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Abstract

The flexible self-charging power cell (SCPC) was developed by the integration of
piezoelectric with triboelectric nanogenerator and reduced graphene oxide (rGO) coated
fabric supercapacitor. Polyvinylidene difluoride (PVDF)-ZnO film was used as a
piezoelectric separator. The rGO supercapacitor electrodes were prepared by dip-coating
graphene oxide on carbon fabric and thermally reduced to form rGO-coated fiber flexible
electrodes. The top surface of electrode of the supercapacitor electrode was coated by a
mixture of polydimethylsiloxane (PDMS) and GO (PDMS+GO) to form a single electrode
triboelectric operation on the top part of the device. A self-charging power cell was
assembled by separating two electrodes; the rGO and PDMS+GO/RGO electrodes, with
PVA-H3PO4 gel electrolyte coated PVDF-ZnO piezoelectric separator. Using this
configuration, the synergetic process of piezoelectric and triboelectric nanogenerators is
expected to generate superior power output and self-charging performance of the SCPC. This
outcome of this project would be beneficial for the fabrication of low cost, flexible and high

performance self-charging power cells.

Keywords : Self- charging power cell; Piezoelectric; triboelectric Nanogenerator; graphene

oxide
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Executive Summary

The main contribution of this work is the facile, straightforward fabrication of a high-
performance negative triboelectric material composed of polydimethylsiloxane (PDMS),
graphene oxide (GO), and sodium dodecyl sulfate (SDS). We believe that this contribution is
theoretically and practically relevant because the output voltage and current of the composite
film were three times higher than those of the pristine PDMS film in a pilot triboelectric
nanogenerator. Our research is of particular interest and use to materials scientists in the field
of energy harvesting devices. Further, the SDS surfactant and GO which was partially
reduced in situ synergistically intensified the negative charge density, and the GO also
provided enhanced charge trapping, thus improving the performance of the PDMS
triboelectric film. The outcome of this work would be beneficial for the fabrication of the

development of flexible and high performance self-charging power cells.
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Chapter 1

Introduction

Harvesting the ubiquitous mechanical energy in ambient environment is one of the
most demanding challenges in developing green, sustainable energy sources. Triboelectric
nanogenerators (TENGs) are newly developed energy conversion devices with high potential
as a power generation technology because of their high output power and cost-effective
fabrication.[1-3] The electric power generation of TENGs is based on triboelectrification and
electric induction, which depend on the contact-separation movements of the two
triboelectric materials with different triboelectric polarities.[4] Triboelectric materials are
coupled according to the large difference in their electronegativities, as presented in the
triboelectric series in Figure 1.1a) [3, 5]. To realize their practical applications, high-
performance flexible and wearable TENGs need to be developed. And four basic operation

modes are proposed for the mechanical energy in various systems[6].

Self-charging powered cell (SCPC) is a great desired concept for developing next
generation portable electronic devices that integrates an energy conversion device with
energy storage device. One of the effective energy conversion devices typically employed in
SCPC system is nanogenerator that harvest mechanical energy from human living
environment through piezoelectric and tribo-electrification effects and covert into electricity.
On the other hand, energy storage devices including supercapacitors or Li-ion battery store
electricity as electrochemical energy. These two systems are generally two dependent

processes which require separated physical units.



Polyformalcehyde 1.3-1.4 (continued)

Etylcellulose Palyester (Dacron)

Palyamide 11 Palyisobutylene

Positive | Polyamide 8-6 Palyuretane flexible sponge

Melanime formol Palyethylene Terephthalate

Wool, knitted Palyvinyl butyral

Silk, woven Palychlorobutadiens

Aluminum Matural rubber

paper Palyacrilonitrile

Cotton, woven Acrylonitnle-vinyl chlande

Steel Palybisphencl carbonate

Wood Palychlaroether

Hard rubber Palyvinylidine chloride (Saran)

Nickel, copper Palystyrene

Sulfur Palyethylene

Brass, silver Polypropylene

Acetate, Rayon : Pal ynr.n ide tKap.lon) Negative

Palymethyl methacrylate (Lucite) | Palyvinyl Chiaride (FVC)

Pelyviryl alcohol Polydimethylsiloxane (FDMS)

(continued) Palytetrafluoroethylene (Teflon)
- PSS b
| Vertical contact-separation ' Lateral sliding mode I

mode

—

+
{
o
:
§

Freeslandmg triboelectric- Iayer b
mode |

9

Figure 1.1 a) Triboelectric series[3], b) four basic operation modes of triboelectric

nanogenerators [6]

In recent years, a new hybrid system that integrates energy conversion and energy
storage device to perform a self-charging powered operation in order to directly convert
mechanical energy into electrochemical energy in one single device has been introduced.
Many self-charging powered cells (SCPCs) have been developed including the hybrid
systems of piezoelectric nanogenerator and either Li batteries [7-11] or supercapacitor [12].
Additionally, wearable electronics are currently of considerable interest and have been found

in many applications such as personalized electronics, wearable medical monitors and



military field [13]. Textile based SCPC integrated into wearable garments to harvest the
energy from body movement and directly stored would be one of important challenges. The
possibility of producing flexible self-powered electronic devices was first addressed where a
flexible self-charging supercapacitor power cell (SCSPC) has been successfully developed
[12]. In this device, a polyvinylidene difluoride (PVDF) - ZnO film was used as a
piezoelectric nanogenerator and MnO2 nanowires as electrode material for supercapacitor
with the use of PVA/H3;PO, gel electrolyte. However, the device performances were still far

less than those of the typical stand-alone nanogenerator and supercapacitor.

In a typical SCPC, piezoelectric potential is created in nanogenerator by mechanical
deformation which can drive electrolyte ions migration causing charging reactions at the
electrodes. This charging process occurs through a periodic applied strain. The piezoelectric
film is therefore a primary components that plays a crucial role in the generating the high

enough potential energy to drive this charging process to occur.

Poly(vinylidene fluoride) (PVDF) film is a piezoelectric material (f-phase PVDF)
which has a high piezoelectric coefficient, excellent stability under deformation and has been
used in many flexible nanogenerator designs for mechanical harvesting [7-11, 14] . ZnO-
based piezoelectric nanogenerators are one of the most important candidates for developing
self-powered nanotechnology because of its wurtzite structure that could generate
spontaneous polarization along that direction. Moreover, ZnO also offer many advantages
such as low-cost, environmental friendliness and low temperature with large scale production

[15].

In this proposal, PVDF-ZnO nanowires will be used as piezoelectric material in
nanogerator for flexible SCPC. In addition, graphene oxide (GO) based triboelectric

nanogenerator (TENG) will be integrated in order to enhance the energy harvesting



performance of the produced SCPC. TENG is a new developed nanogenerator that can
convert mechanical energy into electricity by using triboelectrification and electrostatic
induction which offers many advantages including extremely high output and efficiency, low
cost, high stability and environmental friendliness [1, 3]. The detail of TENG is described in

the literature review.

Another crucial part is to store the harvested energy into energy storage device.
Supercapacitors offer many appealing aspects including high power density, fast charge-
discharge rates and long life times compared to rechargeable batteries and conventional
dielectric capacitors. MnO; has been known to be promising electrode materials because of
their low cost, environmental friendliness, and high theoretical capacitance of up to 1400 Fg™*
[16]. However, commercial MnO, exhibits a specific capacitance of only ~ 200 Fg™ because
of the limited electroactive area and poor electrical conductivity [17, 18]. For these reason, to
get the high capacitive performance, mixing with carbon or other conductive material and
binder agent is always required to fabricate supercapacitor electrodes. Finding high
capacitance, high flexibility, cost - effective and binder-free supercapacitor electrode

materials would be very useful for the development of wearable and flexible SCPC.

