#® ROYAL SOCIETY

Sustainable
P OF CHEMISTRY

Energy & Fuels

View Article Online

View Journal

A multiple laser-induced hybrid electrode for

i") Check for updates‘
flexible triboelectric nanogenerators+

Cite this: DOI: 10.1039/d1se00819f

Huamin Chen, ©2° Wei Yang,? Peiyu Huang,? Chenyu Li,? Yagian Yang,? Biao Zheng,?
Cheng Zhang,? Ruping Liu,® Yuliang Li,? Yun Xu, ©<¢ Jun Wang*? and Zhou Li® *f

Triboelectric nanogenerators (TENGs) stand out from wearable energy-harvesting technologies due to their
high output power and flexibility. Moreover, triboelectric materials particularly the electrodes are
considered to be the most significant part, which directly affect the output, flexibility and the fabrication
process. In this study, we propose the fabrication of a laser-induced graphene (LIG)-Au hybrid
electrode-based flexible TENG by a simple laser-induced method. Utilizing multiple laser irradiation, the
Pl and metal precursor can be induced to form a porous Au-LIG hybrid electrode. The Au nanoparticles
on porous LIG are uniform and dense. Furthermore, this simple method can control the concentration
and pattern of the Au-LIG flexible electrode. Based on the Au-LIG flexible electrode, we fabricated
a flexible TENG and investigated the effects of the Au concentration on the output performance. The
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1 Introduction

Flexible and stretchable electronics have received considerable
attention with the rapid development of internet of things
(IoT).** It has numerous inherent advantages for applications
such as health monitoring and big date capturing.®® However,
the limitation of power unit including batteries in rigidity,
weight and volume, are not suitable for powering wearable
sensors. It is a promising strategy to incorporate the wearable
energy-harvesting technology with flexible electronics for real-
izing self-powered systems. Energy-harvesting devices have
made remarkable progress in recent decades including piezo-
electric nanogenerators,'®" thermoelectric nanogenerators,*>*
and particularly triboelectric nanogenerators (TENGs).'**
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TENGs based on the contact electrification and electrostatic
induction can efficiently harvest the mechanical energy from
human routine activities compared to other nanogenerators.'®”
On account of its high efficiency,' simple construction,™ and
flexibility,* it has become the most promising candidate for
future power source.

Triboelectric materials particularly the electrodes are
considered to be the most significant part, which directly affect
the output, flexibility and the fabrication process. To date,
various materials have been applied for the electrode/
triboelectric layer including metal/metallic composites and
carbon/carbon composites.>** The metallic electrodes usually
prepared by the vacuum deposition method are expensive.
Furthermore, the adhesive process can cause poor bonding
between the electrode/dielectric layer, which greatly affects the
durability and output of TENGs for long-term bending or
stretching cycles. In contrast, carbon-based electrodes are
usually prepared by self-assembly,**** coating,***” or vacuum
filtration.”®* Through these synthetic methods, they can ach-
ieve a porous and three-dimensional (3D) structure,**** which is
beneficial for enhancing the output of TENGs. In 2014, Lin et al.
demonstrated a novel method to synthesize 3D graphene via
laser irradiation on the carbon source such as polyimide (PI).*?
This straightforward synthesis of laser-induced graphene (LIG)
has advantages such as simple fabrication process, easy
patterning and scalable production, which make it suitable for
flexible electrodes.***
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To improve the performance of LIG-based electrodes, active
nanoparticles are incorporated into the LIG to construct hybrid
materials.***” However, to the best of our knowledge, methods
such as laser induction® and electrochemical deposition,***°
are time-consuming and need complex formulation and
equipment. Moreover, the LIG electrode is usually used as the
back electrode,*~** which does not participate directly in the
friction process.

In this study, we proposed an Au-LIG hybrid electrode-based
flexible TENG by a multiple laser-induced method. First, the PI
substrate was irradiated by a laser to convert the carbon source
to porous graphene. The metal precursor of Au nanoparticles
was then spin-coated on the LIG, followed by a second laser
irradiation to form an Au-LIG hybrid electrode. The Au nano-
particles on porous LIG were uniform and dense. Furthermore,
this method can control the concentration and pattern of the
Au-LIG flexible electrode. Based on the Au-LIG flexible elec-
trode, we fabricated a flexible TENG and investigated the effects
of the Au concentration on the output performance. Finally, we
developed a flexible TENG-based sensor for writing recognition.
This cost-effective method can fabricate flexible electrodes with
enhanced performance, which paves the way for the develop-
ment of flexible and wearable electronics.

