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ABSTRACT

Triboelectric nanogenerator (TENG) has gained increasing attention owing to their diverse applica-
tions, especially as an indispensable power supply for rechargeable sensors and wearable portable
electronic devices in the loT era. However, dielectric materials for fabricating TENG are mostly ther-
moplastic polymers, which are normally unsatisfactory and easily deteriorated at elevated tem-
peratures, thereby hindering its applications in harsh environments. In this research, customiz-
able polyimide (Pl) membranes were prepared by a facile and scalable solution phase separation
for a heat-resistant high-power TENG. A mixture of N, N-dimethylacetamide and methanol is ex-
ploited as a proper pair of solvent and nonsolvent to induce phase separation, resulting in the for-
mation of porous structures. The results showed that Pl films possessed uniform and high poros-
ity, and especially, they have excellent thermal stability compared to commercial thermoplastic
membranes such as the Celgard. The new porous Pl-based TENG device exhibited a significant en-
hancement in electrical output of 10 times and 2 times compared with TENGs based on flat Pl and
commercial Kapton, respectively. More importantly, a new antagonist-structured TENG composed
of microdome-convex chitosan and porous-concave Pl could generate a superior output voltage
of 180 V, which could directly power a "HCMUT" panel with 102 light-emitting diodes (LEDs). Be-
sides the advantages such as superior output, excellent temperature resistance and ease of scaling
up, our new TENG is highly potential to be applied in specific applications such as self-powered
electronic systems working in harsh environments.
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INTRODUCTION

With the arrival of the new era of Internet of things
(IoT), wireless sensor networks (WSNs) which can
gather data and wirelessly transmit that data through
a network to a processing server are becoming in-
dispensable for communication in the IoT system .
Since WSNs comprise a huge number of sensors, a
significant rise in the number of existing IoT sen-
sors have been recognized recently. For real-time
communication in IoT, the portable and wearable
sensors normally require properly electrical power
sources with light-weight, flexible, self-charged and
distributed characteristics which remain challenges
with conventional batteries and supercapacitors®>.
Recently, invented by Zhong Lin Wang’s group in
2012, triboelectric nanogenerators (TENGs) have be-
come one of the most inspired technologies which
can convert kinetic mechanical energy to electricity®.
TENGs have been considered as a promising and in-
evitable power supply for self-charged portable wear-
able sensors because they possess lightweight, good
flexibility, high energy conversion efficiency and en-
vironmentally friendly®. These characteristics nor-

mally come from the flexible thermoplastics which are
usually used as tribo-dielectrics in TENG. Neverthe-
less, thermoplastics also suffer from big drawbacks in-
cluding low mechanical strength and poor heat resis-
tance. These obstacles obviously hinder the potential
applications of TENG in harsh environments. How-
ever, unlike other plastics, polyimide (PI) exhibits ex-
ceptional advantages of thermal stability, mechani-
cal toughness, and chemical resistance. In addition,

PI has promising dielectric properties®.

Therefore,
PI was already exploited as a promising negatively
charged tribo-material in TENG. However, it should
be noted that PI was usually used in the form of flat
film (commercially denoted as Kapton®) because the
common PI polymer possesses insolubility in almost
organic solvents as well as difficulty in thermal pro-
cessing. It was reported that TENGs made of Kapton
exhibited unsatisfactory output performance as a re-
sult of inherently poor electrification effectiveness of
the flat surface of the Kapton "%,

It is obvious that the electric output of a TENG device
must be crucially important for its practical applica-
tions. To enhance TENG output, three common ap-
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proaches are usually applied including proper selec-
tion of materials®, surface and structure engineering
of electrets *,and rational design of TENG device !*!!.
Among them, enhancing the effective contact area of
dielectrics have widely used for boosting TENG per-
formance. In the case of PI, there were several ef-
forts for making its structural design such as PI aero-
gel 1213, porous PI'*1°, etc. However, it should be
noted that the existing methods remain some disad-
vantages including low scalability and high produc-
tion cost, which constrain the commercialization of
TENG in large applications. Therefore, finding a new
method for massive production of PI with designed
controllable structure for high-performance and ro-
bust TENG is highly desirable.

In this work, we proposed a rapid and scalable method
to fabricate the porous PI by the simple solution
phase separation method. A solution of PI, N, N-
dimethylacetamide and methanol was used to induce
phase separation through solvents evaporation. The
porous structure and uniformity of the PI membrane
was controlled by the ratio of DMAc/MeOH. The PI
membrane then applied for a TENG, thereby TENG
output performance was characterized. Moreover, the
temperature-resistant ability of the PI membrane also
was evaluated.

