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1 Introduction

Due to simple fabrication, scalability, and more
energy conversion efficiency, different types of tri-
boelectric nanogenerators (TENG) have attracted

ABSTRACT

Herein, a novel triboelectric nanogenerator (TENG) based on fluorine tin oxide
(FTO) as substrate, metallic copper (Cu), and Polydimethyl siloxane (PDMS) as
transparent and flexible polymer materials with spray pyrolysis of gold
nanoparticles (AuNPs) has been synthesized and characterized having dimen-
sions of 1.5 x 1.5 cm. The spherical shaped synthesized AuNPs have been
observed within the morphological images. The x-ray diffraction pattern of the
prepared material shows an accurate diffraction peaks at 2theta values indi-
cating the presence of mixed phases of FTO, Cu, AuNPs, and PDMS which are
in excellent agreement with the previously mentioned 2theta values in the lit-
erature. Further, the energy dispersive spectroscopy (EDS) analysis confirms the
presence of Cu, gold (Au), oxygen (O), tin (Sn), carbon (C) and silicon (Si)
materials within the synthesized TENG. Finally, the synthesized PDMS-based
TENG produces maximum AC output voltage and current up to ~ 56 V and
~ 18mA, respectively with very high transmittance of 92.85% along with a
transferred electric charge of ~ 18nC, current density of ~ 8 mA/cm? an
output power of ~ 1 W, and a surface power density of ~ 448mW/ cm? with
resistance of 3 KQ. The TENG device is further connected with a bridge-type
rectifier circuit to glow LEDs as well as serve as a platform for flexible and
wearable electronic devices.

much attention [1, 2]. Wang along with their co-
workers coupled a variety of TENGs based on tri-
boelectric effect and electrostatic induction and con-
vert mechanical energy into electrical energy with the
ability to harvest an enormous amount of waste
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energy from everyday human activities [3-9]. There
are four basic modes in TENG: Contact-separation,
single-electrode, contact-sliding, and free-standing
mode. To increase charge density between two dif-
ferent materials, some metals, polymers, and crys-
talline materials are selected from triboelectric series
which are arranged in sequences of their ability to
lose or gain electrons [10-13]. Fluorine-doped tin
oxide (FTO) is an n-type wide band gap transparent
conducting oxide (TCO) has been invariably used in
optoelectronic devices, including solar cells while
FTO substrates were frequently utilized as transpar-
ent electrodes [14] due to its cost-effectiveness and
strong chemical and thermal stability [15]. Notably,
the increased electrical conductivity of the metal
layer makes its inclusion capable of improving the
conductivity of the FTO single-layer film [16]. On the
other hand, PDMS became a most popular and suit-
able triboelectric material owing to its strong electro
negativity, transparency and flexibility for output
performance of TENG devices [17-19] and occupies a
particular position in the triboelectric series. The
authors Zhao et al., [20], demonstrated a rain drop
energy harvesting by using two-electrode Ag/PDMS
hybrid tandem solar cell based TENG to increase
power conversion efficiency and while Y. Liu et al.
[21] used mutual electrode having imprinted-PDMS
with integrating silicon based solar cell as one of the
triboelectric layers. AuNPs are used because they can
enhance surface charge density and have more
qualities like high surface-to-volume ratio, strong
conductivity, extremely high surface energy and
excellent molecule recognition [22]. The generation of
electrons from the top layer to the electrode surface
has been greatly aided by AuNPs because of their
distinct physical and chemical characteristics. Many
researches have illustrated surface engineering on the
surface of metals, such as the deposition of AuNPs in
various sizes and forms. Gold has been employed in
many applications because, unlike other metals, it is
highly resistant to the oxygen present in the air and
can therefore be used without fear of oxidation or
corrosion. Furthermore, without using a complicated
fabrication technique, it is simple to synthesize
AuNPs in a variety of shapes and sizes, resulting in a
high contact surface area at ambient temperature and
pressure for improvement to the metal’s surface. In
comparison to the metal without any surface engi-
neering, the output characteristics of the metal
improved with the deposition of AuNPs on its
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surface. Due to gold’s resistance to oxygen, utilizing
AuNPs has the additional benefit of not requiring
specific packaging to safeguard the TENG device
[23, 24]. The proposed TENG is operated in vertical
contact-separation mode with two different materials
chosen from the triboelectric series having opposite
electric charges are separated by a sponge as a spacer.
In this paper, we developed a low cost, simple TENG
mainly consisting of Metal-Polymer materials: Cu,
AuNPs and PDMS. Cu with AuNPs metal layer was
chosen as the positive material which lose electrons
and PDMS as a negative layer which gain electrons
during triboelectrification. Due to tribo charging, as
the materials are separated, they create friction. This
frictional force deposits excess of electrons from one
material and draws electrons away from other
material, leaving a negative or positive electrical
charge on both materials. On pressing these materials
by external mechanical force, electrostatic charges are
developed across them, while on release; an induced
charge develops a potential drop which generates an
alternating voltage between them. Figure 1 demon-
strates the working mechanism of Cu-PDMS-based
TENG showing a contact-separation cycle [Fig. 1a—-d]
consists of layers of FTO/Cu/AuNPs and FTO/
PDMS. On pressing and releasing the spacer [sponge]
is used for regaining the original position of TENG at
different time intervals. Figure 2a shows the sche-
matic diagram of TENG and whereas the Fig. 2b, ¢
shows the steps of deposition of the upper part of
TENG. In step 1, Cu was deposited on FTO by
magnetron sputtering and in step 2, freshly prepared
AuNPs are deposited on Cu using spray pyrolysis for
increasing the surface roughness of layerl. In step3,
in the lower part of TENG; PDMS is deposited on
FTO by spin coating. An output AC pulse voltage has
been achieved which is further connected to the
power management system to convert it into DC
voltage to glow light-emitting diodes or for any other
relevant applications.

