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Abstract: Triboelectric nanogenerator (TENG) is the new technique that can convert low-frequency
mechanical energy into effective electricity. As an energy collector, the pursuit of high output
characteristics is understandable. Although high charge density has been achieved by working
in high vacuum or charge pumping techniques, it remains challenging to obtain the high output
performance directly in the atmosphere. Herein, surface-engineering of the triboelectric layer for
enhancing output performance has been reviewed carefully. By constructing surface morphology or
developing surface modification, high performance of TENGs is finally presented in the review.

Keywords: triboelectric nanogenerator; surface engineering; surface morphology; surface modifica-
tion; enhanced performance

1. Introduction

Researchers have been devoting efforts towards the development of clean and re-
newable energy, with the increasing energy issue. However, it is still a major challenge
facing humanity [1,2]. One of the most widespread energy sources is mechanical en-
ergy. Researchers have designed devices for mechanical energy, including electromagnetic,
thermoelectric, piezoelectric, and triboelectric nanogenerators [3-18]. Triboelectric nano-
generators (TENGs) can be applied to harvest all types of mechanical energies, such as
human movement, rotating tires, vibration, wind, flowing water, and other sources that
can produce triboelectrification [19]. Since its first invention in 2012, TENG is a type of
energy harvesting device that transforms biomechanical energy into effective electricity.
It was demonstrated in Wang’s group via the coupling effects of triboelectrification and
electrostatic induction [11,20]. When the surface of two triboelectric materials come in
contact with each other, opposite charges will be created on the surface. Once the two
surfaces are separated by external force, a potential difference is created, thus generating
voltage. Then, the charge flows due to the electrostatic induction to maintain electrostatic
equilibrium.

Meanwhile, studies reveal that TENG has many advantages, including low fabrication
cost, light weight, and high energy efficiency. Besides, the materials selection and device
structure of the fabrication of TENG is wide [21,22]. Therefore, many researchers have been
developing various types of TENG [23-30]. The contact area between two triboelectric
layers plays a major effect on TENG’s properties [31-47]. There have been previous
works focused on materials selection [48-54], surface modification [41,55-63], and control
of surface topography [64-66] to investigate the triboelectrification mechanism on the
performance of triboelectric nanogenerators. While materials selection is dependent on
choosing the triboelectric contact pairs, far apart in triboelectric series depends on which
materials have opposite polarity. Another way to study the triboelectrification mechanism
is the control of surface topography to improve the output performance of the optimized
device. However, the method of surface modification is more effective for increasing
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the efficiency of TENGs that are modified through chemical and physical methods, with
material selection and structural design.

Within the review, various engineering strategies that improve output performance of
TENG will be introduced accordingly, as shown in Figure 1. The first and second parts are
a brief introduction and performance of TENG. The third part includes surface engineering
methods that play a big role in the TENGs output, which are divided into two parts: surface
morphology and surface modification. The strategies for surface morphology and surface
modification to enhance the TENG output will be introduced. Finally, perspective and
outline for future application in designing high performance of TENGs will be introduced
in part four.

Figure 1. Schematic diagram showing the Triboelectric Nanogenerator (TENG), surface engineering, and application [65-69].
Copyright, 2012 American Chemical Society. Copyright, 2012 American Chemical Society. Copyright, 2016 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim, Germany. Copyright, 2017 Elsevier Ltd., Amsterdam, The Netherlands.

2. Triboelectric Nanogenerator
2.1. Origin of Triboelectric Nanogenerator

The scientific term for TE is contact electrification (CE) phenomenon, in which it results
from physical contact between two materials without rubbing against each other and the
transfer of electrons from one material to another. With this process of charge transfer
during contact and separation, the surface charge density, polarization, and strength of
the charges are strongly dependent on the materials, which helps in understanding the TE
mechanism. Since the invention of TENG, Wang et al. have devoted many efforts in the
analysis of the origin of triboelectric nanogenerator [18]. Research indicates that electron
transfer is the dominant mechanism for CE between solid-solid pairs, and the electron
transfer model can be extended to other pairs.

2.2. Choice of Materials

All known materials such as wood, polymers, metals, and silk show the effect of
triboelectrification. All materials can be applied for TENG fabrication. The material
selection for TENG is large because the original reason is gaining/losing electrons that
are dependent on the polarity difference of material pairs. John Carl Wilcke published a
paper in 1757 on static charges about the first triboelectric series [70]. The material at the
bottom of the chain, when touching a material close to the upper of the chain, will get a
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negative charge. As such, materials that accept electrons tend to obtain a negative charge,
while those that lose electrons become positively charged [71]. When choosing triboelectric
material, it is important to consider the surface charge matching of two tribo-layers. This
means that we need to choose two materials with quite different triboelectric series, and if
we choose the materials with similar triboelectric series, the output performance will be
influenced to a large extent.

3. Surface Engineering Methods

The surface charge density of triboelectric materials is the key point that leads to the
high output performance of TENG [72]. The surface charge density is determined in the
triboelectric layer via the electron-donation or accepting ability. This section reviews many
functionalization techniques for improving the TENGs output performance.

3.1. Surface Morphology

Triboelectric material morphology engineering refers to the modification of the ma-
terial surface. To increase the contact area between friction layers in micro/nano sur-
face patterns, morphological engineering is used to improve the output performances
in triboelectric energy harvesters, therefore increase the effective charge density. The
physical surface modification is done through the introduction of the micro/nano sur-
face on the electro-frictional layers by using different mechanical methods, such as soft
lithography [73-75], photolithography [76-78], and ultrafast laser patterning [79-81].