EXPERIMENTAL METHODS

Materials

Polyimide (PI) resin powder, which is dissolvable in
organic solvents, was bought from Alfa Aesar (USA).
Chitosan (from shrimp shells; > 75 % (deacetylated))
was purchased from Sigma Aldrich (USA). N, N-
dimethylacetamide (DMAc, 99.8%), and methanol
(MeOH; 99.8 %) were purchased from Sigma-Aldrich
(USA) and used as received. Acetic acid (99.5 %) was
bought from Xilong (China). Copper foil (thickness
of 0.5 mm) was kindly supplied by Nhat Phat Co.
(Vietnam). The substrates were ultrasonically washed
with acetone, diluted aqueous acid solution and dis-
tilled water successively, followed by drying under ni-
trogen gas before use.

Preparation of porous films

PI solution was prepared first by dissolving a prede-
termined amount of PI in DMAc. MeOH was then
added, and the solution stirring was kept for 4 h to
obtain the homogeneous yellow ternary solution con-
taining P and DMAc/MeOH as a solvent/nonsolvent
pair. Note that the solution should be aged for 1 h be-
fore fabricating film.
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For preparing PI sponge, the pre-cleaned copper sub-
strate was dipped into the as-prepared ternary solu-
tion, followed by drying in an ambient environment
(temperature of 27 °C and relative humidity of 68 %).
The other dipping conditions were fixed as the with-
drawal speed of 60 cm/min and the dipping time of 5 s.
PI thin film with a three-dimensional (3D) intercon-
nected porous structure was spontaneously formed
on the copper surface after drying through spinodal
decomposition of the PI/DMAc/MeOH ternary so-
lution (Figure 2). The polymer concentration was
adjusted to investigate the effect of these factors on
porous structure of PI thin film.

Fabrication of micro-patterned Chitosan

Chitosan serves as a positively charged tribo-surface
for a TENG. Chitosan film with microdome-
patterned surface was fabricated via solution molding
processes (Figure 1). Briefly, a polystyrene film with
highly ordered honeycomb concave structure (hc-PS)
was first prepared via the improved phase separation
(IPS) method following a previous report '° and then
it was used as a master mold. Meanwhile, viscous
chitosan solution (2 wt. %) was also prepared in 1
vol. % aqueous acetic acid solution.

Subsequently, chitosan solution was drop-casted onto
the as-prepared hc-PS mold, followed by degassing
processes through reduced pressure which facilitate
chitosan to perfectly fill up into pores of the hc-PS
film. The as-prepared sample was then dried in air
for 4 h and in an oven at 80 °C before detaching the
replica chitosan from the mold. Patterned chitosan
was stored in a low-humidity desiccator before use.

Assembly of TENG device

Herein, TENG device was assembled in the most sim-
ple contact-separation working mode (C-S mode).
Correspondingly, the as-prepared PI sponge on cop-
per substrate and the patterned chitosan were used
directly to fabricate the TENG device. A PI sponge
serves as a negatively charged tribo-layer, while the
copper substrate plays a role as a bottom electrode.
The PI sponge on the copper substrate was adhered
on a poly(methyl methacrylate) (PMMA) supporter
by the double-sided adhesive tape. In addition, the
patterned chitosan film on another PMMA supporter
with a copper foil sandwiched between them was used
as a counter tribo-component of the TENG. TENG
devices with the same dimension of 2.5 cm x 2.5 cm
were used for all electrical output characterizations.
The gap between the two tribo-surfaces was fixed at
about 5 mm. Finally, both the top and the bottom
electrodes were connected by the electric wires for
measurement.
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Figure 1: Scheme representing the fabrication of the chitosan film with microdome-patterned array.

Characterization

The characterization of samples’ surface morphol-
ogy was performed using the field-emission scan-
ning electron microscopy (FE-SEM, S-4800, Hitachi,
Japan). The static water contact angle (WCA) was
evaluated by using a drop shape analyzer (Phoenix
300T, Seo, Korea). A custom-made pushing tester
with feasibly of controlling ambient temperature
and humidity was employed to trigger mechani-
cal impulse to the TENG. The electrical output of
TENG was measured by using a digital oscilloscope
(SDS1102CML, Siglent, China) and an in-lab-made
circuit as a current preamplifier 7.