2 Experimental details

The synthesized TENG consists of two parts; the
upper and lower part. The sponge is placed as a
spacer layer between the lower part and the upper
part. The synthesized upper part of TENG consists of
three layers such as FTO/Cu/AuNPs whereas the
lower part of the synthesized TENG consists of two
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Fig. 1 Working mechanism of
Cu-PDMS based TENG

Fig. 2 a—d Schematic
diagram and steps of
deposition of Cu-PDMS-based
TENG
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layers such as FTO/PDMS. The dimensions of the
FTO substrate are of the order of 1.5 x 1.5 cm. The
substrate was cleaned with soap solution, and then
sonicated for 15 min, and stored in Isopropyl alcohol
(IPA) solution. Subsequently, the Cu target surface
was polished and cleaned with ethanol solution. The
FTO substrate was covered with Kapton before the
sputtering process followed by placing all the sam-
ples in the sputtering chamber facing conducting
sides upward opposite to the Cu target at a working
pressure of 5.8 x 102 mbar, power of 160 W, flow of
80 sccm for 10 min at a temperature of 200 °C. Next,
the AuNPs having spherical shapes are deposited on
Cu using spray pyrolysis. In this way, the upper part
of the TENG was synthesized. Now by taking an FTO
substrate, the PDMS emulsion of 5 ml was added in
20 ml of chloroform and magnetically stirred at 500
rpm for 10 min without heating. Then spin coating
technique was used for the deposition of PDMS on
FTO at 2000 rpm for 30 s. Then, the sample was
annealed in a muffle furnace at 300 °C for 6 h to
approach a thickness in the micrometer range. In this
way, the lower part of TENG was synthesized.
Finally, by using a sponge as a spacer, the lower and
upper part of TENG has been covered by transparent
tape. The Kapton tape was removed after deposition
from both the layers so that on pressing and releas-
ing, the triboelectric charge and electrostatic induc-
tion are developed across the two parts which further
generates the potential difference in form of AC
voltage and current.