3.1.1. Soft Lithography

Researchers have developed micro/nano structures for growing the roughness, which
has been introduced to improve the TENG output.

Wang et al. [67] proposed the rational design of an arch-shaped structure based
on the contact electrification between a polymer and a metal film. In Figure 2a, the
structural process of the arch-shaped triboelectric nanogenerator relies on the electrical
contact between patterned polydimethylsiloxane (PDMS) and patterned Al foil on the top
and the bottom plate, respectively. The patterned surfaces of PDMS film and Al foil are
fabricated to enhance the triboelectric charging, and they are characterized using scanning
electron microscopy (SEM). Both arrays are uniform and regular across a very large area in
Figure 2b. The working mechanism of the TENG was studied by finite element simulation.
According to the TENG output voltage and current at a range of frequency (2-10 Hz) in
Figure 2¢, noted that with the triggering frequency of 6 Hz and controlled amplitude, the
accumulation of the triboelectric charges increases and reaches equilibrium in a certain
time after multiple cycles. Then, the output will gradually go up in the first stage, where
generated 230 V, 15.5 pAcm 2, and energy volume density reached 128 mWcem 3, while
the energy efficiency is produced 10—39%.

To further improve the output performance, Zhang et al. [82] proposed dual scale
structures on TENG output. As schematically presented in Figure 2d, a sandwich-shaped
triboelectric nanogenerator is composed of a 20 um thick aluminum film with 450 pm
thick PDMS film fixed with elastic tape between two surface micro/nanostructured to
form a sandwich-shaped structure. On the top, the PDMS film fabricated 125 pm thick
PET/ITO thin film. The well-designed micro/nano dual-scale structure (i.e., pyramids
and V-shape grooves) is fabricated by using photolithography and KOH wet etching at
the top of the PDMS surface. As shown in Figure 2e, the output peak voltage, current
density, and power density achieved 465 V, 13.4 pAcm 2, and 53.4 mWem 3, respectively.
Noted that the pure micro-structures or nanostructures can decrease the roughness faster
than the dual-scale structure, hence strengthening the performance of TENG. Moreover,
the voltage and the current micro/nano dual-scale with pyramid, compared to that of flat
PDMS film, enhanced by 100% and 157%. Likewise, Kim et al. [61] suggested a large area
nano patterning technique, where block copolymer (BCP) by lithography technique was
introduced on a flexible gold substrate. As illustrated in Figure 2f, Au (100 nm) is deposited
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on cleaned Kapton film by thermal evaporation of the metal layer. After lifting the BCP
template, an Au nanodot was formed on the surface of the Au. As shown in Figure 2g,
the generated short-circuit currents and open-circuit voltages from the flat Au are 22 uA
and 55 V, respectively. Comparatively, the generated short-circuit currents and open-circuit
voltages from nanopatterned Au are 82 pA and 225 V, respectively. The Nanopatterned
Au contact surface has a larger effective contact area than the flat Au surface; more electric
charge is induced by contact-electrification, dramatically enhancing the output performance
with an output power density of 93.2 Wm~2. After BCP nanopatterning, TENG output
currents improved up to 16 times due to the increased contact area.

H ) > H
: \/ | Y : _2%0f 2Hz | 3Mz | 4Hz | SHz | 6Hz | 7Hz | 8Hz | 9Hz | 10Hz
W roms E tzoo
W Kapton : é-
» so, g1
H 3100
Resist : P
] : E -
<ii> <iii> <iv> S LR
H o 10 20 30 40 %0
,-’ ..g’ Y~ : Time (s)
H 150 -

<ii> <iii> <iv> % 100 * _ .
- é ~ I ii': cecssess

! - . 9 wWWll y
i, QRN

30
Time (s)

M rovs Al W reviTo Bsi

. . <ii> . <iii>
E L
<vi> :
..................................................................... 5 S B SRS RS E
Thermal evaporation BCP spin-coating > E g 250
. 100 Nanopatterned gold
: € =3
H 1 g
3
| P romonat £ S 40 2
*3 2 3 100 .
Pt e il il Uls . :
i3 | TTTTITTITT) & :
P v &\w s M S s
PS removal Thermal evaporation : 01 23 4567 89 10 01 2 3 4 5 67 8 9 1+
. Time (s) Time (s) E

...................................................................................................................................................

