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ARTICLE INFO ABSTRACT

Keywords: Acoustic energy is difficult to capture and utilise in general. The current work proposes a novel nanofibrous
Nanocomposite membrane membrane-based (NFM) triboelectric nanogenerator (TENG) that can harvest acoustic energy from the
Acoustic environment. The device is ultra-thin, lightweight, and compact. The electrospun NFM used in the TENG
Triboeffect

contains three nanocomponents: polyacrylonitrile (PAN), polyvinylidene fluoride (PVDF), and multi-walled
carbon nanotubes (MWCNTSs). The optimal concentration ratio of the three nanocomponents has been identified
for the first time, resulting in higher electric output than a single-component NFM TENG. For an incident
sound pressure level of 116 dB at 200 Hz, the optimised NFM TENG can output a maximum open-circuit
voltage of over 120V and a short-circuit current of 30 pA, corresponding to a maximum areal power density
of 2.25W/m?. The specific power reached 259 uyW/g. The ability to power digital devices is illustrated by
lighting up 62 light-emitting diodes in series and powering other devices. The findings may inspire the design
of acoustic NFM TENGs comprising multiple nanocomponents, and show that the NFM TENG can promote
the utilisation of acoustic energy for many applications, such as microelectronic devices and the Internet of

Energy harvesting

Things.

1. Introduction harvesters has significantly improved, but their electrical output re-
mains very low [13,19-29]. Sound energy harvesting devices that use
With the rapid growth of urbanisation, excessive airborne noise can the triboelectric effect can produce renewable electricity based on
seriously harm human health and disrupt people’s daily activities [1,2]. repeated contact and separation of two dielectric surfaces [20]. As
Specifically, aeroplane noise, as high as 130 dB, poses a significant an emerging technology, the triboelectric nanogenerator (TENG) has
threat to airport ground crews and can potentially induce hearing attracted a great deal of attention due to its ability to generate a con-
loss [3]. Numerous efforts have thus been made to reduce noise pollu- siderable amount of electrical power while demonstrating exceptional

tion in the environment [2,4-6]. However, from another point of view, robustness, cost-effectiveness, and sustainability [30-41].

noise is an energy source that, with proper design, may be harvested
to power small electronic devices. Acoustic energy harvesting is still in
its early stages due to its low energy density, poor harvesting ability at
low frequencies, and inefficient materials and structures [7-9].
Consequently, developing an ultra-thin, lightweight, and compact
device for sound energy harvesting is a promising research direction.
Electromagnetic, piezoelectric, triboelectric and ferroelectric effects
have all been explored [9-16]. Most electromagnetic acoustic energy
harvesters have low voltage outputs, but resonators have been added
to these devices to improve their performance [17,18]. Recent re-
search has shown that the performance of piezoelectric sound energy

There are two major aspects of the research being conducted on
acoustic nanofibrous membrane (NFM) TENGs. On the one hand, re-
search mostly focuses on strengthening the device structures to increase
the electrical output of the acoustic TENG. Despite the majority of
research yielding a substantial amount of electrical output, the TENG
device structures demand greater mass and space as a tradeoff. For
instance, using a Helmbholtz cavity, a thin-film nanogenerator based
on triboelectrification may achieve a much higher electrical power.
However, its volume is substantial with a complex narrow air neck,
leading to a low areal power density [12]. Similarly, Cui et al. [42]
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Table 1