Graphene has been known for its excellent electrical conductivity, large surface area
and high mechanical flexibility, which are appealing for electric double-layer capacitor
electrode material for supercapacitor applications. The theoretical specific capacitance of 550
Fg™ could be achieved from graphene based supercapacitor [19], which is relatively low
compared to that of MnO,. However, graphene produced by chemical method or reduced
graphene oxide (rGO) offers many advantages including a large scale cost-effective
fabrication and a good dispersibility in many solvents due to its hydrophilic nature enabling it
easily deposited on various kinds of substrates. A binder-free thermally reduced graphene

oxide-coated fabric electrode for a flexible solid-state supercapacitor has been demonstrated



with a high device capacitance of 70.4 Fg™* [20]. Moreover, graphene oxide (GO) is
insulating material which is also ideal for tribielectric nanogenerator application which would
be beneficial for enhancing the energy conversion efficiency due to an improved power

output as a result of a combination of piezoelectric and triboelectric effects.

To sum up, this research is going to develop a wearable and flexible SCPC with
enhanced performance involving the fabrication of a hybrid SCPC between piezoelectric-
triboelectric nanogenerator and solid state supercapacitor. The device will compose two rGO
coated conducting fabric supercapacitor electrodes, a piezoelectric PVDF-ZnO as a separator
which coated with PVA-H3PO4 gel electrolyte, and a PDMS-GO triboelectric film coated on
the top surface of the device (this will be explained in more detail in the literature review
section). This configuration would allow the full energy harvesting operation giving rise to

high performance of the SCPC.

Objectives

1. To develop a low cost and flexible self-charging power cell by the integration of
piezoelectric- triboelectric nanogenerator and reduced graphene oxide coated fabric

supercapacitor with high self-charging performance.

2. To fabricate and optimize the PDMS-GO triboelectric nanogenerator to achieve

high voltage and current outputs.

3. To fabricate PVDF-ZnO piezoelectric separator with high voltage and current

outputs.

4. To investigate and optimize the capacitive performance of the flexible rGO coated

fabric supercapacitors.



Scope of research

This project is going to fabricate a flexible SCPC which is an integration of
piezoelectric-tribielectric nanogenerator. The ultimate goal of this work is to improve the
self-charging performance the SCPC device by focusing on development of GO-based
triboelectric nanogenerator and rGO-based supercapacitor. This will involve the fabrication
of GO and PDMS nanocomposites to generate high current and voltage outputs, and the
investigation of GO reduction condition to achieve the high quality rGO with excellent
performance for supercapacitor electrodes. The GO and rGO characterization will be
performed using Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR). The
morphology and structures of the device componenets will be examined using scanning
electron microscopy SEM), X-ray diffraction, and transmission electron microscopy. The
electrochemical properties will be measured using cyclic voltammetry (CV) and galvanostatic

charge-discharge and electrochemical impedance spectroscopy (EIS).



Chapter 2

Literature review

Many SCPC devices have been developed in recent years. The fundamental
mechanism of the SCPC was first introduced by Prof. Zhong Lin Wang’s group which is
explained in Fig. 1 [7]. The devices were the integration of a nanogenerator and a battery or a

supercapacitor into one unit.

A typical SCPC has three main components: energy storage electrodes (cathode and
anode), piezoelectric separator, and electrolyte. The self-charging mechanism in energy
storage device is driven by the potential generated by mechanical deformation applied to the
device through piezoelectric effect. The piezoelectric potential causes electrolyte ion to

migrate to the electrode and the charging reactions to occur.
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Graphene, 2D zero band-gap semi metal, has been found to exhibit an exceptional
electrical conductivity with high charge carrier mobility of 200,000 cm?V s at an electron
density of 4 x 10° cm™ which is six order of magnitude higher than that of copper [21]. The
outstanding characteristics of graphene are that it has a large theoretical specific surface area
(2630 m2/g) and excellent mechanical flexibility [22]. Graphene would therefore an ideal
material for fabricating flexible electrodes for supercapacitors. Graphene oxide (GO) is
typically used as a precursor for producing graphene. The graphene produced by the chemical
route is known as reduced graphene oxide (rGO); the reduction of graphene oxide to reduced
graphene oxide (rGO) which is the most cost-effective and mass production of graphene

nanostructures [23].

Recently, wearable electronic devices have gained a great deal of interests. Many
graphene based textiles have been employed as supercapacitor electrodes including graphene
based nanocomposites with some other capacitive materials coated onto various kinds of
fabrics. Solution-exfoliated graphene nanosheets coated on porous textiles could yield
specific capacitance of 63 Fg™ and after forming graphene/MnO, nanocomposite the specific
capacitance could go up to 315 Fg™ [24]. A thermal annealed graphene coated cotton cloth
composite fabric exhibited good electrical conductivity, outstanding flexibility, and high
specific capacitance of 326.8 Fg' [25]. Graphene coated electronspun polyamide-66
nanofabric exhibited a specific capacitance of 280 Fg* [26]. Although capacitive
performance of rGO is relatively inferior compared to MnO2, the simple cost effective
fabrication that allows well deposition onto fabric would be beneficial for applying rGO as

electrode material for supercapacitors.
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Figure 2.2 a) polarization created in Wurtzite structure of ZnO when strain is applied, b)

vertically aligned ZnO nanowires [15].

Zn0-based piezoelectric nanogenerators are one of the most important candidates for
developing self-powered nanotechnology [27, 28]. Piezoelectric effect is naturally generated
when the strain is applied to a non-central symmetric wurtzite crystal structure of ZnO as
shown in Figure 2. The dipole moment is generated when the a stress is applied at an apex of
the tetrahedron in which the Zn®* cations and O® anions are coordinated, which is caused by
the displacement of the centers of the cations and anions. The polarizations from the entire
structure produce a macroscopic potential or piezopotential along the strain direction in the
structure. This generated piezopotential can drive a transient flow of electrons in an external

load, which is the principle for the nanogenerator.

TENG can convert mechanical energy into electricity by using triboelectrification and
electrostatic induction. Triboelectrification is a phenomenon that a material surface becomes

electrically charged after it becomes into contact with another material. Insulating materials
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usually generate a strong triboelectrification because they can capture the transferred charges
and retain them for a long time at their surface. These captured charges serve as an
electrostatic induction source for the electricity generation process of the TENG. This
proposal is going to employ GO mixed with PDMS as a triboelectric layer on the basis of
single electrode mode which is explained in the working mechanism below. The reason for
mixing GO and PDMS is to prevent the GO intermixing with rGO in another side of the
electrodes. The SCPC device components and its working mechanism are described in Figure

3 and 4, respectively.

PDMS + GO—> I—_-s
Fabric _, ‘jeuayayayayarassssssass,

rGO —p » |

UPRHInOvGer” [sorrerererererorarenad

rGO _, e s [ ——

Fabric —-deNaYsYavsvavAtsCavaALaYS)

Figure 2.3 The flexible SCPC by integration of piezoelectric- triboelectric nanogenerator and

reduced graphene oxide coated fabric supercapacitor.

Working mechanism

1. At the initial there is no force applied to the device, the device is in discharge state

(Fig. 2.4a)).
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2. As the compressive stress is applied to the device by human palm on the top side of
the device, this cause the polarization of the PVDF-ZnO separator by piezoelectric effect.
The polarization of ions generates a potential difference across the thickness of the separator
(Fig. 2.4b)). A negative and positive piezoelectric potential is generated at the top and
bottom of the device respectively. This potential drives the electrolyte ions (PVA/H3PO,)
toward the positive and negative electrodes to the charge state (Fig. 2.4c)). Simultaneously,
human palm and PDMS+GO layer contact with each other, resulting in the charge transfer
between them. Electrons are injected from the skin to the PDMS+GO because PDMS+GO

layer is more tribolelectrically negative than skin, which is the contact electrification process.

3. When human palm move up away from the device (Fig. 2.4d)), there is no
compressive stress and hence piezoelectric potential is no longer available to drive the ions to
the electrodes. However, the separation of the human palm and PDMS+GO cause charge
unbalance. The negative charge on the surface of the PDMS+GO can induce positive charge
on the carbon fiber electrode, driving the free electron to flow from the carbon fiber electrode
to the electrolyte. These free electrons can retain the cations (H") through coulomb
interaction at the top electrode of the device whereas anions are stored at the bottom

electrode.

4. As the human palm moves toward the PDMS+GO again (Fig. 2.4b)), the free
electrons flow back to the carbon fiber until they fully contact to each other again. The stress
applied by human palm generated piezoelectric potential again. With continuing applied force

to the device, the charging cycle is repeated.