Figure 2. (a) Schematic illustration of arch-shape based on TENG. (b) SEM images of pyramid
and cubic patterns of polydimethylsiloxane (PDMS) with Al surface. (c) The electrical voltage and
the current from each frequency of the TENG, which gives the total charges transferred in a half
cycle [67] Copyright, 2012 American Chemical Society. (d) Structural design of the sandwich-shaped
triboelectric nanogenerator. (e) The output performance of the sandwich-shape based on TENG with
flat PDMS film, surface-nanostructured PDMS film, pyramids and V-shape grooves [82] Copyright,
2013 American Chemical Society. (f) Au nanopatterning process and fabrication process of TENGs by
using block copolymer (BCP) lithography. (g) Open-circuit current and voltage comparison between
Au nanopatterned and flat Au [61] Copyright, 2015 Elsevier Ltd.
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A new design can develop the output of the nanogenerator efficiency by increasing
the triboelectric effect and the capacitance change, where Fen ta al [65] proposed the first
thin film micro patterned PDMS with different features such as patterned lines, cubes, and
pyramids as triboelectric contact layers to improve the output of TENG. As illustrated
in Figure 3a—c, during the fabrication process, Si wafer molds were fabricated by the
traditional photolithography method to make patterned PDMS as a friction layer with
various features including lines, cubes, and pyramids. The PDMS film was fixed on the
surface of a clean ITO-coated polyester (PET) substrate and wrapped with the other ITO-
coated PET film to form a structured sandwich device. Comparison of the open-circuit
voltage and current is as illustrated in Figure 3d. The results reveal that the maximum
output voltage is up to 18 V and current is 0.7 pA for pyramid-surface structure, which is
four times compared to TENG using flat films. Similar to this work, various physical surface
modification has been used in micro/nano structures [27,83-86]. For example, Sun et al.
made micro-nano structures on the PDMS by leaves mold with rich surface textures [85].
Besides, the micro-structured PDMS film can also be made through low surface energy
sandpaper template without the use of surfactant coating or high vacuum [86].
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Figure 3. (a—c) Scanning electron microscope images of photolithography traditional patterned PDMS as a friction layer
with (a) lines, (b) cubes, and (c) pyramids. (d) Triboelectric voltage and current with a flat surface and various patterned
features device [65] Copyright, 2012 American Chemical Society.

3.1.2. Ultrafast Laser Patterning

Ultrafast laser irradiation is used to control in the PDMS surface morphology by using
it for micro/nano hierarchical structures fabrication. Femtosecond laser offers a flexible
method in open air for mask-free fabrication of micro/nano structures, due to its short
irradiation period and superior intensity [87-89].

The femtosecond laser was first used in producing micro/nano structures on poly-
dimethylsiloxane (PDMS) film by Kim et al. [90]. After femtosecond laser direct writing,
the effective contact area between the friction layer is improved, thus improving the output
performance of TENG. As illustrated in Figure 4a, a schematic illustration of the ultrafast
laser irradiation method was used on the PDMS surface patterning. The TENG is composed
of PDMS and aluminum. Aluminum is used as the top electrode. The counter-electrode in
the PDMS is another aluminum, which is connected from the back side of PDMS. In this
method, the LI-TENG using a laser power of 29 mW in the PDMS patterned to produce a
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maximum voltage and current with a power density of 42.5 V and 10.1 pA, 107.3 uWem 2,
respectively, as shown in Figure 4b. The largest enhancement in output power, based on
the micro structured PDMS, was raised more than two times from the controlled TENG
(bare PDMS). Such a fast, direct-writing approach has the potential to make controlled
hierarchical micro/nanostructures on different materials.
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Figure 4. (a) Fabrication process of PDMS by using a laser power of 29 mW. (b) Electrical output performance of LI-
TENGsS using laser power from 0 to 132 mW [90] Copyright, 2017 Elsevier Ltd. (c) Schematic illustration of TENGs by
Femtosecond laser direct writing processes. (d) SEM images of Cu and PDMS films with micro/nano-stripes, cones and

small/large size micro-bowls, structures. (e) Transferred charge density, voltage, and current density with and without

various micro/nanostructures [91] Copyright, 2019 Elsevier Ltd.

Except for flexible PDMS, writing directly on Cu can also enhance the output perfor-
mance. Huang et al. [91] proposed micro/nano structures optimized for TENGs using
the method of writing directly on both triboelectric layers by a femtosecond laser such
as Cu and PDMS. As shown in Figure 4c, to make micro-bowl structures single-pulse
irradiation in different sizes was used on PDMS surfaces. The micro/nano dual-scale
structures on Cu film surfaces are fabricated using laser scanning technology in cones and
stripes, as illustrated in Figure 4d. TENGs are fabricated with the contact area and contact
distance of 8 x 8 mm? and 1 cm, respectively. The fabricated TENG is tested under the
frequency of 1.5 Hz and contact forces at 2 N. Figure 4e shows the voltage (Voc), charge
(Qsc), and current (Isc) of the TENGs. The results showed that all TENG output perfor-
mances with different micro/nano structures significantly increased, compared with TENG
(0Cu-0PDMS) without micro/nano structures that follows the sequence: TENGycy-2p >
TENGlCu_zp > TENGQCu_lp > TENG1Cu_1P > TENGOCu—OP- The TENGZCu—ZP with cones
and bowls micro/nano structures on Cu surface in a larger size on PDMS surface has the
optimal performances. The TENGycyp produced a voltage of 22.04 V, which is improved
by 4.13 times of the TENGgcy_op, indicating the effective surface morphology engineering.