Triboelectric performance of acoustic TENGs with single nanofibrous membranes.
Matrix Component Ve (V) J. (mAm~2) Size (cm?) Freq. (Hz) SPL (dB) Power (Wm~2) Specific power (pWg™1) Refs
PVDF-TrFE MWCNTs 34.4 0.52 33.16 150 115 0.01162 NG [8]
PU/PVDF - 102 0.408 25 NG NG 0.0416 NG [51]
PVDF-TrFE - 14.5 23.75 12 210 115 0.118 NG [26]
PTFE - NG NG NG 250 117 0.121 NG [71
PAN - 58 10 12 230 117 0.1753 NG [52]
PVDF - 90 45 100 160 114 0.202 NG [42]
PVDF PAN 94.1 14.5 12 250 117 0.2501 NG [28]
PVDF Mustard seed 84 NG 9 NG NG 0.334 NG [53]
PVDF PDMS 105.5 1.67 100 150 117.6 0.92 NG [38]
PEP - 132 6.0 53.29 70 85.3 NG NG [44]
PVDF PAN/MWCNTs 126.5 48.32 6.25 200 116 2.25 259 This work

NG: Not Given; Open-circuit voltage V,; Short-circuit current density J.

achieved high power output from an airborne acoustic TENG by using
an electrospun polyvinylidene fluoride (PVDF) film, but the device
volume was also high. The integrated TENG proposed by Liu et al. [43]
has sandwiched and three-dimensional structures, which can provide
several hundred volts of output. However, this multi-layer TENG has
high structural complexity and working area. Relevant studies also turn
up more devices similar to these, with complex or heavy structures
that may cause problems in practical applications [31,44-46]. On
the other hand, acoustic TENG studies focus on making lightweight,
compact structures; however, it is challenging to achieve high electrical
output and low weight simultaneously. Yu et al. [38] claimed that a
nanofiber-based acoustic energy harvester with a small size is capable
of achieving a relatively high area power density. In addition, compact
and lightweight composite aerogel acoustic nanogenerators [8] and
paper-based simple TENGs [7] have been explored, but their electrical
outputs are limited [47-50].

In light of the above discussion, it is difficult to develop acoustic
TENGs with both lightweight structure and high electrical output. As
shown in Table 1, there are therefore few references that address
both high electric power output and low structural weight. In real
applications, the high specific power or power-to-weight ratio, defined
as the ratio between electric power output and structural weight, is a
dominant measure of performance for powering electronics. Thus, it
is worthwhile to develop ultrathin, lightweight, and compact acous-
tic energy harvesters with high specific power properties. This study
proposes a compact nanocomposite acoustic TENG with high specific
power based on a single NFM with multiple nanocomponents: poly-
acrylonitrile (PAN), polyvinylidene fluoride (PVDF), and multi-walled
carbon nanotubes (MWCNTs). The nanocomposite NFM TENG has sig-
nificantly improved electrical output compared to a single-component
PVDF or PAN TENG. The maximum areal power output can reach
19 times higher than that of PVDF-TrFE NFM TENGs [26] and 13
times higher than that of PAN NFM TENGs [52], showing that elec-
trospun PAN-PVDF-MWCNT NFM TENGs have excellent acoustoelectric
conversion capability. The optimal concentration ratio of the three
mixed nanocomponents has been identified for the first time. The TENG
demonstrates excellent acoustic energy harvesting capability and high
specific power of 259 pW/g. Under an acoustic excitation of 116 dB at
200 Hz, the TENG with an effective membrane area of 6.25 cm? can pro-
duce a maximum open-circuit voltage V. of 126.5V and a short-circuit
current I, of 30.2pA. In addition, the maximum areal power density
can reach 2.25W/m?. The accumulated acoustic energy can illuminate
62 commercial light-emitting diodes (LEDs). After rectification, the
acoustic NFM TENG can directly power a digital electronic device.
Therefore, this study includes not only new ideas for the design of an
acoustic NFM TENG with both compact and light-weight structures, but
also a guide for improving energy conversion efficiency and specific
power output for usage in microelectronic devices and the Internet of
Things.

2. Experimental setup
2.1. Materials

Polyacrylonitrile (PAN) powder (Mw, 150,000) and polyvinyli-
dene fluoride (PVDF) powder (Mw, 570,000) were purchased from
Arkema Chemical Co., Ltd and Sigma-Aldrich, respectively. N, N-
Dimethylformamide (DMF) and acetone were purchased from
Sinopharm Chemical Reagent Co., Ltd. The multi-walled carbon nan-
otubes (MWCNTSs) were purchased from Shenzhen Suiheng Technology
Co., Ltd.