3 Results and discussion

Scanning electron microscope (SEM) images were
recorded using Model JEOL JSM 6360 A with an
energy ranging from 0.5 to 40 KeV. The material’s
presence in the sample was observed by energy dis-
persive spectroscopy (EDS). X-ray diffraction (XRD)
measurements were performed by using D8
ADVANCE (BRUKER AXS) equipment with the
source of light Cu Ka (4 = 1.5406A°) radiation. The
optical characterization was performed by using a
UV-Vis spectrophotometer (JASCO V-770) in the
200-1000 nm spectral region. The electrical charac-
terization measures open-circuit voltage and short-
circuit current using DSOX6004A. Micro-structured
characterization of Raman shift was measured by
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using Raman spectroscope with a laser as the light
source excitation wavelength of 785 nm.

3.1 Materials characterization

The working mechanism of Cu-PDMS based TENG
has been illustrated on Fig. 1. The FTO serves as a
non-flexible substrate for the vertical contact-electri-
fication process. Figure 3a—d shows the morphologi-
cal images of FTO/Cu/AuNPs for thicknesses of 5, 2,
1, and 0.5 pm wherein it is clearly observed that the
AuNPs possess a typical spherical shape which
increases the surface density to generate more tribo-
electric charges between the two contact surfaces in
TENG device. Figure 3e-h shows the morphological
images of FTO/PDMS for thicknesses of 5, 2, 1 and
0.5 um. The XRD pattern of the FTO substrate is
demonstrated in Fig. 4a which is assigned to tetrag-
onal Tin Oxide (Sno,) (JCPDS file: 77-0452). The
peaks in the XRD pattern correspond to the standard
values of face-centered cubic (FCC) structure at (110),
(101), (200), (220), (221), and (301). The highest peak is
obtained at an angle of 26° with an intensity of 440
a.u. At an angle of 43.44° (111), the maximum peak of
diffraction is at 210 a. u. in Fig. 4b. The other peak is
at 51.56° (220) confirming metallic copper which is in
agreement with the previously published result in the
literature [25]. In Fig. 4c, the XRD pattern reveals that
the top diffraction peak is at 38.26° and another
diffraction peak is at 66.29° which corresponds to the
reflection of the FCC structure of gold having a good
agreement with the previously reported studies [26].

Figure 4d show the spray pyrolysis results of
AuNPs on FTO/Cu and the combined peaks of FTO,
Cu, and Au which enhance the crystal structure and
purity of the upper layer of TENG. The AuNPs
shows crystalline high sharp peak at 180a.u having
FCC structure. FTO shows the highest peak intensity
at 230a.u. The broad diffraction peak intensity is
continuously decreasing from 20° to 70°. To further
confirm the presence of Cu, Sn, O, 5i, and Au within
the synthesized lower part (FTO/PDMS) and upper
part (FTO/Cu/AuNPs) of the TENG, the samples
were analyzed by energy dispersive X-ray spec-
troscopy (EDS) technique as shown in Fig. 5a and b.
The EDS analysis reveals that a high optical absorp-
tion band peak at 1 KeV, and a low optical absorption
peak at 8.9 KeV confirm the presence of metallic
copper in the sample [25, 26]; an optical absorption
band peak at approximately 1.9, 2.2 and 8.5 KeV
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Fig. 3 a—d Morphological images of FTO/Cu/AuNPs and e-h Morphological images of FTO/PDMS

confirms the presence of gold in the sample similar to ~ band peak at approximately 0.5 KeV confirms the
as observed in the previous experimental study[27] presence of oxygen in both the samples [25, 27]. An
where a maximum optical absorption band peak at optical absorption band peak at 1.9 KeV confirms the
approximately 3.5 KeV confirms the presence of Snin ~ presence of Si in the sample and an optical absorption
the PDMS sample [25]. A similar optical absorption =~ band peak at 0.2 KeV confirms the presence of C on
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Fig. 5 a and b EDS patterns of upper part consisting of FTO/Cu/AuNPs and lower part FTO/PDMS

the sample. The EDS spectra of the FTO/Cu/AuNPs (26.33), C (9.87%), and a trace amount of Au (2.12%),
and FTO/PD MS samples are shown in Fig. 5 a, b to Si (0.75%), Cl (1.50%). The FTO/PDMS was mainly
evaluate the contents of elements on the upper part composed of O (44.27%), Sn (34.41%), C (16.98%) and
and lower part of the TENG. The FTO/Cu/AuNPs trace amount of Si (4.35%).