Except for lithography and laser patterning, there are other physical methods that
can fabricate microstructures such as reactive ion etching (RIE) and electrospinning. These
methods can also improve the output performance. For example, Zhai et al. [92] enhanced
the output performance of freestanding mode TENG by treating the triboelectric PTFE film
with RIE, but these methods have the drawback that it is difficult to control the shape of
the microstructure. So, it is just regarded as a pre-processing step in most research, but it is
undeniable that this can indeed improve the output performance of TENG.
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3.2. Surface Modification
3.2.1. Chemical Functional Groups

In the literature, researchers have used various techniques of surface functionalization
to improve the TENG output. To study the effect of chemical functional groups on the
output performance of TENG, several studies have focused on introducing functional
groups that improve the triboelectric charge transfer, such as self-assembled monolayer
(SAM) techniques. As shown in Figure 5a, Wang et al. [62] analyzed chemical surface
functionalization by using scanning Kelvin probe microscopy (SKPM), which demonstrated
across the major group of SAMs by varying the surface potential. There were four head
functional groups (OH, COOCH3, NH,, and Cl) through thiol- based SAM treatment for
12 h, forming in solutions containing different types of thiols on the Au surface. As a result,
shown in Figure 5b, the largest enhancement in electrical output with amine groups was
raised more than four times from the contact electrification with FEP. The increased output
power, after functionalization with these groups, follows the sequence order: hydroxyl,
ester, and amine from 4-amino thiophenol. The chlorinate functional group lead to a
decrease of the TENG’s output compared to the pristine material, due to the lower charge
density. Besides, as shown in Figure 5c, SAM surface functionalization of SiO; acts as the
triboelectric layer in TENGs. After being deposited by plasma chemical vapor deposition
on a glass substrate, one kind of silane molecule(3-aminopropyl) triethoxysilane (APTES)
was used to form a SAM via three Si-O bonds for each molecule. After functionalization
in 10% APTES concentration, transferred charge density, the open-circuit voltage, and
short-circuit current density reached 51 uCm~2,240V, and 1.75 mAm 2, respectively, as
illustrated in Figure 5d. Compared with that produced by 1% APTES concentration, SiO,
has higher chemical potential and can generate more positive charge during contact. So, a
higher concentration from APTES is better to improve the output performance.
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Figure 5. (a) Schematic illustration of TENGs built using SAM layer based on Au films. (b) The
output comparisons of TENG based on each thiol SAM functionalized Au films. (c) Fabrication
process of TENG using silane -SAM modified SiO,. (d) the output of TENG with and without
functionalized silica [62] Copyright, 2016 Royal Society of Chemistry. (e) Schematic illustration of
TENG (inset figure shows the molecularly engineered surface by self-assembled monolayer (SAMs)).
(f) Chemical structures of self-assembled monolayers (METS). (g) The voltage and current with and
without METS [66] Copyright, 2015 American Chemical Society.
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After demonstrating the effect of SMA on output performance, researchers began to
perform more tests on the effect of different kinds of SAMs. Song et al. [66] modified the
triboelectric surfaces molecularly engineered by different self-assembled monolayers, such
as 3-aminopropyltriethoxysilane (APTES), 3-glycidoxypropyl- triethoxysilane (GPTES),
1H,1H,2H,2H-perfluorooctyltrichloro-silane (FOTS), and trichloro (3,3,3-trifluoropropyl)
silane (TFPS) to study the effect of SAMs on the triboelectric properties, shown in Figure 5e.
After contact with aluminum foil at the same frequency and force, open circuit voltage
(Voc) and the short circuit current (Isc) of APTES, GPTES, FOTS, and TFPS were measured,
which is illustrated in Figure 5f. For the PDMS surface treated with either TFPS or FOTS,
the open circuit voltage is (105 V) and open circuit current is (27.2 pA) based on FOTS-
METS device are six and four times higher than that of pure PDMS/ Al device. However,
after comparing the Voc and Igc of FOTS, both highest values of the TFPS-METS device
decreased. This is due to the fluorine atoms that have lower surface density. On the other
hand, when the PDMS surface was treated with either APTES and GPTES, V¢ and Igc
have negative values for APTES and GPTES confirmed positive charge on the surface of
PDMS with these SAMs. As a result, the output performance of TENG was dependent
upon end-functional groups of SAMs that formed on PDMS substrate.

Likewise, Byun et al. [93] also proposed the triboelectric series modified by SAM-
materials through controlling the surface dipoles and surface electronic states with dif-
ferent electron-donating and withdrawing functional groups. As shown in Figure 6a, the
substrate was engineered with four SAM functional groups such as -NHj;, -SH, -CH3, and
-CF;. After chemical surface modification, the surface potential increased when using the
highly electronegative atom F, and decreased when using -NHj, -SH, and -CHjz groups
because they electron donated to the metal. KPFM mode in atomic force microscopy (AFM)
measurements were used to verify the triboelectricity affected by the surface modifica-
tion [94]. The charge numbers on the various SAM-modified substrates were explained
by contact potential difference (CPD). The surface potential of the substrate, ®qpstrate, iS
defined as

Dypstrate = q)probe —e-Vepp (1)

where @05, is the work function of the probe, Vcpp is the measured CPD, and e is the
electronic charge. Then, CPD images of various SAM-modified substrates are contracted
by an Rh-coated AFM probe. As shown in Figure 6b, the surface potential of NH,-5iO; is
four times higher than that of CH3-5iO,, due to withdrawing group, and the CF3-5iO, had
the opposite polarity of that of CH3-5i0,. Figure 6¢c shows that when the surface potential
increased, also the triboelectric potential increased before contact situation increased.
Therefore, the amount and polarity of the electric friction charge were affected by the
surface potential. Moreover, the surface modification affected the charge diffusion and thus
improved the output of the TENG. In summary, surface modification by these SAM-based
contact materials is an effective way of materials application.