2.2. Preparation of NFMs

To make nanocomposite NFMs, MWCNTs with various weight con-
centration ratios (0.5 wt%, 1 wt%, 2 wt%, 3 wt%) were initially dispersed
in the DMF solvent for 3h by using ultrasonic waves. The inner diame-
ter of MWCNTs is located around 5 to 8 nm, while the outside diameter
is approximately 10 to 15nm. The nanotube length is between 2 and
8 pm, and their purity exceeds 98%. Then, the mixture (1.4 g in total) of
PVDF and PAN powder with a weight ratio of 1:1 was combined with
the obtained MWCNT suspensions. By dissolving the mixture of PAN,
PVDF and MWCNTs into a solvent of DMF and acetone at a weight ratio
of 7:3, the blended PAN / PVDF / MWCNTs nanocomposite solution was
obtained. The solution was stirred at 80°C for three hours and then
cooled to room temperature for electrospinning.

The electrospinning equipment (YFSP-T, Yun fan Technology Co.,
China.) was used to fabricate nanocomposite NFMs with PAN /PVDF /
MWCNT components. For electrospinning, the operating voltage, the
feeding rate of the composite solution, the electrospinning distance, the
rotational speed of the collector, and the operating temperature were
controlled at 15kV, 2ml/h, 15cm, 300rpm and 38°C, respectively.
Similarly, PAN, PVDF, and PAN/PVDF NFMs were fabricated using the
same fabrication technique and parameters, with the exception of the
nanocomponent proportions.

2.3. Fabrication of acoustic NFM TENGs

The acoustic NFM TENG was designed as a sandwich structure (size:
4cm xX4cm X 1.92mm). This comprised the NFM (thickness 0.02 mm,
effective area 2.5cm x2.5cm), and a 3D printed (Raise 3D Pro2)
polylactic acid (PLA) frame/spacer (thickness 1.2mm), sandwiched
between copper mesh electrodes (thickness 0.1 mm), and two polyethy-
lene terephthalate (PET) outside frames (thickness 0.25 mm), as shown
in Fig. 1(a). The NFM and the upper copper mesh was identified
as the top triboelectric structure of the NFM TENG. Copper mesh is
manufactured by punching copper foils inside specified moulds using a
high-speed punching machine. China’s Hebei Chaochuang Metal Mesh
Industry Co., LTD supplies Cu mesh electrodes with a fibre diameter
of 100pm and an opening area of 1mm X 2mm (see Figure S7 in
Supplementary). The PLA spacer created a vibration space between the
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Fig. 1. Schematic diagrams of the acoustic NFM TENG including (a) layer structures and (b) working mechanism.

top triboelectric structure and the lower copper mesh electrode. The
two PET outside frames were bound together using insulating tape so
as to keep the edge of the NFM in close contact with the upper copper
mesh around its edges. Fig. 1 (a) shows the fabricated acoustic NFM
TENG with a total mass of 5.45 g (Electronic balance ZG-TP203).

2.4. Characterisation and measurements

The morphology of the nanocomposite NFM was examined using
scanning electron microscopy (SEM, Zeiss Supra 55), as given in Figures
S1 and S2 (see Supplementary). The nanofiber diameters of all NFMs
were measured using Image J. X-ray diffraction (XRD) was obtained
using a Panalytical X-ray diffractometer with Cu-Ka radiation in a
scanning angle 26 range of 10-40° at 40kV and 30mA (Figure S3 in
Supplementary). The FTIR spectra in the ATR mode for the individual
materials and their composite material were measured using Thermo
Scientific Nicolet iS20 and are shown in Figure S4 of the Supple-
mentary. All samples were scanned from 4000 to 400 cm~! over 32
times for signal averaging. The sound signal is excited at a specific
frequency and amplified using a signal generator (Agilent 33220 A) and

a power amplifier (Acoustech PA100), respectively. Then a loudspeaker
(ETON, 8-412/C8/32) installed in an acoustic impedance tube was
adopted as the sound source to stimulate the acoustic TENG. The sound
pressure level was measured using a sound level meter (BSWA 308).
Additionally, a PXI-4071 National Instruments Digital Multimeter was
used to obtain the output voltage and current signals of the acoustic
NFM TENGs (see Figure S5 in Supplementary).