5. These synergistic processes of piezoelectric and triboelectric would significantly
enhance the self-charging performance of the SCPC device by a conversion of mechanical

energy directly into electrochemical energy.
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Figure 2.4 working mechanism of the flexible SCPC by integration of piezoelectric-

triboelectric nanogenerator and reduced graphene oxide coated fabric supercapacitor
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Chapter 3

Experiment

In this work, PDMS and GO triboelectric nanocomposite material was prepared and test for
the nanogenerator performance. Then it was used as a triboelectric component for the self-

charging power cell.

3.1 PDMS-GO composite for triboelectric materials

A PDMS solution (Sylgard 184, Dow Corning) containing both the elastomer and curing
agent in a mass ratio of 10:1 was prepared for the flat, pristine PDMS film. For the
PDMS@GO composite film, a GO solution with various concentrations (2, 4, 6, and 8
mg/mL) was mixed with a PDMS elastomer solution in a volume ratio of 1:5 through
magnetic stirring for 30 min. For simplicity, these samples are hereafter referred to as
PDMS@GO-2, PDMS@GO-4, PDMS@GO-6, and PDMS@GO-8, respectively. For the
porous PDMS@GO@SDS films, the SDS surfactant was dissolved in the 4 mg/mL GO
suspension at concentrations of 0.1, 0.2, 0.3, and 0.4 M before mixing with the elastomer
solution, and the corresponding samples are hereafter referred to as PDMS@GO@SDS-0.1,
PDMS@GO@SDS-0.2, PDMS@GO@SDS-0.3, and PDMS@GO@SDS-0.4, respectively.
Next, the curing agent was added to each suspension, and stirring was resumed for 15 min to
obtain a uniformly dispersed solution. The negative electrodes of the TENGs were spin-
coated onto a 2 x 2.5 cm Au-coated glass substrate whose surface was undergone pre-
treatment step to promote the adhesion by immerse in 5 mM (3-
mercaptopropyl)trimethoxysilane (MPTMS) solution for 30 min.[29] The PDMS composite
films were then cured at 80 °C for 2 h, and water was removed at 150 °C for 2 h using a hot

plate. The fabrication process for PDMS@GO is illustrated in Fig. 3.1.
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Figure 3.1 The schematic illustrates the fabrication of PDMS@GO films as negative

triboelectric materials.

3.2 Preparation of PVDF-ZnO piezoelectric layer as a separator

ZnO nanowires are purchased from Sigma Aldrich. PVDF-ZnO layer is going to
prepared by mixing PVDF in acetone/DMF solvent with the volume ratio of 6:4 and the
prepared ZnO nanowire. The ratio of PVDF to ZnO nanowire to get the optimum

performance will be investigated. Then the mixture will be dried at 50°C for 4 hours.

3.3 Preparation of rGO electrode for supercapacitor

3.3.1 GO synthesis

Graphene oxide is synthesized by using modified Hummers method which can be explained

briefly as follows. The mixture of graphite powder and NaNOg are firstly prepared, then 95%
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H,S0O, is added to the mixture, KMnOy, is slowly added to the solution. Then the mixture is
stirred at room temperature for 2 hours. Then DI water is added and the diluted mixture is
stirred at 98 °C for 12 h. Then H,0, (30%) is added to the prepared solution. Finally, the
mixture is purified by washing and rinsing with 5% HCI solution and demonized water for
several times. After centrifuged and dried in vacuum, graphene oxide will be obtained in the
form of black powder. The produced graphene oxide will be characterized by UV-VIS
spectroscopy, Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR). In this

research, graphene oxide will be provided by Prof. Dae Joon Kang.

3.3.2 rGO coated fabric

The carbon fabric is cleaned in ethanol, acetone, and deionized water in a sonicating
bath. The GO power is dispersed in DI water with a concentration of 2 mg/ml and
ultrasonicated for 2 hours to form a stable suspension. The cleaned carbon fabric is coated by
GO solution by repeated dip-coating at 60 °C for 30 min for 5 times. Then GO-coated fabric

is thermally reduced to for rGO-coated fabric at 160°C in Ar for 2 hours.

3.3.3 GO+PDMS triboelectric
One side of one of the two rGO-coated fabric electrodes of the supercapacitor is
coated by the GO+PDMS. The reason for mixing GO with PDMS is for preventing GO

disperse through the opposite side of the fabric which is previously coated by rGO.

PDMS prepolymer made by mixing base silicone gel with a curing agent in a
10:1 weight ratio is dissolved in dichloromethane to obtain homogeneous solution. Then
GO powder is mixed into the solution and sonicated for 2 hours. The mixture is coated on to
one side of dried at room temperature for 2 h and cured at 90 °C for 2 h. Then the GO+PDMS
triboelectric layer is obtained. The ratio of the GO: PDMS will be studied and optimize to

achieve the optimum condition.
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3.4 SCPC cell assemble

The SCPC is assembled by two rGO- coated fabric electrodes with the rGO-coated
side facing toward each other while the GO+PDMS side is on the top surface of the device.
PVA/H3;PO, gel electrolyte and PVDF-ZnO separator (section 1) in the middle are then insert
between the two electrodes. Then the assembled SCPC is dried at room temperature for 12 h.
Then the flexible SCPC by integration of piezoelectric-triboelectric nanogenerator and

supercapacitor can be finally achieved.

The performance of each functional part; PVDF-ZnO piezoelectric, GO+PDMS

triboelectric and rGO supercapacitor will be investigated.

Fabric GOEabric Top electrode
rGOfFabric (FPOMS+GOYFabric/rGO

m Separator

PYDF+Zn0 nanowires

Bottom electrode

ZOfFabric riGCfFabric

¥

PYA+HIPO4 gel
Electrolyte
PWDF+Zn0 nanowires —

Figure 3.2 Device fabrication



18

3.5 Device performance

3.5.1 Output voltage and current of nanogenerators

Piezoelectric and triboelectric nanogenerators and SCPC devices are examined using
the pressing and bending test system (Teraleader). The electric characteristics of the
nanogenerator devices are measured using oscilloscope (LeCroy WavePro 715Zi) and a low-

noise current preamplifier (Stanford Research System SR570).

3.5.2 Supercapacitor characterization and measurement

Cyclic voltammetry (CV), galvanostatic charge-discharge and impedance
measurement are performed using CHI-660 B electrochemical station (CH Instrument Inc,
TX, USA). The cyclic voltammograms, specific capacitance, energy density, power density,

stability of supercapacitor and the self-charging performance of SCPC are characterized.

3.6 The structure characterization

The structure of the samples is characterized by X-ray diffraction and Raman

spectroscopy techniques. The morphology of the samples is examined using FE-SEM.
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Chapter 4
Results and discussion

First, the effects of GO concentration on the morphology of the PDMS@GO composite films
and their voltage and current outputs were investigated. Fig. 4.1a shows SEM images of the
PDMS@GO with 2-8 mg/mL GO. In contrast with flat PDMS, the PDMS@GO films feature
porous structures due to the formation of bubbles by the indissoluble GO in the PDMS.
Although the porous structures show no significant differences among the various GO
concentrations, the pore density increases with the GO concentration. The output
performance of the various PDMS@GO films exhibits a notably similar trend, as shown in
Fig. 4.1b. As the GO concentration increases, the output voltage and current reach their
maximum values of 215 V and 6 pA/cm?, respectively, with the 4 mg/mL GO sample. The

outputs then decrease with the increased GO concentrations of 6 and 8 mg/mL.
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Fig. 4.1. () SEM images and the (b) voltage and (c) current output of PDMS and

PDMS@GO films with various GO concentrations.