2 Experimental
2.1 Fabrication of the Au-LIG hybrid electrode

Gold chloride trihydrate (HAuCl,) was purchased from Sino-
pharm (China). Polydimethylsiloxane (PDMS, Sylgard 184) was
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purchased from Dow Corning (USA). A polyimide (PI) tape with
a thickness of 100 pm was purchased from Dupont (USA).

First, the PI tape was irradiated by a computer-controlled
CO, infrared laser. By adjusting the parameters including
geometries, power, scan speed and depth, we can control the
pattern of LIG. The HAuCl, aqueous solution with different
concentrations (0.1 mg mL ™', 0.2 mg mL ', 0.3 mg mL },
0.4 mg mL ™', and 0.5 mg mL~") was then spin-coated on the
LIG surface at 200 rpm for 5 s (spin coater, KW-4A) and then
dried at 70 °C for 5 min. Finally, the LIG coated with HAuCl, was
re-irradiated by a laser scribing system (Nano Pro-III, China).
HAuCl, was reduced to Au nanoparticles, which was strongly
attached to LIG.

2.2 Construction of the flexible TENG and writing sensor

The Au-LIG hybrid electrode was patterned by the laser scribing
system and the side length of the square was 1.8 cm. The
uncured PDMS (base/curing agent was mixed at a weight ratio of
10 : 1) was poured on the Au-LIG electrode. After spinning at
1200 rpm for 10 s, it was then cured at 80 °C for 1 h. The PDMS
film acts as a dielectric layer with a thickness of 0.2 mm. The
upper PI/Au-LIG/PDMS film and the bottom PI/Au-LIG film were
connected by the PDMS spacer with a distance of 5 mm.

2.3 Characterization

The surface morphologies of the as-prepared samples were
obtained by a 3D laser scanning microscope (VK-X200 series)
and field emission scanning electron microscope (SEM, EMIST-
7). The Raman spectra were recorded by a spectrograph (Horiba
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Fig.1 Schematic of the fabrication process and device structure of the TENG; (a) the Pl substrate; (b) the LIG on the Pl substrate; (c) HAUCl, spin-
coated on the LIG; (d) irradiation; (e) the image of the HAUCly. (f) The MJU image of the Au-LIG electrode. (g) The flexible LIG electrode; (h) the
resistance of the Au-LIG electrode with various concentrations; (i) the schematic of the device structure; (j) the working mechanism of the TENG.
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HR Evolution 800). The elemental analysis was carried out on an
energy dispersive spectrometer (EDS, X-MaxN50). The experi-
mental parameters of the compressive force and the frequency
were controlled by a linear motor position system. Also, the
output performance was characterized by an electrometer
(Keithley 6514).

3 Results and discussion

The schematic of the synthesis process of the Au-LIG electrode
is illustrated in Fig. 1a-d. After irradiating the PI carbon source,
a layer of the porous carbon film was fabricated. The HAuCl,
aqueous solution was then spin-coated on the LIG surface,
followed by second irradiation on the LIG surface. After that,
Au** could be reduced to stable Au nanoparticles, which were
tightly and uniformly distributed on the LIG surface. This
method can simply and effectively introduce active nano-
particles such as noble metals into LIG to improve its physical
and chemical properties. The photographs of the HAuCl,
solution and the Au-LIG electrode are shown in Fig. 1e and f.
The LIG can be designed in various patterns such as “MJU”. The
line width of Au-LIG is 10 pm. Due to the flexibility of PI, it can
bend and twist, as shown in Fig. 1g. Also, the resistances of the
Au-LIG electrode at various concentrations are compared in
Fig. 1h. The resistance of the initial LIG without Au nano-
particles was about 33 Q. Also, the resistance was decreased to
20 Q as the concentration increased to 0.5 mg mL™". The Au-LIG
hybrid material is a promising electrode for flexible TENGs. The
schematic structure of the flexible TENG is displayed in Fig. 1i.
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Au-LIG on the bottom PI substrate acts as the triboelectric
material as well as the bottom electrode. The Au-LIG electrode
between the PI and dielectric layer PDMS is the back electrode.
Fig. 1j illustrates the working mechanism of the flexible TENG.
During the contact-separation process, the electron can flow
between the two Au-LIG electrodes.