RESULT AND DISSCUSION

Morphology of Pl membranes

The porous PI films were obtained through one-step
scalable solution immersion method, and the poros-
ity of the membrane was controlled by adjusting poly-
mer concentration. Three sponge-like PI membranes,
which were prepared with PI content of 5 wt. %, 8
wt. %, and 10 wt. %, denoted as p-PI5, p-PI8; p-
PI10, respectively. To provide more insight into the
influence of polymer concentration on the formation
of the porous structure, the scanning electron micro-
scope (SEM) images and optical photographs of the
porous PI films were characterized, as shown in Fig-
ure 3 (a-f). In general, along with the decrease in the
polymer concentration, the porosity increased, thus
the highest porosity was obtained with the p-PI5. In
addition, the uniformity of the membrane surface is
the best with p-PI8 and became lower with the p-PI5
and the p-PI10. This is mainly attributed to the viscos-
ity of the polymer solution, which significantly influ-
ences the formation of the porous structure through
the phase separation process. It is well-known that
the viscosity increases with an increase in polymer

concentration. Hence, the polymer concentration di-
rectly affects the morphological structure of the films
as well as other film’s parameters including the thick-
ness and uniformity %,

Particularly, with the low viscous polymer solution,
the formation rate of porous structure was fast due
to the solvent/nonsolvent pair easily diffused during
the phase separation process, resulting in high poros-
ity membrane and continuous sponge-like structure
at the PI concentration of 5 wt. %, which can be seen
in Figure 3b. In contrast, with the increasing solid
content to 10 wt. %, p-PI10 membrane exhibited a
skin layer on the top surface as highlighted in Fig-
ure 3f. This phenomenon not only decreases the pore
size and porosity on the materials surface, but also
creates a low uniformity region on the material sur-
face, which was displayed in Figure 3e. For the ap-
plication in a TENG, this region may result in poor
contact between the two frictional surfaces. Mean-
while, at 8 wt. % of PI concentration, the membrane
displayed not only bicontinuous sponge-like porous
structure (Figure 3d) but also a good uniformity in a
large scale, which was presented in the optical photo-
graph (Figure 3c).

The polymer concentration also has a great effect on
the film thickness regarding the solution immersion
process. Accordingly, the thickness of PI membranes
significantly increases from approximately 9 m to 35
um with the increase in PI content from 5 to 10 wt. %
(Figure 4a). When the thickness of the triboelectric
layer increases, more triboelectric charges can be built
up and retained inside the porous structure. How-
ever, after the thickness reaches a certain value, the
electrostatic induction between charges on the surface
and the electrode becomes weaker, resulting in the de-
crease of the output of the TENG. In addition, wet-
tability of the electrets was reported to greatly affect
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Figure 2: Schematic illustration of the one-step process for preparing the porous Pl based on the evaporation-

induced phase separation method.

the stability of TENG in humid environments. The
comparison of the WCA values between commercial
Kapton film and porous PI films with different poly-
mer concentrations was shown in Figure 4b. Overall,
the WCA of Kapton film with a flat surface was about
68°, WCA records the highest value at 116.7° of p-PI5
due to the significant increase in surface roughness.
With the decrease of porosity, the WCA of p-PI8 and
p-PI10 reduce to 98° and 59°, respectively. However,
the p-PI8 is still presented as a hydrophobic surface
due to its large porosity and uniform structure while
the p-PI10 film becomes a hydrophilic surface similar
to the commercial Kapton film due to the existence of
a skin layer on the surface.

The thermal resistance of the porous PI and Celgard
2400 membranes was also evaluated by a thermal
shrinkage test, in which the samples were heated in
an oven at 200 °C for 30 min. It can be observed
in Figure 5b that the Celgard 2400 membrane ex-
hibited a vigorously shrink, combined with the color
change from white (Figure 5a) to transparent. In
other words, the Celgard 2400 membrane completely
melted and the porous structure disappeared. In
contrast, there was no obviously dimensional shrink
and color change in the PI membrane. This result
also indicated that the porous structure of PI mem-
brane still remained until the temperature reached
200 °C. Therefore, the porous PI membrane would be
a promising negative tribo-material to be applied in
high temperature resistant TENG.

112

Output performance of the PI-TENG

To evaluate the electrical output performance of the
porous PI-based TENG, the device with top standard
Al electrode and bottom PI-Cu foil electrode was fab-
ricated (Figure 6a). The current signal generated in
a single working cycle of the TENG (Figure 6¢) il-
lustrated the its working principle. Before contact-
ing, there is no charge generated on both PI and Al
surfaces. When PI is contacted with an Al electrode,
the friction between two tribo-materials occurs, and
electrons are moved from Al to the PI membrane, re-
sulting in positive and negative charges on both sur-
faces according to the triboelectric effect. Then, two
surfaces are being separated, the negative charges on
the PI porous surface induce positive charges on the
Cu electrode. The established potential difference be-
tween Al and Cu electrodes creates an electron flow
from the Al electrode to the Cu electrode through an
external circuit, generating a negative current signal.
When the two surfaces move closer again, electrons
flow back from the top Al electrode to the Cu elec-
trode due to the electrostatic field, until the system
goes back to the fully pressed equilibrium state (Fig-
ure 6b).