To elucidate the lower performance at high GO concentrations in the PDMS@GO composite

films, Raman spectroscopy analysis was performed, as presented in Fig. 4.2a. The



21

characteristic Raman spectrum of PDMS is consistent with that in the relevant literature. The
two peaks at 1345 and 1595 cm™ are assigned to the disorder-induced D bands and in-plane
C-C stretching G bands of GO, respectively. The Raman spectra of the composite films
contain the superimposed spectra of both PDMS and GO with no additional peaks, suggesting
that no chemical interaction occurred between the two components. The Raman spectra of
two pristine GO films heated at 80°C and 150°C were acquired to probe the transformation of
GO during the fabrication process. The Ip/lg ratios which can be used as the measure of
defect/disorder density in GO were found to slightly increase from ~1.0 to ~1.1 in the 80 °C
and 150 °C heated GO (representing the composite films at all GO concentration) respectively
(supplementary Fig. S1).[30-32] These numbers are still lower than those determined in some
previous studies [33, 34] suggesting that GO was partially reduced forming rGO but the
degree of reduction was relatively low. The increase in the D peak intensity after the 150°C
heating indicates that more oxygen functional groups were introduced into carbon chains

which could be surface hydroxyl and/or epoxy groups from vaporized water.[35]

To support the Raman data, a C 1s XPS spectrum was acquired from the best-performing
PDMS@GO-4 composite film (the 4 mg/mL GO film), as presented in Fig. 4.2b. The
deconvoluted C 1s XPS spectrum reveals four C components in the composite. The C-C and
C-OH/C-0O components at ~285 and ~286 eV are from covalent carbon bonds and
hydroxyl/epoxy groups, respectively.[35, 36] Two other C-Si components at ~283.5 and
284.5 eV are obtained from the bonding between the C and Si atoms in the substrate and in
the PDMS molecules, respectively. The intensity ratio of the C—C and C-O components (I¢-

c/lc—o) in the XPS spectrum verifies the reduction of GO, which forms rGO in the composite.
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Figure 4.2 (a) Raman spectra of the PDMS and PDMS@GO films with various GO
concentrations, (b) C 1s X-ray photoelectron spectra of the 4 mg/mL PDMS@GO composite

film, and (c) I-V measurements of the composite films.
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The fabrication steps and a proposed model of the porous PDMS@GO composite are shown
in Fig.4.3. In the PDMS@GO composite film, the agueous GO suspension is not dissolved in
the PDMS prepolymer; thus, small droplets of GO solution disperse inside the PDMS matrix
under magnetic stirring. Next, annealing is performed i) at 80 °C to cure the PDMS film and
i) at 150 °C to evaporate the water trapped inside the droplets. Annealing at 150 °C in the
ambient atmosphere is likely to have synergistic effects: removing the confined water bubbles,
thereby producing the porous film, leaving behind more negative surface functional groups
and partially reducing the GO. The rGO clusters in the insulating the PDMS matrix act as
charge trapping sites that can induce a capacitance effect, which has also been observed in
previous studies[37-39]. These synergistic effects account for the improved output

performance of the PDMS@GO TENG.

However, the decreased output performance at higher GO concentration can be ascribed to
the electrical percolation of the rGO network in the PDMS matrix,[40, 41] as evidenced by
the increasing conductivity shown in the current—voltage (I-V) measurements in Fig. 4.2c.
The resistances of all the composite films were relatively high (10° Q) and decreased with the
increasing GO concentration. The higher GO precursor concentrations resulted in the
connection of the conductive rGO network, as shown in the SEM images of the dense porous
structure in the fabricated PDMS@GO-6 and PDMS@GO-8 films in Fig. 4.1a. The electrical
percolation directly affects the output performance of the composite TENGs because of the
dissipation of electrified charges, thus resulting in a decrease in the potential and current

output.

The PDMS@GO films exhibit relatively wide size distributions of bubbles or pores, which
range in diameter from a few micrometres to a few tens of micrometres. To optimize the

uniformity of the porous structures, to homogeneously disperse the GO clusters in the PDMS
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matrix, and to enhance the specific contact area, an SDS surfactant was added to the mixture
of PDMS and GO. Moreover, the anionic head groups of the SDS molecules were expected

to further intensify the negative charges in the composite films.
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Figure 4.3 (a) Output voltage and current of the PDMS@GO@SDS composite TENG with
various SDS concentrations; (b) 90 LEDs can be illuminated using 0.2 M SDS
PDMS@GO@SDS TENG, and (c) the SEM images of the PDMS@GO@SDS composite

films with various SDS concentrations.

Fig. 4.3a presents the effect of the SDS concentration on the output performance of the

PDMS@GO@SDS TENGs. The highest output voltage and current of up to 330 V and 8
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HA/cm?, respectively, were achieved for PDMS@GO@SDS with 0.2 M SDS. This can
power 90 green light emitting diodes (LEDSs), as shown in Fig. 4.3b and the video S2 in the
supporting information. The achieved output performance was approximately 1.5 times
greater than that of the PDMS@GO-4 TENG. At high SDS concentrations, the output
performance deteriorated to almost the same output as that of the PDMS@GO without SDS.
The SEM images shown in Fig. 4.3c reveal the remarkable changes in morphology among the

PDMS@GO@SDS samples with various SDS concentrations.

When the SDS surfactant is initially added to the GO solution prior to being mixed with the
PDMS prepolymer, the hydrophilic negatively charged head groups of the SDS molecules are
electrostatically repelled from the negatively charged oxygen-containing functional groups on
the GO surface. Thus, SDS molecules are not adsorbed onto the GO but form micelles in the
solution.[42] In contrast, SDS alkyl chains have been demonstrated to adsorb on rGO
surfaces, and their absorption behaviour was found to depend on the SDS concentration and
the degree of GO reduction.[43, 44] In this study, the SDS concentration is relatively higher
than the typical critical surface aggregation concentration reported in previous studies.[43,
44] The SDS molecules are expected to form hemicylindrical and/or hemispherical surface
micelles[45] and micelles in bulk solution. If the SDS concentration is extremely high (0.4
M), the morphology of the composite becomes granular and discontinuous, thus deteriorating

the output performance of the TENGs.

Fig. 4.4 shows the SEM-EDX mapping of S Kaj, C Kajy, and Si Ka; in the
PDMS@GO@SDS. Sulfur was detected across the sample with some porosity, suggesting
the uniform dispersion of the SDS molecules in the composite and the micelle formation in
the precursor solution. However, the yellow circles and arrows in Fig. 4.4a) and 4.4b)

indicate areas of high sulfur density, suggesting the presence of rGO with adsorbed SDS
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molecules located close to the holes. This could indicate the presence of rGO on the sidewalls

of the pores.

Figure 4.4 (a) SEM image and SEM-EDX mappings of (b) S Kas, (c) C Kay 2, and (d) Si

Kay in the PDMS@GO@SDS film with 0.2 M SDS concentration.

The working principle of the fabricated PDMS@GO@SDS TENG under a single-electrode
mode is presented in the schematic diagram in Fig. 4.5, using a polyethylene naphthalate
(PEN) film with indium tin oxide (ITO) deposited on the top as a moving electrode with the
PEN side facing the PDMS@GO@SDS film, which was spin-coated on an Au-coated glass
substrate. In the initial state, the two film surfaces are not in contact, no charge transfer

occurs, and hence, no electric potential exists. When the two materials are brought into
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contact, electrons transfer between the PEN and PDMS films upon electrification, producing
positive and negative charges at the surfaces of the PEN and PDMS@GO@SDS films,

respectively, as a result of the chemical potential difference.
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Figure 4.5 (a) Output measurement, (b) the schematic presentation of working principle of

the fabricated TENG in the single-electrode mode, and (c) the measured current output signal.

When the two surfaces are separated, the electric potential created by the triboelectric charges
on the surfaces drives free electrons in the bottom Au electrode to flow to the ground to
neutralize the negative charges on the composite film, leaving a positively charged Au

electrode and generating a negative voltage signal. Simultaneously, the positive charges on
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the PEN surface can induce free electrons in the ITO top layer to reside at the interface
without tunnelling through the PEN film. In the single-electrode operation mode, the ITO is
not connected to the bottom Au electrode, and consequently, this configuration provides
electrostatic attraction which can confine positive surface charges on the PEN throughout the
electrification process; otherwise, some of the electrified charges can dissipate into the
atmosphere due to water molecules in the air.[46] When the two surfaces are brought back
into contact again, the potential experienced by the free electrons in the bottom electrode
decreases, and they thus flow back from the ground to neutralize the earlier positively

charged Au electrode, producing a positive voltage signal.