To analyse the morphologies and chemical properties of the
Au-LIG electrode, the SEM, Raman spectroscopy and EDS were
carried out and the results are shown in Fig. 2. As shown in
Fig. 2a, the Au-LIG electrode obviously has a porous structure
and the porous size is about micro scale. As shown in the higher
resolution SEM image in Fig. 2b, the Au nanoparticles are
uniformly distributed on the porous LIG surface in a large scale.
The further higher resolution SEM in Fig. 2¢ can clearly exhibit
that the Au nanoparticles are tightly and densely decorated on
the porous LIG. Also, we can obviously find the Au nanoparticles
on the LIG surface and interior. The effects of synthesis
parameters such as laser power and HAuCl, concentration on
the properties of Au-LIG were also investigated. First, the effects
of the laser power on the morphologies of LIG and Au-LIG were
studied. As shown in Fig. S1,f the SEM images showed that the
porous LIG became curlier at a high laser power. The most
suitable power was 4.4 W at the scan depth of 10 pm. At the laser
power of 4.4 W with the depth of 10 um, the effects of the
HAuCl, concentration on the size of the Au nanoparticles were
explored. The SEM images in Fig. S2 exhibited that the size of
Au nanoparticles became larger and the distribution of Au
nanoparticles on the LIG became denser. The Raman spectra of
HAuCl,-LIG and Au-LIG are shown in Fig. 2d. The D, G, and 2D
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Fig. 2 The morphologies and elemental analysis of the Au-LIG hybrid electrode. (a) The SEM image of the porous electrode. (b) The higher
resolution SEM of the Au nanoparticles distributed on the LIG. (c) The higher resolution SEM of the Au nanoparticles. (d) The Raman spectra of the
Au-LIG electrode and HAUCl,-LIG electrode. (e) The energy dispersive X-ray spectroscopy (EDS) of the Au-LIG electrode. (f) The EDS mapping of

the Au-LIG electrode.
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peaks are at 1332 cm ™', 1587 cm ™', and 2665 cm ™', respec-
tively, which correspond to the graphene. The EDS of Au-LIG is
displayed in Fig. 2e. As seen from the curve, C, Au and Si (the
substrate) elements are there in the Au-LIG electrode, and the
atomic percentage indicate that most Au was in the metallic
state. The EDS mapping of Au-LIG in Fig. 2f also clearly shows
that the Au nanoparticles are evenly distributed in LIG. Also, the
detailed EDS mapping is shown in Fig. S3.}

To evaluate the performance of the TENG based on the Au-
LIG hybrid electrode, the effects of the Au concentration,
compressive force and working frequencies on the transferred
charge, output voltage and current were investigated in Fig. 3. A
series of TENGs based on the Au-LIG electrode at various
concentrations was constructed. The output performance of
TENG was measured under a compressive force of 30 N at
a frequency of 1 Hz. As shown in Fig. 3a, the transferred charge
density of the initial LIG-based TENG was 1.9 nC. The trans-
ferred charge densities of the TENGs at various concentrations
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(0.1 mg mL™', 0.2 mg mL~", 0.3 mg mL™ ", 0.4 mg mL ™", and
0.5 mg mL_l) were 2.9 nC, 3.8 nC, 4.6 nC, 6.8 nC, and 7.6 nC,
respectively.

The transferred charge of Au-LIG-based TENG (0.5 mg mL ™)
increased about 4 times compared to that of the LIG-based TENG.
Also, the corresponding output voltages of these TENGs were
8.1V,10.8V,12.5V,14.1V, 21.5V, and 25.6 V, respectively. The
output voltage increased about 3 times, as presented in Fig. 3b.
The corresponding output currents were 0.4 pA, 1.0 pA, 1.7 pA, 2.6
HA, 3.3 pA, and 4.4 pA, respectively. The effects of the compressive
force on the output performance are presented in Fig. 3d-f. The
output performance of the TENG was measured at a frequency of
1 Hz under various compressive forces. As displayed in Fig. 3d,
the transferred charge increased as the compressive force
increased from 5 N to 50 N. The transferred charge of TENG
under 50 N increased about 2 times compared to that of TENG
under 5 N. The output voltage in Fig. 3e and the output current in
Fig. 3f exhibit the similar trend.
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Fig. 3 The output performance of the TENGs. (a) The transferred charge, (b) output voltage, and (c) output current of the TENG with various Au
concentrations. (d) The transferred charge, (e) output voltage, and (f) output current of the TENG under different compressive forces. (g) The
transferred charge, (h) output voltage, and (i) output current of the TENG at different frequencies.

Sustainable Energy Fuels

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1se00819f

Published on 16 June 2021. Downloaded by University of Rhode Island on 6/30/2021 1:59:39 AM.