For comparison, the open-circuit voltage (Voc) of
the nanogenerator devices using different types of PI
structures (commercial Kapton and flat PI) with the
same test conditions were shown in Figure 6d. As
expected, the TENG with p-PI8 reached the highest
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Figure 4: a) Change of the thickness of the Pl mem-
branes corresponding to polymer concentration of
the solutions. b) Water contact angle (WCA) of the
Kapton and the porous PI films.

Voc of approximately 40 V. Obviously, Voc of p-PI8-
based TENG is much higher than that of the TENGs
using either the Kapton or the flat PI with the V¢
of 17 V and 4 V, respectively. This improvement can
be explained due to the large surface area of the p-PI8
surface compared with the planar dense PI, leading to
an enhancement of the electrification effect.

To evaluate the output power generation of the PI-
based TENG, various external loads with different re-
sistance values was used. As present in Figure 6e, the
VOC increased gradually when the resistance was in-
creased in the range of 10° + 103 Q. Using these
results, the dependence of the instantaneous power
density generated from the PI-based TENG on the
loads was calculated ( P = U%). The instantaneous
power density of the PI-TENG reached a maximum
value of about 0.049 mW/cm? at a matched resistance
of 4x10° Q. Additionally, the instantaneous output
powers of the PI-TENG under different frequencies
were investigated with the results presented in Fig-
ure 6f. As expected, the output power slightly in-
creased with increasing the triggering frequency from
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2400 membranes before and after thermal shrink-
age test.

1to 5 Hz.

For demonstration of potential practical applica-
tions, the porous PI and chitosan with uniformly mi-
crodome patterned surface were also fabricated (Fig-
ure 7a). The output voltage of PI/chitosan TENG ob-
tained a value of over 180 V under a 5-Hz frequency,
which was as high as 4.5 times compared with PI/Al-
based TENG (Figure 7b). The enhancement of power
generation capability of the PI-TENG is attributed to
enhancement of both electrification effectiveness and
electrostatic induction. The better matching between
the concave-porous PI and convex-patterned chitosan
counterpart leads to a great increase in effectively fric-
tional area. Furthermore, the choice of tribomateri-
als is also a determining factor in the power output
of TENGs. The greater differences in electron affin-
ity of the two selected contact materials, the better
electrical output performance. Due to this, chitosan
as one of the best candidates for the positive tribo-
material and PI as the most negative tribo-material
were combined to become an ideal friction layer pair
for our new TENG. As shown in Figure 7c, a 1 uF-
capacitor can be quickly charged to over 2.5 V within
50 s by the TENG, then used as a power supply to
power electronic devices. In addition, Figure 7(d-e)
showed the “HCMUT” panel with 102 light-emitting



Science & Technology Development Journal - Engineering and Technology, 5(51):109-119

b)

a)
Origin
@ Aluminum
Porous Pl
— ¥ copper foil
Pressed Releasing

0
~

Y

w

L

Current density (pA)
-

04
A
Releasing
-2 : . . : : :
0.12 0.16 0.20 0.24 0.28
[ 2 4 [
e) Time (3) f) Time (s)
50 0.25
Pmax=0. 196mW=0.049mW/cm2 36 4
40 o L0.20
oy 34
30 Lo.15 F =
& o 32
o) e
220/ P=U/R lo.10 2 %
> a > 304
104 L 0.05 |
28
04 v - - L 0.00 ; v v T T
10% Ix10° 107 107 1pf 1 2 3 4 5
Resistance (£2) Frequency (Hz)

Figure 6: Characterization of electrical output and working principle of the PI-TENG: (a) 3D sketch representing the
structural design of the PI-TENG with two frictional surfaces of porous Pl and aluminum; (b) Working mechanism of
the PI-TENG (c) Electrical current signal generated on a single working cycle of the TENG; (d) Open-circuit voltage
(Voc) of the nangenerator devices using different Pl surfaces; (e) Instantaneous power of the PI-TENG at different
load resistances; (f) The effect of triggering frequency on the output voltage.