In this study, the output performance was significantly augmented by increasing the charge
density. Considering a simple contact mode operation, the output voltage (V) and the voltage

at the open circuit (Vo); no transferred charge, are given by Equations (1) and (2).[47]

V- (0g —Aod)-x(t) Ao-d @
B & B E0Er
_ 0o x(t) )
oc — 80

where 6, Ao, X(1), &0, d, and S represent the triboelectric charge density on the film surface,
transferred charge density on the electrode, a distance between the surfaces of two
triboelectric materials, vacuum permittivity, triboelectric film thickness, and the film surface

area, respectively.

The maximum voltage V.. that can be achieved at the maximum distance between the two
triboelectric material surfaces is governed by the triboelectric charge density, op. In this study,
the superior output performance of the fabricated TENG is attributed to the synergetic

contributions of the PDMS@GO@SDS composite film. First, the oxygen functional groups
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in the rGO and the anionic head groups of the SDS surfactant molecules provide abundant
negative charges. Second, the improved dispersion of rGO in the PDMS results in the

increased contact surface area of the sub-10-um porous structure.

The transfer charges Ac were obtained from the integration of the output current plots (Ac
=IA¢) with the use of 10 MQ input load resistance and the measured Ac values of all samples
are presented in Table 1. The charges transfer from ground to the electrode during contact
state and from the electrode to ground during separation state is illustrated in Fig. 4.5b) and c).
The transfer charge was the highest at the PDMS with 4 mg/mL GO and 0.1M SDS which

corresponded to its highest output current density.

To further optimize the performance of the composite TENG, the effects of the film thickness,
operation force, and contact-separation frequency on the TENG performance were
investigated. In addition, the triboelectric charge density ¢ is dependent on the capacitance C
of the TENG, relative dielectric constant (¢,), surface area (S) and thickness of the dielectric
film (d) as described by Equations (3) and (4).

CAV  gy&AV 3)
=T T4

or - SoZrS (4)

According to these equations, a thin film is expected to exhibit a high performance. However,
the optimum film thickness that can produce the highest output performance was determined
to be 5 um, as shown in Fig. 4.6a and 4.6b. The thinner film degraded the TENG
performance because of the small number of charges. The output performance of the
PDMS@GO@SDS TENG gradually increases with the applied force from 1 to 10 N at an

operation frequency of 7 Hz with a 5 um thick film (Fig.4.6c). The output voltage and current



both increase gradually and become almost stable after 6 N. This could be because at 6N
applied force provides the maximum frictional contact of the surface and inner structure of

the porous composite film.
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Figure 4.6 Dependence of the PDMS@GO@SDS TENG output performance on the (a) and

(b) film thickness, (c) force, and (d) contact—separation frequency.
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Current Transfer Charge
Material Synthesis Frequency (peak to Ac
condition (Hz) Ve (V) peak) (nClcm?)
(HA) Contact | Separate

PDMS Flat 5 125 14 11.3 12.8
PDMS@GO GO 2mg/mL 5 204 24 15.6 18.0
GO 4mg/mL ) 218 25 16.6 17.9

GO 6mg/mL 5 204 20 16.1 16.6

GO 8mg/mL ) 173 19 12.7 14.3

PDMS@GO@SDS | SDS 0.1 M 5 278 30 16.2 22.5
[GO 4mg/mL] |[SDS0.2M 5 331 33 16.3 23.8
SDS0.3 M 5 226 23 16.4 23.2

SDS 04 M 5 213 19 12.0 16.8

PDMS@GO@SDS 1 200 16 11.5 15.7
[GO 4mg/mL] 2 188 21 16.5 22.3
[SDS 0.2 M] 3 230 24 17.2 23.0
4 246 25 17.3 22.2

5 317 35 17.2 23.5

6 342 37 15.6 22.3

7 377 44 15.3 23.2

8 412 45 14.4 21.0

9 215 26 12.2 154

10 213 26 10.8 14.6
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Table 1 Maximum voltage and current out puts extract from output signals in Fig. 1, 4 and 7

and their transfer charge densities.

The frequency dependence was also investigated with a 5 um thick film and a constant force
of 6 N; the output performance increases with the operation frequency up to 8 Hz, when the
maximum output voltage and current of up to 438 V and 11 pA/cm’® are achieved,
respectively, as shown in Fig. 4.6d and the video S3 in the supporting information. This
dependence could be due to the accumulation of surface charges (o) on the composite
material surface that could not be completely neutralized at a high frequency, which can be
seen from the reduced transfer charges starting at the frequency of 6 Hz in Table 1. However,
at higher operation frequencies of 9 and 10 Hz, the performance dramatically dropped, which
could be attributed to the extremely high number of accumulated charges oo, which can
screen the potential because of the free electrons transferring between the Au electrode and

the ground, thereby decreasing the generated current and voltage.

The effective power density of the TENG can be estimated from the formula P=V?/RA, where
V is the output voltage, R is the load resistance, and A is effective size of the TENG. For our

output measurement, the input resistance of the oscilloscope is 10 MQ, the maximum output

power density of the PDMS@GO@SDS is then ~4.8 mW/cm?.

Table 2 summarizes the output performance under a compressive force of 1 N at 7 Hz. The
addition of only GO or SDS demonstrated relatively similar performance; however, when
both GO and SDS were mixed into the PDMS to form a PDMS@GO@SDS composite, the

output performance greatly improved to almost three times that of the flat PDMS film.



Samples Voltage (V) Current (LA)

PDMS@GO 215 25

PDMS@SDS (water) 198 22

Table 2. Output performance summary at pressing operation under 1 N of force at 7 Hz.
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Chapter 5
Conclusion

A PDMS@rGO@SDS composite film was successfully developed as a high-performance
negative triboelectric material. Under the optimum operating conditions, an output
performance three times greater than that of a flat PDMS film was achieved, namely, a
maximum output voltage and current of 438 V and 11 uA/cmz, respectively. The negative
charge density was intensified by the SDS surfactant and rGO, and the latter also provided
enhanced charge trapping. These improvements, in combination with the high contact area of
the porous structure, account for the superior output performance of the PDMS@rGO@SDS
composite film. This novel approach is conducive to the facile, scalable production of high-

performance TENGs.
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ABSTRACT: In this work, a new approach to modifying poly-
(dimethylsiloxane) (PDMS) as a negative triboelectric material using
graphene oxide (GO) and a sodium dodecyl sulfate (SDS) surfactant was
reported. A porous PDMS@GO@SDS composite triboelectric nano-
generator (TENG) could deliver an output voltage and current of up to
438 V and 11 uA/cm? respectively. These values were 3-fold higher than
those of the flat PDMS. The superior performance is attributed to the
intensified negative charges on PDMS from the oxygen functional groups
of GO and anionic head groups of the SDS molecules. The outstanding
performance and straightforward, low-cost fabrication process of the
PDMS@GO@SDS TENG would be beneficial for the further develop-
ment of powerful NGs integrated into wearable electronics and self-

charging power cells.
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1. INTRODUCTION

Harvesting the ubiquitous mechanical energy in ambient
environment is one of the most demanding challenges in
developing green, sustainable energy sources. Triboelectric
nanogenerators (TENGs) are newly developed energy
conversion devices with high potential as a power-generation
technology because of their high output power and cost-
effective fabrication.' > The electric power generation of
TENGs is based on triboelectrification and electric induction,
which depend on the contact—separation movements of the
two triboelectric materials with different triboelectric polar-
ities.* Triboelectric materials are coupled according to the large
difference in their electronegativities, as presented in the
triboelectric series.” To realize their practical applications,
high-performance flexible and wearable TENGs need to be
developed.

Poly(dimethylsiloxane) (PDMS) has been widely used as a
negative triboelectric material.°~"" Although it is the second
most negative triboelectric material after poly-
(tetrafluoroethylene) (PTFE) in the triboelectric series, its
demand is higher than PTFE because of its flexibility and
transparency. Moreover, PDMS can be mixed with numerous
nanostructured materials to form various composite films. In
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addition, its coating ability on other surfaces is regarded as a
significant advantage over PTFE.