Paper
ai1s b
—e— Initial 4
= ——0.5 mg/mL ~%
g0 S
= 34
5 <3
2 £,]
S 5 S
o >
14
0 ol
10° 10° 107 10° 10" 0 15 30 45 60
Resistance () Time (s)
c d 50 10
45 ~3000 cycles
8
40

—s— Voltage
—=— Current

Voltage (V)
Voltage (V)
8
Current (uA)

Time 20 40 60 80
RH (%)

Fig. 4 The charging ability of the TENG. (a) The comparison of the
power of LIG-based TENG and Au-LIG-based TENG. (b) The charging
ability of the Au-LIG-based TENG. (c) The stability test of the TENG. (d)
The relationship between the output performance and the RH.
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The relationship between the output performance and the
working frequency is presented in Fig. 3g-i. The performance of
TENG was measured under a compressive force of 50 N. It is
obvious that the transferred charge did not increase when the
frequency increased from 0.1 Hz to 4 Hz. This is because the
speed of the contact-separation motion hardly affects the
amount of the transferred charge. In contrary, the output
voltage and current increased slowly as the frequency increased
from 0.1 Hz to 4 Hz. This is due to the faster electron transfer
speed.

The powering ability is an important parameter to evaluate its
potential for future energy source. The relationship of the
instantaneous power with the load resistance is shown in Fig. 4a.
The maximum instantaneous power of the LIG-based TENG was
3.6 uW at a resistance of 10 MQ. Also, the maximum instanta-
neous power of the Au-LIG-based TENG was 14.4 uW, which was
increased about 4 times. The charging curves of the various
capacitors are presented in Fig. 4b. The capacitor of 1 pF can be
charged to 5 V in 1 min, which demonstrated the potential for
powering wearable electronics. The stability test of the TENG (2 cm
x 2 cm) was conducted and the results are shown in Fig. 4c. The
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Fig.5 The application of the TENG for writing recognition. (a
array. (g)—(i) The image of the "MJU" samples.
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output voltage was measured under the compressive force of 50 N
at a frequency of 1 Hz and a relatively humidity (RH) of 50%. As
the charge gets saturated, the output voltage remains stable at
about 38 V. Considering the high RH of 50% in this experiment,
we also measured the output performance of TENG under various
RH. As shown in Fig. 4d, the output voltage rapidly increased from
12 Vto 47 V as the RH decreased from 80% to 30%. Moreover, the
output current increased from 2.2 pA to 8.8 pA, which indicates
that higher performance can be obtained in a dry environment.
The Au-LIG hybrid electrode has the advantage of simple
fabrication and can be easily patterned. Therefore, we fabri-
cated a 3 x 3 electrode array for writing sensors. After fabri-
cating the Au-LIG electrode, a PDMS solution with a base/curing
agent weight ratio of 20:1 was spin-coated on the Au-LIG
electrode and cured at 80 °C for 1 h. The Au-LIG/PDMS
writing board was flexible and transparent. The writing sensor
based on the TENG works under a single-electrode mode. PDMS
acts as the negative triboelectric material and the pen acts as the
positive triboelectric material. When the pencil sweeps on
PDMS, electrostatic charges are generated and distribute on the
PDMS and the active object. As the pen moves on the PDMS
surface, a potential difference forms between the Au-LIG elec-
trode and the ground. The potential difference between the Au-
LIG electrode and the ground can drive the electron flow
between the two electrodes. An obvious voltage signal can
generate when the pen is on the electrode. Also, when the pencil
leaves the electrode, there is nearly no signal, as shown in
Fig. 5a-c. According to the voltage signal and signal order, we
can refer the writing track. Fig. 5d-f present the schematic
electrode pattern and the writing track of “MJU”. Moreover, the
images of the “MJU” are shown in Fig. 5g-i. This application
demonstrated that this TENG is not only suitable for harvesting
wasted energy, but also promising for sensing and recognition.

4 Conclusion

In summary, we proposed an Au-LIG hybrid electrode-based
flexible TENG via a simple laser-induced method. Utilizing
multiple laser irradiation, the PI and metal precursor can be
induced to form a porous Au-LIG hybrid electrode. The Au
nanoparticles on porous LIG were uniform and dense. Further-
more, this simple method can control the concentration and
pattern of the Au-LIG flexible electrode. Based on the Au-LIG
flexible electrode, we fabricated a flexible TENG and investi-
gated the effects of the Au concentration on the output perfor-
mance. The maximum instantaneous power of the Au-LIG-based
TENG was 14.4 uW, which increased about 4 times. Finally, we
developed a TENG-based sensor for writing recognition. Accord-
ing to the voltage signal and signal order, we can refer the writing
track. This cost-effective method can fabricate flexible electrodes
with enhanced performance, which would pave the way for the
development of flexible and wearable electronics.
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