In another example, Shin et al. [95] reported the effect of surface modification on PET
films after being modified with oxygen plasma and forming reactive -OH groups. Then,
the surface was functionalized with nonpolar (-CF3) groups from trichloro (1H,1H,2H,2H-
perfluorooctyl) silane (FOTS) vapor which introduced negatively charged and (-NH3*)
groups coming from poly-l-lysine solution by using two different techniques (Figure 6d).
Voc and Jgc of the TENG with PLL treated PET (P-PET) and FOTs treated PET (F-PET) con-
tact pair shown in Figure 6e, showing high Voc and Jsc reaching to 330 V and 270 mAm~2,
respectively, compared to that between PET and the PET contact pair. These improvements
can be explained as follows: -CF3 in F-PET improved negative triboelectric charges and was
able to gain electrons while -NH3* in P-PET lost electrons and increased positive triboelec-
tric charges. X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and
scanning Kelvin probe force microscopy (KPFM) methods were used to analyze the surface
modification on PET surfaces for a deeper understanding and perfect the performance of
TENGs. The analysis of surface potential is useful to characterize the surface materials
modified through chemical treatment [96-99].
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Figure 6. (a) Schematic illustration of the SAM-modified substrates from donor electron to acceptor
electron layers. (b) Contact potential difference (CPD) analysis of each substrate. (c) Triboelectric
potentials and CPD before contact of the different surfaces [93] Copyright, 2016 American Chemical
Society. (d) The effect of surface modification on PET films with various contact pairs of the TENGs.
(e) Voltage output and current densities of the contact pairs of the TENG [95] Copyright, 2015
American Chemical Society.

3.2.2. Ion Injection

Ion injection is an effective way for chemical surface modification via injecting negative
ions onto a fluorinated ethylene propylene (FEP) surface to improve output performance
of TENG and systematically study the maximum surface charge density (MSCD) of FEP
polymer. The electric friction charge density is limited to the MSCD level, which is deter-
mined by the electric field of air breakdown in the nearby region, due to the fact that both
theoretical analysis and experimental study of the MSCD are highly desirable.

Wang et al. [60] reported a technique using an air ionization gun to inject positive
and negative charges into the friction layer and hence enhance TENG performance. As
shown in Figure 7a, ionized-air gun produced ions with both poles (negative ions), such as
CO%*,NO*7,NO?~, 0%, and O?~ into the top surface of fluorinated ethylene propylene
(FEP). Coulomb scale was used in the measurement of the charge flow on the surface of the
injected polymer, and it can be monitored to study the MSCD of FEP film. As shown in
Figure 7b, the density of charges on the FEP surface reached ~40 pnCm~2 during the ion
injection period, and the process of charge transfer indicated the same amount of negative
charge on the FEP surface accumulation. When the ion injection was repeated multiple



Nanoenergy Adv. 2021, 1

67

times, the negative charges injected onto the FEP surface accumulated step by step. After
17 times of injection, the charge density reached to ~630 pCm 2. As shown in Figure 7c,
ion injection steps in a TENG to enhance the surface charge density has also been studied.
With no injection, the initial short-circuit charge density was about 50 uCm~2 and charge
density increased to ~100 pCm 2 after one ion injection process. After that, the short circuit
charge density reached ~240 uCm~?2 after five injections. Further increase of the times of
the ion injection only resulted in a very small amount of the short-circuit charge density
enhancement, but after nine injections, the charge suddenly transfers differently. When Al
was separated from the FEP film, the short circuit charge density dropped to ~230 pCm 2
because the of the air breakdown that was caused by a voltage between FEP polymer and
Al plate. As shown in Figure 7d, the FEP layer was in contact with the Al sheet before
injection, and the open-circuit voltage of the device only produced 200 V. After ion injection,
the surface charge density arrived at the maximum; the open circuit voltage increased to
~1000 V. For comparison, it is clear that the enhancement of electrical output Voc and Jsc
before and after ion injection increased around four to five times.
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In a more recent study, Li et al. [97] proposed a surface modification method induced
by the ion irradiation., and the functional groups of triboelectric materials at the molecular
level won't arise change to the surface roughness of polymers. As shown in Figure 7ef,
the ion irradiation process was carried out by using a 50 keV ion beam to irradiate the
four polymers which are Kapton, PET, PTFE, and FEP. The Helium ion was chosen as the
implantation ion. The electrification performances of the various irradiated polymers were
studied by using an irradiation dose applied to four polymers. The triboelectric materials
were irradiated polymers and contacted with Al foil, which acts as the second triboelectric
material, with a contact area of 7 mm x 7 mm. As shown in Figure 7g, the output voltage
of Kapton—Al changes from positive to negative after the treatment with He-irradiation
due to the donor electrons from the KAPTON1E16 polymer. There is a slight difference in
voltages of the other devices (PET-Al, PTFE-Al, and FEP-Al). As illustrated in Figure 7h,
the transferred charge became maximum with KAPTON1E16 (1 x 1016 ions per cm?).
There was no enhancement in the charge density of the other irradiated polymers. So,
the irradiated Kapton was the best polymer to enhance the performance of TENG due to
the electron-donating capability of Kapton after He-ion irradiation. This approach is the
highest compared to reported results using other methods such as ICP etching [98], charge
pump [99], or a prior charge injection method [100].