In addition to the choice of material, the surface morphology
has been established as a crucial factor that enhances
electrification because of the increased physical contact area.
Many studies have demonstrated that modifying the surface
morphology or inner structure of PDMS films can significantly
improve the output performance of TENGs. These strategies
include surface patterning, including micropatterning,'" adding
chemical functional groups using block copolymers,'”"?

treating PDMS with fluorocarbons,
5_

plasma etching,'*

f . 15—-17 d addi
orming a porous sponge structure, and adding nano-

structured materials.”"®

Many high-power-output TENGs have been fabricated
through the aforementioned approaches. However, their
fabrication processes and device designs were relatively
complicated, with some requiring sophisticated synthesis
systems. To overcome this limitation, a facile, effective

modification method for PDMS films is required to mass-
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Figure 1. (a) SEM images and the (b) voltage and (c) current output of PDMS and PDMS@GO films with various GO concentrations.

produce high-performance TENGs with reduced production
costs.

Graphene oxide (GO) is rich in negative charges because it
has oxygen functional groups decorated on both the carbon
network basal planes and edges.'” Thus, it can serve as a
negative triboelectric material and offer diverse modifications
through its functional groups. The first flexible GO-based NG
utilized the charge-storing property of GO to harvest acoustic
energy and transform it into electricity, with an energy-
conversion efficiency of up to 12.1%.”° Furthermore, an
electrostatic NG based on GO films was fabricated; however,
its output performance was relatively low.”' GO-doped
electrospun poly(vinylidene fluoride) nanofibers developed
for a book-shaped TENG increased the charge-storage
capability and output performance of the device.”” This
charge-trapping mechanism was also reported in a polyaniline/
reduced GO (rGO) layerlike core—shell structure, in which
electric charges were trapped because of the dissimilar
electrical conductivities of polyaniline and rGO.”’

The study of the electric and dielectric properties of GO-
filled PDMS composites showed that the composite exhibited

unusual nonlinear electrical conductivity and a high dielectric
constant.”* The use of a PDMS/GO composite as a
triboelectric material has been recently reported.”> The
embedded GO nanoparticles in PDMS films acting as
charge-trapping sites could increase the relative dielectric
property of the films, which were found to exhibit higher
TENG output performance than that of a pure PDMS film. In
the present study, we employed GO solution to modify the
PDMS triboelectric material and enhance its triboelectric
properties. In addition to taking advantage of the unique
electrical properties of GO, we explored the insolubility of an
aqueous GO in the PDMS solution to produce a desirable
porous structure, resulting in increased surface contact area,
thus enhancing the triboelectric properties.

We also incorporated an anionic surfactant, sodium dodecyl
sulfate (SDS), into the GO/PDMS system to pile up the
negative charges in the PDMS composite, denoted PDMS@
GO@SDS, and enhance the power output of the TENGs.
Using this novel approach, we developed a procedure to
produce a high-performance TENG using the PDMS@GO@
SDS composite, thereby achieving a high output performance
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because of the highly accumulated negative charges and charge
transport properties of the composite film. The effects of the
concentrations of GO and SDS, film thickness, operation force,
and frequency on the output performance of the TENGs were
thoroughly investigated. This unprecedented, facile modifica-
tion approach for PDMS triboelectric materials could be
promising for the large-scale production of high-performance
TENGs.

2. EXPERIMENTAL SECTION

2.1. Fabrication of PDMS@GO and PDMS@GO@SDS. A
PDMS solution (Sylgard 184, Dow Corning) containing both the
elastomer and curing agent in a mass ratio of 10:1 was prepared for
the flat, pristine PDMS film. GO was prepared using a typical two-step
modified Hummer’s method.”*>” For the PDMS@GO composite
film, a GO solution with various concentrations (2, 4, 6, and 8 mg/
mL) was mixed with a PDMS elastomer solution in a volume ratio of
1:S through magnetic stirring for 30 min. For simplicity, these samples
are hereafter referred to as PDMS@GO-2, PDMS@GO-4, PDMS@
GO-6, and PDMS@GO-8, respectively. For the porous PDMS@
GO@SDS films, the SDS surfactant was dissolved in the 4 mg/mL
GO suspension at concentrations of 0.1, 0.2, 0.3, and 0.4 M before
mixing with the elastomer solution, and the corresponding samples
are hereafter referred to as PDMS@GO@SDS-0.1, PDMS@GO@
SDS-0.2, PDMS@GO@SDS-0.3, and PDMS@GO@SDS-0.4, respec-
tively. Next, the curing agent was added to each suspension, and
stirring was resumed for 15 min to obtain a uniformly dispersed
solution. The negative electrodes of the TENGs were spin-coated
onto a 2 X 2.5 cm® Au-coated glass substrate whose surface was
underwent a pretreatment step to promote adhesion by immersing in
5 mM (3-mercaptopropyl)trimethoxysilane solution for 30 min.**
The PDMS composite films were then cured at 80 °C for 2 h, and
water was removed at 150 °C for 2 h using a hot plate.

2.2. Characterization. The morphology of the films was
examined using a field emission scanning electron microscope (FE-
SEM, JSM-7001F, JEOL, Japan) under an operation voltage of 10 kV
equipped with an energy-dispersive X-ray (EDX) spectrometer
(INCA PentaFETx3, Oxford Instruments, England). The GO content
in the fabricated composite films was characterized using a Raman
spectrometer system (XperRam Compact, Nanobase with a $32 nm
laser excitation) and X-ray photoelectron spectroscopy (XPS, an
ESCA Lab2201-XL spectrometer using an Al Ka X-ray as the
excitation source). The XPS spectra were calibrated using the C 1s
binding energy at 284.6 eV as the reference.

The electrical characteristics of the TENGs were measured using a
digital oscilloscope (LeCroy WaveRunner 6100A) and a low-noise
current preamplifier (Stanford Research Systems SRS70) in the
compressive operation mode. The contact—separation movement was
created using a pressing test system that can generate the movement
with the applied force from 1 to 10 N at 1—10 Hz frequency.

3. RESULTS AND DISCUSSION

First, the effects of GO concentration on the morphology of
the PDMS@GO composite films and their voltage and current
outputs were investigated under a repeated compressive force
of 1 N at 7 Hz. Figure la shows the SEM images of the
PDMS@GO with 2—8 mg/mL GO. In contrast with flat
PDMS, the PDMS@GO films feature porous structures due to
the formation of bubbles by the indissoluble GO in the PDMS.
Although the porous structures show no significant differences
among the various GO concentrations, the pore density
increases with the GO concentration. The high-magnification
SEM image reveals that the GO sheets were trapped inside the
porous structure and well dispersed across their sidewalls; the
SEM images of PDMS@GO films with various GO
concentrations are shown in the Supporting Information

Figure S1. The output performance of the various PDMS@GO
films exhibits a notably similar trend, as shown in Figure 1b. As
the GO concentration increases, the output voltage and
current reach their maximum values of 215 V and 6 yA/cm?,
respectively, with the 4 mg/mL GO sample. The outputs then
decrease with the increased GO concentrations of 6 and 8 mg/
mL, which could be attributed to the aggregation of GO, which
will be further discussed in the following part.

To elucidate the lower performance at high GO concen-
trations in the PDMS@GO composite films, Raman spectros-
copy analysis was performed, as presented in Figure 2a. The
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Figure 2. (a) Raman spectra of the PDMS and PDMS@GO films
with various GO concentrations, (b) C 1s X-ray photoelectron spectra
of the 4 mg/mL PDMS@GO composite film, and (c) I-V
measurements of the composite films.

characteristic Raman spectrum of PDMS is consistent with that
in the relevant literature. The two peaks at 1345 and 1595
cm™" are assigned to the disorder-induced D bands and in-
plane C—C stretching G bands of GO, respectively. The
Raman spectra of the composite films contain the super-
imposed spectra of both PDMS and GO with no additional
peaks, which are further supported by the Fourier transform
infrared (FTIR) data in Figure S2 in the Supporting
Information, suggesting that no chemical interaction occurred
between the two components. The Raman spectra of two
pristine GO films heated at 80 and 150 °C were acquired to
probe the transformation of GO during the fabrication process.
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Figure 3. Schematic illustrating the fabrication of PDMS@GO films as negative triboelectric materials.

