08 mW in order of relative permittivity. In contrast to the
common understanding of the triboelectric series, the perfor-
mance of the oxide TF TENGs does not follow the order of
triboelectric polarity (Fig. 4b, d and f). Instead, the higher the
relative permittivity of the material, the better the performance
eithley 6514B electrometer. The output voltages of SiO2, Al2O3, HfO2,
24.1 V. (b) Isc was measured using a Keithley 6485 picoammeter and
fO2, Ta2O5 and TiO2 are, respectively, 9.68 mA, 11.6 mA, 11.84 mA, 13.12

This journal is © The Royal Society of Chemistry 2017
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achieved (Fig. 4a, c and e). This result indicates that the relative
permittivity is considered to be amore dominant factor than the
triboelectric polarity which affects the electrical output of
TENGs. Consequently, when the variation of triboelectric
polarity is small, the electrical output is more dependent on the
relative permittivity than the triboelectric polarity.

The same principle can be applied to composite materials.
PMMA was chosen as a matrix for this experiment as it can be
made into composites with ease, and it is located on the positive
side of the triboelectric series. The llers for the composites
were SiO2, Al2O3, HfO2 and TiO2 nanoparticles (NPs). The
morphologies of the NPs were observed using a scanning elec-
tron microscope (SEM) (Fig. S2†). The electrical data for the
composite TENGs are shown in Fig. 5. The Voc values of the
TENGs using PMMA composites consisting of SiO2 NPs, Al2O3

NPs, HfO2 NPs and TiO2 NPs are, respectively, 84.7 V, 86.3 V,
97.9 V and 90.7 V, while pristine PMMA had a Voc of 47.5 V
(Fig. 5a). Isc showed a similar tendency to Voc, with values of
6.32 mA, 8.88 mA, 9.28 mA and 8.16 mA, while pristine PMMA had
an Isc of 3.76 mA (Fig. 5b). The maximum instantaneous power
data were measured as 153.63 mW, 200.04 mW, 216.36 mW,
Fig. 5 Electrical data for the composite TENGs. (a) Voc was measured
PMMA and the composites consisting of SiO2, Al2O3, HfO2 and TiO2 nano
was measured using a Keithley 6485 picoammeter and a Tektronix DP
composites consisting of SiO2, Al2O3, HfO2 and TiO2 nanoparticles are, r
Voc, Isc and power as a function of relative permittivity, respectively.

This journal is © The Royal Society of Chemistry 2017
236.33 mW and 262.94 mW, respectively (Fig. 5e). The results
generally show a similar tendency to the experiment using pure
oxide thin lms, with some exceptions (Fig. 5c–e). Since the
composite materials exhibit more complex structures compared
to the pure materials, many factors such as the roughness of the
surface and/or the effects generated at the interface between the
llers and the matrix can also affect the electrical outputs and
results, with exceptions. However, both sets of results from the
thin lms and composites were well-matched with our theo-
retical prediction of the dependence of performance on the
permittivity of the oxide materials.
Experimental
Preparation of the tribo-materials

A thin lm of Al (60 nm) was deposited on a purchased PTFE
lm (50 mm) using a thermal evaporator. Al2O3, HfO2, Ta2O5 and
TiO2 thin lms (300 nm) were deposited by sputtering on
a doped silicon substrate. The working power was 1000 W at
10�8 Torr. The SiO2 thin lm (300 nm) was synthesized by
oxidizing a Si wafer. As shown in Fig. S3,† the composition of
using a Keithley 6514B electrometer. The output voltages for pristine
particles are, respectively, 47.5 V, 84.7 V, 86.3 V, 97.9 V and 90.7 V. (b) Isc
O 2024 oscilloscope. The output currents for pristine PMMA and the
espectively, 3.76 mA, 6.32 mA, 8.88 mA, 9.28 mA and 8.16 mA. (c, d and e)

RSC Adv., 2017, 7, 49368–49373 | 49371
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each oxide material was analyzed by X-ray photoelectron spec-
trometry (XPS). The PMMA composite lms were synthesized by
the following method. SiO2 (3 ¼ 3.9), Al2O3 (3 ¼ 9), HfO2 (3 ¼ 25)
and TiO2 (3 ¼ 80) nanoparticles were purchased from Sigma
Aldrich. For uniform composite lms, the oxide nanoparticles
were dispersed in ethanol and sonicated for 30 min. Each
dispersion solution was mixed with PMMA 495 and mechan-
ically stirred at 348 K for 6 h in order to evaporate the ethanol
completely. The volume ratio of nanoparticles to PMMA was
1 : 10. Each suspension was spin-coated on a doped Si wafer
and baked at 453 K for 2 min.
Characterization

The deposition of the oxide thin lms was conrmed by X-ray
photoelectron spectroscopy (XPS) with a K-alpha (Thermo VG,
UK) instrument at room temperature using a monochromatic Al
X-ray source at 12 kV and 3 mA. The sample analysis chamber of
the XPS instrument was maintained at a pressure of 4.8 � 10�9

mbar. The electrical outputs of the TENGs were measured using
a Keithley 6485 picoammeter, a Tektronix DPO 2024 oscillo-
scope and a Keithley 6514B electrometer for low-noise and
precise current/voltage measurements under a vertical load of
3–5 N with a frequency of 1.25 Hz. The separation distance
between two plates was 4 mm.
Conclusions

The inuence of the relative permittivity of dielectricmaterials on
the performance of TENGs, by controlling the positive plate with
various oxide materials, has been demonstrated. SiO2 (3r ¼ 3.9),
Al2O3 (3r ¼ 9), HfO2 (3r ¼ 25), Ta2O5 (3r ¼ 26) and TiO2 (3r ¼ 80)
were selected as pure oxide tribo-materials. From the most
negative to themost positive, the oxides are listed in the order of
Ta2O5, HfO2, SiO2, Al2O3 and TiO2. PMMA composite TENGs
were also fabricated using SiO2, Al2O3, HfO2 and TiO2 NPs. The
measured Voc, Isc and power values of the TENGs showed
a general tendency to increase with an increase in the relative
permittivity, while scattered data were observed as a function of
the triboelectric polarity. In other words, the relative permit-
tivity is considered to be a more dominant factor than the
triboelectric polarity in this study. This work provides a better
understanding of the factors affecting the performance of
TENGs from the view of the materials. By considering the
relative permittivity, it will be possible to broaden the range of
selectable tribo-materials and the subsequent applications.
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