3.2.3. Fluorinated Polymers

Another way of surface modification is using fluorinated polymers on the surface of
materials because it has many advantages, such as low surface energy and good electri-
cal properties [101]. Engineering the dielectric properties of fluorinated materials could
enhance the triboelectric measurements [102,103]. Polyvinylidene fluoride (PVDEF), or poly-
tetrafluoroethylene (PTFE) derivatives, are examples of fluorinated polymers and are used
as one of tribo-negative materials for TENG, and many studies also used these materials
to enhance the TENG output [54,104-106]. Kim et al. [103] demonstrated that the molec-
ular structure engineering of fluorinated polymers with a controlled fluorine unit from
zero to three fluorine units and molecular weight (My,) such as for [poly (ethyl methacry-
late) to poly(2,2,2-trifluoroethyl methacrylate)], and fluorine unit is over three such as
[poly (2,2,3,3,3-pentafluoropropyl methacrylate and poly (2,2,3,3,4,4,4-heptafluorobutyl
methacrylate)]. As shown in Figure 8a, the effect of the dielectric constants of materials with
polarity is investigated. The expression for the dielectric constant (relative permittivity) of
the PET-ITO substrates is given by

e, =Cd/eyg-A (2)

where C is the capacitance, d is thickness of the dielectric layer, A is measured area, and
gg is vacuum permittivity. According to this equation, as shown in Figure 8b, when the
fluorine units are zero to three in the polymer, the dielectric constant of the fluorinated
polymers increase and when the fluorine units are more than three, the dielectric constant
of the fluorinated polymers slightly decreases. The slight decrease of the relative dielectric
constant can be attributed to the additional polar group in the polymer chain and the
efficient polymer chain packing within the polymer films. Figure 8c illustrates the highest
triboelectric output performances of PTF containing three fluorine units, which is much
bigger than the PEMA polymer without fluorine units. These results are attributed to
the effective polymer chain packing structure. As shown in Figure 8d, the annealed PTF
polymer possessed a higher triboelectric performance than the PTF polymer without
annealing. Therefore, the annealing temperature is critical in improving the triboelectric
output performance resulting from polymer chain packing. A similar output enhancement
was also demonstrated by silane-based SAMs fluorinated molecules that improve the
triboelectric charge.
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Recently, Wang et al. [107] proposed surface functionalization of the polydimethylsilox-
ane (PDMS) layer, which was formed by Silane-based SAM having fluorinated molecules, for
example: [1H,1H,2H,2H-perfluorooctyl trichlorosilane (F13), 1H,1H,2H,2H-perfluorodecyl
(F17), 1H,1H,2H,2H-perfluorododecyl (F21) and 3-aminopropyl triethoxysilane and the alu-
minum (Al) electrode, as illustrated in Figure 8e. Then the silane-based SAM treatment
processing in solutions containing various types of fluorinated molecule solution and APTES
solutions for 2h. The results showed that the output performance showed apparent enhance-
ment after functionalization with fluorinated molecules, and the output performance increased
with the increase of the number of fluorine atoms. Figure 8f-h show the peak output volt-
age, current density, and charge transfer of four TENGs with and without fluorinated-based
SAM modification. The results show that 1H,1H,2H,2H-perfluorododecyltrichlorosilane
(F21) increased the electrical measurements because there is a difference in the attract and
transfer electrons from the Al layer to PDMS. In addition to the comparison of the electrical
measurements of the TENG with and without fluorinated-based SAM, it follows the order
(F21, F17, and F13) compared to pristine PDMS.

3.2.4. Element Doping

Another type of chemical modification includes doping the element on or inside the
contact materials to modify the output performance of TENGs. For example, Mg,Zn;.,O is
a new triboelectric material prepared via doping Mg in ZnO thin film made by radiofre-
quency (RF) magnetron sputtering used as an active layer to enhance the difference in
work function [108]. As shown in Figure 9a, the Mg content was changed from 0% to 26.5%
in MgxZn.4O. The work function first raises with increasing Mg composition, which is
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measured by Kelvin probe microscopy. TENG was fabricated using different Mg, Zn; ,O
and PDMS as contacting layers. X-ray photoelectron spectroscopy (XPS), atomic force
microscopy (AFM), and scanning Kelvin probe force microscopy (KPFM) methods were
used to determine the content of Mg and MgyZn; O films work function. The results
showed that there is a proportional relationship between the concentration of Mg and the
work function, which have a maximum value of 5.14 eV, and then decreased to 4.85 eV.
TENGs are fabricated from different Mgy Zn;.,O films and PDMS contact pairs. As shown
in Figure 9b—c, the TENG made with ZnO film has a triboelectric current and voltage
less than the TENG made of MgyZn;.,O with 26.5% Mg, due to the larger work function
difference between Mgy Zn;_,O and PDMS. This approach confirmed the ability of MgZnO
film work function to boost the TENG output.
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Figure 9. (a) Schematic illustration of TENGs composed of ZnO doping with Mg, triboelectric output current, and voltage
of TENG of (b) pure ZnO (c) MgxZn;O films [108]. (d) Schematic diagram of the TENG based on ZnO doping by Sb. (e)
TENG device mechanism of PDMS against ZnO nanorod arrays by Sb doping [109].

Chen et al. [109] showed the modifying of the ZnO NR surface through Sb doped
into p-type to improve the TENG output performance, as illustrated in Figure 9d. As a
result, for comparison, it is obvious that the output voltage and current of the P-type ZnO
NR array reached 24 and 5.5 times that of a TENG with un-doped N-type ZnO, due to
delivering electrons to negatively charged PDMS as illustrated in Figure 9e. This approach
is very important in designing TENG to select the best combination of materials easily.