The Ip/I; ratios that can be used as the measure of defect/
disorder density in GO were found to slightly increase from
~1.0 to ~1.1 in the 80 and 150 °C heated GO (representing
the composite films at all GO concentrations), respectively
(Supporting Information Figure §3).”7! These numbers are
still lower than those determined in some previous studies®>**
suggesting that GO was partially reduced, forming rGO, but
the degree of reduction was relatively low. The increase in the
D peak intensity after the 150 °C heating indicates that more
oxygen functional groups were introduced into carbon chains,
which could be surface hydroxyl and/or epoxy groups from
vaporized water.**

To support the Raman data, a C 1s XPS spectrum was
acquired from the best-performing PDMS@GO-4 composite
film (the 4 mg/mL GO film), as presented in Figure 2b. The
deconvoluted C 1s XPS spectrum reveals four C components
in the composite. The C—C and C—OH/C—O components at
~285 and ~286 eV are from covalent carbon bonds and
hydroxyl/epoxy groups, respectively.””*> Two other C—Si
components at ~283.5 and 284.5 eV are obtained from the
bonding between the C and Si atoms in the substrate and in
the PDMS molecules, respectively. The intensity ratio of the
C—C and C—O components (Io_c/Ic_p) in the XPS spectrum
verifies the reduction of GO, which forms rGO in the
composite.

The fabrication steps and a proposed model of the porous
PDMS@GO composite are shown in Figure 3. In the PDMS@
GO composite film, because the aqueous GO suspension
cannot be dissolved in the PDMS prepolymer, small droplets
of GO solution can be dispersed inside the PDMS matrix with
the help of an SDS surfactant that promotes emulsification of
the mixture solution under magnetic stirring. Next, annealing is
performed (i) at 80 °C to cure the PDMS film and (ii) at 150
°C to evaporate the water trapped inside the droplets.
Annealing at 150 °C in the ambient atmosphere has synergistic
effects: removing the confined water bubbles produces the
porous film and introduces more oxygen functional groups into
carbon chains of GO from the vaporized water. The increased
specific surface area of the porous structure decorated with rich
oxygen functional groups of GO can provide more negative
surface charge to the composite film. Furthermore, the heat
treatment may also promote the restoring of the carbon

hexagonal network, which results in the partial reduction of
GO. Although rGO contains lesser oxygen functional groups
than GO, its restored carbon network can improve the
conductivity, as evidenced by the decrease of electrical
resistance in Figure 2c. The rGO clusters in the insulating
the PDMS matrix act as charge-trapping sites that can induce a
capacitance effect, which has also been observed in previous
studies.””*****7 These synergistic effects account for the
improved output performance of the PDMS@GO TENG.

However, the decreased output performance at higher GO
concentration can be ascribed to the aggregation of rGO
resulting in the electrical percolation of the rGO network in
the PDMS matrix,”®*’ as evidenced by the increasing
conductivity shown in the current—voltage (I—V) measure-
ments in Figure 2c. The resistances of all of the composite
films were relatively high (10° Q) and decreased with the
increasing GO concentration. The higher GO precursor
concentrations resulted in the connection of the conductive
rGO network, as shown in the SEM images of the dense
porous structure in the fabricated PDMS@GO-6 and PDMS@
GO-8 films in Figure la. The electrical percolation directly
affects the output performance of the composite TENGs
because of the dissipation of electrified charges, thus resulting
in a decrease in the potential and current output.

The PDMS@GO films exhibit relatively wide size
distributions of bubbles or pores, which range in diameter
from a few micrometers to a few tens of micrometers. We
added the SDS surfactant to emulsify GO in the PDMS matrix
for ensuring the formation of a desirable porous structure by
homogeneously dispersing the GO clusters into the PDMS
matrix, which resulted in enhancement of the specific contact
area. Moreover, the anionic head groups of the SDS molecules
were expected to further intensify the negative charges in the
composite films. Figure 4a presents the effect of the SDS
concentration on the output performance of the PDMS@
GO@SDS TENGs. The highest output voltage and current of
up to 330 V and 8 uA/cm’ respectively, were achieved for
PDMS@GO@SDS with 0.2 M SDS. This can power 90 green
light emitting diodes (LEDs), as shown in Figure 4b and Video
S5 in the Supporting Information. The achieved output
performance was approximately 1.5 times greater than that of
the PDMS@GO-4 TENG. At high SDS concentrations, the
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Figure 4. (a) Output voltage and current of the PDMS@GO@SDS composite TENG with various SDS concentrations; (b) 90 LEDs can be
illuminated using 0.2 M SDS PDMS@GO@SDS TENG; and (c) SEM images of the PDMS@GO@SDS composite films with various SDS
concentrations, with the magnified red rectangular region indicating the presence of GO inside the pores.

output performance deteriorated to almost the same output as
that of the PDMS@GO without SDS. The SEM images shown
in Figure 4c reveal the remarkable changes in morphology
among the PDMS@GO@SDS samples with various SDS
concentrations; the enlarged image of the red rectangular
region indicates the presence of GO inside the pores.

When the SDS surfactant is initially added to the GO
solution prior to being mixed with the PDMS prepolymer, the
hydrophilic negatively charged head groups of the SDS
molecules are electrostatically repelled from the negatively
charged oxygen-containing functional groups on the GO
surface. Thus, SDS molecules are not adsorbed onto the GO
but form micelles in the solution.”® In contrast, SDS alkyl
chains have been demonstrated to adsorb on rGO surfaces,
and their absorption behavior was found to depend on the SDS
concentration and the degree of GO reduction.*"** In this

study, the SDS concentration is relatively higher than the
typical critical surface aggregation concentration reported in
previous studies.”"** The SDS molecules are expected to form
hemicylindrical and/or hemispherical surface micelles*’ and
micelles in bulk solution. If the SDS concentration is extremely
high (0.4 M), the morphology of the composite becomes
granular and discontinuous, thus deteriorating the output
performance of the TENGs.

Figure 5 shows the SEM-EDX mapping of S Ka;, C Ka, ,,
and Si Ka, in the PDMS@GO@SDS. Sulfur was detected
across the sample with some porosity, suggesting the uniform
dispersion of the SDS molecules in the composite and the
micelle formation in the precursor solution. However, the
yellow circles and arrows in Figure Sa,b indicate areas of high
sulfur density, suggesting the presence of rGO with adsorbed
SDS molecules located close to the holes. This could indicate
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Figure S. (a) SEM image and SEM-EDX mappings of (b) S Ka,, (c) C Ka, ,, and (d) Si Ke; in the PDMS@GO@SDS film with 0.2 M SDS
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Figure 6. (a) Output measurement, (b) schematic presentation of the working principle of the fabricated TENG in the single-electrode mode, and

(c) measured current output signal.

the presence of rGO on the sidewalls of the pores. The
dispersion of GO sheets in the PDMS film is also evidenced by
TEM images in Figure S4 in the Supporting Information where
GO sheets were observed around the pore regions as well as
inside the PDMS matrix.

The working principle of the fabricated PDMS@GO@SDS
TENG under a single-electrode mode is presented with the
output measurement setup in Figure 6, using a polyethylene
naphthalate (PEN) film with indium tin oxide (ITO)

deposited on the top as a moving electrode with the PEN
side facing the PDMS@GO@SDS film, which was spin-coated
on a Au-coated glass substrate. In the initial state, the two film
surfaces are not in contact, no charge transfer occurs, and
hence no electric potential exists. When the two materials are
brought into contact, electrons transfer between the PEN and
PDMS films upon electrification, producing positive and
negative charges at the surfaces of the PEN and PDMS@
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Table 1. Maximum Voltage and Current Outputs Extract from Output Signals in Figures 1, 4, 7, and 8 and Their

Corresponding Transfer Charge Densities

material synthesis condition

PDMS flat
PDMS@GO GO 2 mg/mL
GO 4 mg/mL
GO 6 mg/mL
GO 8 mg/mL
SDS 0.1 M
SDS 02 M
SDS 0.3 M
SDS 04 M

PDMS@GO@SDS (GO 4 mg/mL)

PDMS@GO@SDS (GO 4 mg/mL) (SDS 0.2 M)

transfer charge Ao
(uC/m

frequency (Hz) V.. (V) current (peak to peak) (4A) contact separate
S 125 14 28 32
S 204 24 39 45
S 218 25 42 45
S 204 20 40 42
S 173 19 32 36
S 278 30 41 56
S 331 33 41 60
S 226 23 41 58
S 213 19 30 42
1 200 16 29 39
2 188 21 41 56
3 230 24 43 58
4 246 25 43 56
S 317 35 43 59
6 342 37 39 56
7 377 44 38 58
8 412 45 36 53
9 215 26 31 39
10 213 26 28 37

GO@SDS films, respectively, as a result of the chemical
potential difference.