were composed of O (30.88%), Cu (26.33%), Sn
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Fig. 6 a and b Open-circuit voltage (Vo) during pressing and releasing and ¢ and d short-circuit current (Igc) during pressing and

releasing of a Cu-PDMS based TENG
3.2 Optical characterization

To identify the nature of the charged molecules,
using Raman spectroscopy we performed a compar-
ative experiment at different laser intensities. Fig-
ure 6a shows the comparison of Raman shift (cm™")
at 8000 and 3000 a.u. Raman shifts at 528.83 and
625.30 cm ™' of a lower graph show a wide curve
whereas the upper graph at the same shift shows a
narrower peak at higher intensities. As the Raman
intensity increases from 1000 to 4000 a.u, Raman shift
peaks become a little sharper than the lower graph
curve. Transmittance (T) indicates the ratio of the
intensity of light after passes through sample (I) to
the initial intensity of light (Io) and it can be calcu-
lated as T =1/lo. The % T =1/Io x 100. Figure 6b
represents the transmittance of transparent PDMS
polymer material measured by the UV-Visible spec-
troscopy technique. The transmittance is plotted
within the wavelength range of 300-800 nm. It is
clearly seen that the light easily passes through the
prepared PDMS polymer material used for the syn-
thesis of TENG with a maximum transmittance of
~ 92.85% at the wavelength of 453.89 nm which
provides us with another effective way for the
development of transparent electronic devices.

3.3 Electrical output performance
characterization

The upper part of TENG consists of FTO/Cu/AuNPs
which is highly triboelectrically positive, whereas the
lower part of TENG consists of FTO/PDMS surface
which is negatively charged. The two parts are sep-
arated by spacer layer (sponge) which supports both
the parts to come back to the original position after
pressing and releasing of the TENG. On pressing by
external mechanical force, electrostatic charges are
developed across them and on releasing, an induced
charge develops a potential drop which generates an
alternating voltage between them. Figure 7a shows
the pictured view of AC output voltage generated
and Fig. 7b shows the synthesized PDMS-based
TENG. Figure 8a and b shows open-circuit voltage
during pressing and releasing and Fig. 8c and d
shows the short-circuit current during pressing and
releasing of a PDMS-based TENG. By applying
external mechanical force, the process of pressing the
TENG with the finger will produce an AC sine wave
with an maximum open-circuit voltage (Voc) of ~ 56
V, an short-circuit current (Isc) of ~ 18 mA, trans-
ferred electric charge of ~ 18 nC, output power of
~ 1 W, current density of ~ 8 mA/ cm?, and surface
power density of ~ 448 mW/cm® On releasing, it
generates an open-circuit voltage of ~ 14 V, an short-
circuit current of ~ 15mA, transferred electric charge
of ~ 15 nC, output power of ~ 210 mW, current
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density of ~ 6.7 mA/cm?, and surface power density
of ~ 93 mW/cm? with an resistance between 1KQ-
3KQ.

4 Conclusions

In the current research work, a transparent and
flexible PDMS-based TENG with spray pyrolysis of
AuNPs has been synthesized and characterized suc-
cessfully. The spherical shapes of the synthesized
AuNPs have been observed within the morphological
images. The XRD pattern of the prepared sample
indicates the diffraction peaks of FIO, Cu, and
AuNPs at different 2theta values. The EDS analysis
further confirms the presence of O, Cu, Sn, C, Au, C],
and Si materials within the synthesized parts of
TENG while the UV-Visible spectroscopy analysis
clearly shows 92.85% light transmission and further,
the proposed synthesized PDMS-based TENG gen-
erate energy in the form of AC output voltage up to
~ 56 V and current signal of ~ 18 mA, respectively.
Finally, it has been concluded that the synthesized
PDMS-based TENG with Spray pyrolysis of AuNPs
is useful for optical devices in the generation of light.
The electrical energy in terms of AC voltage pro-
duced by synthesized PDMS-based TENG is further
converted into DC voltage by using a power man-
agement system that provides a platform for wear-
able electronic devices, mobile chargers, LEDs, and
power supplies to different electronic circuits in the
future.
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