3.2.5. Nanomaterial Doping into Triboelectric Materials

Engineering of high dielectric nanomaterials doping into the TENG triboelectric
layer is another method to enhance the TENG output performance, by using large charge
tapping sites and work function which store triboelectric charges during triboelectrification.
Triboelectric charge density increases with increasing the capacitance of the triboelectric
material, which increases with the increase in the relative permittivity. Chen et al. [54]
used SiO;, TiO,, BaTiO3, and SrTiOs3 as dielectric materials to fill the PDMS sponge layer
to increase the relative permittivity and reduce the contact material thickness. Figure 10a
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shows the fabrication process of the CS-TENG with different filler. The capacitance (Cy;ax)

of the device is determined by
Cmux == SOSEr/d (3)

where g is the vacuum permittivity, ¢, is the relative permittivity of the PDMS, S is device
area, and dppys is the thickness of PDMS film.
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Figure 10. (a) Experimental design and diagram of PDMS sponge film-based TENG. (b) Electrical
measurements of the device [54] Copyright, 2016 American Chemical Society; (c) Schematic diagram
of (FC-TENG). (d) Output voltage and current of poled (PVDF-TrFE): BaTiO3 with PTFE and PFA as a
triboelectric layer. (e) Output comparison with traditional TENGs [68] Copyright, 2016 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

The output voltage is proportional with the number of charges from the triboelectric
layer
Voc = (00-x(t)) /0 )

where 0y, x(t), €9 and Vpc are the charge density on the PDMS, interlayer distance, vacuum
permittivity, and open circuit voltage, respectively [107]. According to the equation, the
Voc is proportional with the relative permittivity e, or is inversely proportional with the
thickness of PDMS film or to both. In the meantime, high dielectric SrTiOj; filling into
PDMS film increases the relative permittivity. There is a positive relationship between
the PDMS relative permittivity and the permittivity of the filling materials. As shown
in Figure 10b, comparing different permittivity composite PDMS films are compared by
filling dielectric nanoparticles, which are the SiO,, TiO;, BaTiO3, and SrTiOj3 that have ¢,
=3, 80, 150, and 300. As a result, no change in both the open-circuit voltage and short
current density after the PDMS are filled with SiO; because PDMS and SiO, having the
same relative permittivity. The highest enhancement in electrical output for the triboelectric
nanogenerator by using SrTiO3; PDMS composite film is because permittivity is high and
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the reduction in the contact materials thickness, which is induced by pores NaCl salt. While
adding 15 vol% pores and 10 vol% SrTiO3 NPs in the PDMS film, the voltage and current
reached over five-fold power enhancement with the pure PDMS. Similar work was done
by Kang et al. [110]; they proposed that the BaTiO3 nanoparticles doping into the PVDF
matrix with a high dielectric constant can increase the output performance of TENG. As a
result, with 11.25 vol%, BaTiO3, the dielectric constant increased to 25, while the thickness
of composite films decreased, and the transferred charge increased to 114 mCm™2, a 200%
improvement compared to the TENG with 45 mm thick composite electrification layer.

Chun et al. [111] presented TENG based on the Au nanoparticles-embedded porous
film for enhancing the nanogenerator performance. On the other hand, Seung et al. [68]
investigated the P(VDF-TrFE) matrix mixing with a negative triboelectric layer BaTiO3
contact layer to study the permittivity and the polarization effects on the output power of
TENGs (Figure 10c). Comparison of the electrical output behaviors between aluminum
(Al) and each P(VDEF-TrFE)-based surface are shown in Figure 10d. The output voltage
and current increased due to the high permittivity and charge trap of BaTiOs. Moreover,
Figure 10e shows the electrical measurement of poled (PVDE-TrFE): BaTiO3 with PTFE
and PFA as a triboelectric layer. As a result, the poled P(VDF-TrFE): BaTiO3 composite
film lead to a higher power generating performance, which is about 150 times that of
PTFE-based TEGs due to charge-attracting and transport properties that improved the
output performance of the TENG.