When the two surfaces are separated, the electric potential
created by the triboelectric charges on the surfaces drives free
electrons in the bottom Au electrode to flow to the ground to
neutralize the negative charges on the composite film, leaving a
positively charged Au electrode and generating a negative
voltage signal. Simultaneously, the positive charges on the PEN
surface can induce free electrons in the ITO top layer to
accumulate at the interface without tunneling through the PEN
film. In the single-electrode operation mode, the ITO is not
directly connected to the bottom Au electrode; this
configuration provides electrostatic capacitive effect that can
confine or keep positive surface charges to remain on the PEN
surface during the separation stage; otherwise, some of the
electrified charges can dissipate into the atmosphere due to
water molecules in the air.** When the two surfaces are
brought back into contact again, the potential experienced by
the free electrons in the bottom electrode decreases, and they
thus flow back from the ground to neutralize the earlier
positively charged Au electrode, producing a positive voltage
signal.

In this study, the output performance was significantly
augmented by increasing the charge density. Considering a
simple contact mode operation, the output voltage (V) and the
voltage at the open circuit (V,.), with no transferred charge,
are given by eqs 1 and 2.*

(0 — Ac)-x(t) _ Acd

€o €0ty (1)

V=

oy x(t)

£ 2)

vV =

oc

where 6, Ao, x(t), €, d, and S represent the triboelectric
charge density on the film surface, transferred charge density
on the electrode, distance between the surfaces of two

triboelectric materials, vacuum permittivity, triboelectric film
thickness, and the film surface area, respectively.

The maximum voltage, V. that can be achieved at the
maximum distance between the two triboelectric material
surfaces is governed by the triboelectric charge density, o,. In
this study, the superior output performance of the fabricated
TENG is attributed to the synergetic contributions of the
PDMS@GO@SDS composite film. First, the oxygen func-
tional groups in the rGO and the anionic head groups of the
SDS surfactant molecules provide abundant negative charges.
Second, the improved dispersion of rGO in the PDMS results
in the increased contact surface area of the sub-10 ym porous
structure.

The transfer charges, Ao, were obtained from the integration
of the output current plots (Ao = IAt) with the use of 10 MQ
input load resistance, and the measured Ao values of all
samples are presented in Table 1. The charges transfer from
ground to the electrode during contact state and from the
electrode to ground during separation state, as illustrated in
Figure 6b,c. The transfer charge was the highest at the PDMS
with 4 mg/mL GO and 0.1 M SDS, which corresponded to its
highest output current density.

To further optimize the performance of the composite
TENG, the effects of the film thickness, operation force, and
contact—separation frequency on the TENG performance were
investigated. In addition, the triboelectric charge density, o, is
dependent on the capacitance, C, of the TENG, relative
dielectric constant (&,), surface area (S), and thickness of the
dielectric film (d), as described by eqs 3 and 4.

CAV g AV
oy = — = ————
s d (3)
or
£0E,S
C=
d (4)
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Figure 7. Dependence of the PDMS@GO@SDS TENG output voltage and current on the film thickness (a, b) and the applied force (c, d).

According to these equations, a thin film is expected to exhibit
a high performance. However, the optimum film thickness that
can produce the highest output performance was determined
to be 5 ym, as shown in Figure 7a,b. The thinner film degraded
the TENG performance because of the small number of
charges. The output performance of the PDMS@GO@SDS
TENG gradually increased with the applied force from 1 to 10
N at an operation frequency of 7 Hz with a § ym-thick film
(Figure 7c,d). The output voltage and current both increase
gradually and become almost stable after 6 N. This could be
because at 6 N, the applied force provides the maximum
frictional contact of the surface and inner structure of the
porous composite film.

The frequency dependence was also investigated with a S
pum-thick film and a constant force of 6 N, as presented in
Figure 8; the output performance increases with the operation
frequency up to 8 Hz, when the maximum output voltage and
current of up to 438 V and 11 uA/cm® are achieved,
respectively, as shown in Figure 8ab and Video S6 in the
Supporting Information. This dependence could be due to the
accumulation of surface charges (0,) on the composite

material surface that could not be completely neutralized at a
high frequency, which can be seen from the reduced transfer
charges starting at the frequency of 6 Hz in Table 1. However,
at higher operation frequencies of 9 and 10 Hz, the
performance dramatically dropped. This could be attributed
to the extremely high number of accumulated surface charges,
0y, generating a strong electric field, which would lead to the
air breakdown,*®*” which can limit the retainable surface
charge density. Consequently, the output voltage and current
were reduced accordingly.

The effective power density of the TENG can be estimated
from the formula P = V*/RA, where V is the output voltage, R
is the load resistance, and A is effective size of the TENG. For
our output measurement, the input resistance of the
oscilloscope is 10 MS, and the maximum output power
density of the PDMS@GO@SDS is then ~4.8 mW/cm?.

Table 2 summarizes the output performance under a
compressive force of 1 N at 7 Hz. The addition of only GO
or SDS demonstrated relatively similar performance; however,
when both GO and SDS were mixed into the PDMS to form a
PDMS@GO@SDS composite, the output performance greatly
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Figure 8. Dependence of the PDMS@GO@SDS TENG output (a)
voltage and (b) current on contact—separation frequency.

Table 2. Output Performance Summary at Pressing
Operation under 1 N of Force at 7 Hz

samples voltage (V) current ((A)
PDMS 131 14
PDMS@GO 218 25
PDMS@GO@SDS 330 32
PDMS@SDS (water) 198 22

improved to almost 3 times that of the flat PDMS film. This
order of improvement is consistent with that of other previous
studies on enhanced capacitance effect in triboelectric PDMS
films such as using aligned graphene sheets embedded in
PDMS films®” and filling high dielectric nanoparticles into
sponge PDMS films."”

4. CONCLUSIONS

A PDMS@rGO@SDS composite film was successfully
developed as a high-performance negative triboelectric materi-
al. Under the optimum operating conditions, an output
performance 3 times greater than that of a flat PDMS film
was achieved, namely, a maximum output voltage and current
of 438 V and 11 pA/cm? respectively. The negative charge
density was intensified by the SDS surfactant and rGO, and the
latter also provided enhanced charge trapping. These improve-
ments, in combination with the high contact area of the porous
structure, account for the superior output performance of the
PDMS@rGO@SDS composite film. This novel approach is
conducive to the facile, scalable production of high-perform-
ance TENGs.
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High-magnification SEM images of the PDMS@GO
composite films at various GO concentrations reveal the
presence of GO sheets on the pore sidewalls (Figure
S1); Fourier transform infrared spectroscopy (FTIR)
spectra of the pristine PDMS, PDMS@GO, and

PDMS@GO@SDS composited films and GO (Figure
S2); Raman spectra of pristine GO films present the
change of Ip/I; ratios during the fabrication process,
suggesting that more oxygen functional groups were
introduced into the carbon network (Figure S3); TEM
images showing the dispersion of GO sheets in porous
PDMS matrix in the PDMS@GO@SDS sample (Figure
s4) (PDF)

Performance of the PDMS@GO@SDS triboelectric
nanogenerator in lighting up LED (Video SS) (AVI)
Output measurement of the PDMS@GO@SDS tribo-
electric nanogenerator (Video S6) (AVI)
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