115



Science & Technology Development Journal - Engineering and Technology, 5(51):109-119

Voltage (V)

250

p-PI/Al Ep-Ph‘cnn\fﬂ :hitnsan:

2004

) - -
o wm o w
L= o (=] (=] (=]

-150

Time (s)

O=0220-0
Convex chitosan

3 —(1uF}

Voltage (V)

0 100 200
e) Time (s)

HCMLS T,

[l septpptippnpte’

Lightening 102 LED by footé-t-apping----é

Figure 7: (a) 3D Sketch of the TENG device assembled with porous Pl and convex-patterned chitosan. (b) SEM
image of surface of the patterned Chitosan. (c) Open-circuit voltage (V,.) of TENG devices using Al and patterned
chitosan surfaces. (d) Charging curve of a 1 F-capacitor for the porous Pl-based TENG device. (e) Pl-based TENG
device used to harvest mechanical energy from footsteps for instantly lighting on 400 blue LEDs.

116



Science & Technology Development Journal - Engineering and Technology, 5(51):109-119

diodes (LEDs) before and after being lightened simply
by foot-tapping the TENG.

CONCLUSION

In this work, polyimide films with high porosity
were successfully fabricated via an one-step scalable
% PI so-
lution in a mixture of DMAc and methanol with
DMAc/methanol ratio of 90/10 was found to be a suit-
able condition for the fabrication of the uniformly

solution immersion method. A 8 wt.

porous structure. In addition, the porous PI exhibited
excellent thermal stability without obviously thermal
shrinkage even after being heated up to 200 °C. The
TENG device assembled with the porous PI and alu-
minum possessed an output voltage of 40 V, which is
10 times higher than TENG using flat PI. Moreover,
by combining with a microdome-patterned chitosan
as a counter antagonistically structured surface, the
TENG showed about 4.5 times enhancement in out-
put voltage compared to the one using Al surface. We
believe that the present porous PI-based TENG can
be utilized in various harsh-environment applications
such as separators for high-temperature batteries, su-
percapacitors, fuel cells, and actuators.
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Ché tao mang polyimide cau truc xép lién tuc bang phuong phap
phén pha c6 kiém soat tir hé dung dich ba cau tif 'ng dung cho
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TOM TAT

Méy phét dién ma sat nano (TENG) [a cong nghé thu héi chuyén héa nang lugng xanh mdi dang
thu hit dugc nhiéu su quan tam clia cac nhém nghién cdu trén thé gisi do TENG cé thé dugc tiing
dung trong nhiéu céc Iinh vuc khac nhau. Mot trong cac ting dung quan trong ctia TENG la nguén
cung cap dién cho cac cdm bién di dong, cac thiét bj dién t& deo dugc cong sudt nhé. Tuy nhién,
vat liéu ma sat dung trong ché tao TENG thuong la polymer, loai vat liéu thuong bi suy gidm tinh
chat & nhiét do cao. Biéu nay gay tré ngai cho TENG st dung trong cac thiét bj can phai hoat dong
3 moi truong khac nghiét. Trong nghién cu nay, ching téi dé xudt phuong phép ché tao mang
x6p polyimide (PI) chiu nhiét d6 cao bang phuong phap maét giai doan dua trén qua trinh phan pha
dugc gay ra bdi qua trinh bay hai dung méi. Hon hop N, N-dimethylacetamide va methanol dugc
strdung la cap dung méi/phi dung pht hap d@é thuc hién qué trinh tach pha hinh thanh cdu tric
x6p. Két qua thu dugc cho thdy mang Pl s& hitu cdu tric x6p dong déu vai do xp 16n trén toan
b6 mau, ddc biét, ca nang chiu nhiét tuyét vai ctia mang con dugc so sanh véi mang xép Celgard
thuong mai. Thiét bi TENG s&r dung mang xép Pl da ché tao dugc ghép vai bé mat tich dién duong
la nhém cé kha nang tao ra dién thé 40V, tuong Ung gdp 10 va 2 1an so véi mang Pl khéng co cau
trdc x6p va mang Kapton. Bac biét, TENG thiét ké sir dung bé mat ma sat co cau trdc déi nghich
gobm mang 16i chitosan va mang x8p Pl co thé tao ra dién thé 180V, tryc ti€p thap sang 102 dén
LED thuong mai. TU nhiing uu diém nhu cho dién thé cao 6n dinh, chiu nhiét d6 cao va dé ché tao
3 quy md lén, thiét bi TENG dugc ché tao ¢é tiém nang Ung dung cao trong viéc cap nguén cho
cac thiét bi dién tirlam viéc 8 moi trudng khac nghiét.

Tuwkhoa: Phuong phap phan pha, cau trdc xép, xép lién tuc, polyimide, may phat dién nano ma sat
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