3.2.6. Composite Materials Trapping into Friction Materials

There are various composite materials for application in triboelectric energy harvesting
devices such as 2D layered structure materials and so on. They can be used to provide
electron-trapping sites in TENGs and capture electrons readily, which can give different
chemical properties compared to the original material surface. Two-dimensional structured
materials are crystalline materials containing covalent bonds, providing in-plane stability,
and are used as charge trapping layer, resulting from a specific surface area that can attract
electrons readily. Since the 2D materials emerged, researchers have achieved great progress
in TENG that are made of 2D material [112-114]. Seol et al. investigated the triboelectric
series of various 2D layered materials such as MoSe;, MoS;, WSep, WS,, graphene and
graphene oxide [114]. This work provided a new sight to utilize 2D materials in TENG.
Besides, Han et al. discussed patchable and implantable devices using TENGs based
on 2D materials. It is suitable for implantable devices due to its flexibility, transparency,
and mechanical stability [12]. Wu et al. [69] proposed a new methodology by using an
electron-acceptor layer, such as reduced graphene oxide sheet with a polyimide layer, to
enhance the TENG output performance (Figure 11a). TENG with a PI: rGO films produced
the highest output performance because it can capture electrons in the PI: rGO layer and
prevent the accumulation between triboelectric electrons and positive charges, which led
to increasing the electron density. The PI-rGO sublayer structure has a power density of
6.3 MWm 2, which is 30 times bigger than that of TENG without PI-rGO. The authors
fabricated PI: rtGO nanocomposites to form a floating-gate metal-insulator-semiconductor
(MIS) device, which was placed in the middle of the PI insulator in a charge-storage area
with an Al/p-Si/PI/PL: rGO/PI/Al structure. This is illustrated in Figure 11b. The C-
V curves investigate the electrical properties and are measured at 5 MHz. A clockwise
hysteresis indicated the presence of sites by the carriers; these sites exist due to the rGO
sheets that have an electron-trapping effect on the PI layer.
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Figure 11. (a) TENG made by a composite PL:rGO. (b) C-V curves of the Al/p-5i/PI/PL:rGO/PI/Al device [69] Copyright,
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Copyright, 2017 American Chemical Society. (e) TENG with the PVDF/TOML nanocomposite films. (f) Maximum electrical
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Similar work has been done by Wu et al. [115]. As shown in Figure 11c, the MoS,
monolayer sheet is a functional material as an electron-trapping material inside PI layer
to improve the TENGs performance. Owing to the monolayer MoS,, the TENG possesses
a maximum peak power density being 120 times bigger than of the pristine device. The
authors prepared a floating-gate metal-insulator-semiconductor (MIS) device, in which
the PI: MoS, nanocomposites were used for the C-V measurements, which are shown in
Figure 11d. Considering that the MoS; monolayer bandgap energy is more than 1.8 eV, the
electrons occupied with both bottom energy states of the conduction band and MoS, trap
states at the top electrode interface can be released. So as the voltage loads increase, the
number of electrons captured at the MoS, trap interface states increases, resulting in a shift
in the C-V curves. Generally, the other 2D materials such as titania, Au, InZnO, MoSe,,
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and thin layer graphite are used as electron accepting inside dielectric layers to enhance
the performance of TENGs.

Wen et al. [116] made transparent TENG of a PVDF and titania monolayer (TOML).
The TOMLs have the advantage to enhance the TENGs performance by trapping charge
material and a high dielectric constant. The process of the device fabrication is shown in
Figure 11e. The TENG current density, voltage, and transfer charge signals with various
concentrations of TOML as shown in Figure 11f. As a result, the voltage and current of
the TENG, by using various concentrations of TOML in nanocomposite film, can reach the
high value of 52.8 V and 5.7 uA when the weight of the TOML is 1.5%, which are nearly 2.4
and 7.8 times than those of pristine PVDE. The electrical output of TOML/PVDF device
increased due to the synergy between efficient electron capture and the high dielectric
constant of TOML.

4. Summary and Perspectives

In this review, summarized approaches, including surface morphology and surface
modification, to the enhancement of the TENG performance are summarized. In the first
approach, various surface morphology engineering methods have been developed to
improve the performance of TENGs. Soft lithography, Photolithography, and ultrafast laser
patterning were applied to regulate the surface morphology of the triboelectric materials.
These methods are physical methods that won’t change the chemical structure or chemical
element of the material. The advantage of this method is the high selectivity of the material,
and almost all the materials can be applied in surface morphology engineering. The
drawback of this method is the limitation of the surface charge density due to the limitation
of the contact area. The other approach is surface modification, which will change the
structure or element of the material such as functional groups modification, ion injection,
and elemental doping. The surface modification of the triboelectric materials can improve
the limitation of the surface charge density, but not all materials are suitable or able to be
modified with functional groups. Whether surface morphology engineering or surface
modification engineering can enhance the output performance, It is decided by the physical
and chemical properties of the material when choosing a suitable surface engineering
method. Figure 12 shows the diagram indicating the future direction and challenges
of enhanced TENG. The future directions include more effective micro-structures, new
functional groups, enhancing mechanism analysis, surface functionalization techniques and
surface characterization techniques. The challenges include influence of humidity, stability
of the performance, lack of high currents, quick charge decay and suitable packaging
techniques. To be more specific, a roadmap for future research is shown as following:

(1) More studies need to be done to discuss the mechanisms of enhancing the TENG
performance, and the mechanism study should be taken from the perspective of
structure design and material science.

(2) More micro/nano structures that can enhance the output performance need to be
detected. Although there have been various micro/nano structures to apply in
the triboelectric material, there are still many materials that lack a suitable surface
structure for improving the output performance. Besides, more theoretical simulation
and structural observation methods need to be developed.

(3) More research on the enhancement of TENG by semiconductors. Most surface modifi-
cations focused on polymers as insulation materials where the charges accumulate on
the surface of the material, and metals are used as the most common friction materials
resulting in the output of the TENG. However, semiconductor is also important but
still largely unexplored.

(4) More practical surface engineering methods towards all modes of TENG. The TENG
has wide applications in four modes. However, the surface engineering is mainly
conducted in the contact-separation mode TENG. Hence, it is important to make the
surface engineering practical.



Nanoenergy Adv. 2021, 1

75

References

(5) More direct and effective methods to improve the power output of TENGs with the
electron-accepting (tend to obtain a negative charge) or donating (tend to obtain a
positive charge) ability of functional groups, increasing surface properties of both
triboelectric materials. The properties of triboelectric materials should be designed
when the difference in the surface potential of triboelectric materials charges is large.

(6) Overcome the influence of humidity through the designed packaging techniques.
Besides, it is important to stabilize the enhanced output performance of TENG and
avoid quick charge decay. More importantly, the other limitation for TENG is the low
current. More efforts still need to be put in for the commercialization of TENG.
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Figure 12. Diagram indicating the future direction and challenges of enhanced TENG.
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