3. Results and discussion

The operating mechanism of an acoustic NFM TENG is mostly based
on the concept of periodic contact-separation, as shown in Fig. 1 (b). In
general, the NFM has a stronger electron affinity than the tribo-positive
electrode layer. When the NFM and lower electrode of the TENG come
into contact with each other under acoustic pressure, the transfer of sur-
face charges occurs on account of the vast disparity between the NFM
and lower electrode in attracting electrons. Specifically, the contact
negatively charges the NFM surface owing to its electronegativity while
leaving the positive electrode with an equal amount of positive charge.
Subsequently, the two contacting surfaces gradually separate from one
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Fig. 2. Acoustic NFM TENGs: (a) open-circuit voltage V., and (b) short-circuit current I, for various proportions of PAN, PVDF, and MWCNTSs components; (c) open-circuit voltage
V,. and (d) short-circuit current I, for various concentration ratios of PAN and PVDF containing constant weight concentration of MWCNTs (1 wt%).

another due to the changing acoustic pressure, breaking the electro-
static equilibrium. When the NFM separates from the lower electrode
in response to the incoming acoustic wave, the opposite triboelectric
charge of the two layers forms an electric field between them, which
in turn creates a potential difference between the upper and lower
electrodes. The free electrons are thus forced to flow from the lower
electrode to the upper electrode through the external circuit. Positive
charge accumulates on the upper electrode to maintain the equilibrium
of the local electric field. Upon the approach of two triboelectric layers,
the process is reversed, and electrons move in the other direction.
Periodic contact and separation result in alternating current as the
acoustic wave propagates.

To assess the acoustic-to-electric conversion performance, an
amplitude- and frequency-adjustable loudspeaker was used to excite the
acoustic NFM TENG. Firstly, the open circuit voltage, V.., and short
circuit current I, were studied using various NFMs, including PAN,
PVDF, PAN-PVDF, and PAN-PVDF-MWCNTs with various MWCNT
weight concentrations (0.5wt%, 1wt%, 2wt%, 3wt%). Figure S11 in
Supplementary shows the open-circuit voltage of NFM TENGs with
PAN-PVDF-MWCNT (1 wt%) components and its corresponding inci-
dent acoustic pressure signal. The waveforms of short-circuit current
signal over one period for various NFM TENGs are shown in Figure
S12 in Supplementary.

The compositions of PAN and PVDF are adjusted while the NFM
thickness remains constant to examine the function of PAN and PVDF
in the NFM friction layer. All samples made up of various PAN-PVDF
compositions had a distinct morphology without any beads (see the
SEM images in Figure S1). Fig. 2(a) and 2(b) depict the voltage and
current outputs of the NFM TENG under settings of 116 dB SPL and
200Hz. The NFM TENG constructed from PAN nanocomponents had
peak voltage and current outputs of 5.06V and 0.53 pA, respectively,
whereas the NFM TENG made of PVDF nanocomponents had higher
peak outputs of 17.5V and 3.2 pA, respectively. Intriguingly, maximum
output (27.6V and 5.5pA) was observed with equal amounts of PAN
and PVDF. PAN-PVDF NFM TENGs exhibit peak voltage and current
outputs that are higher than their single-component equivalents. It
implies that PAN and PVDF have a synergistic impact inside the NFM.

In general, when the PVDF composition increases, the PVDF g
phase content falls, whereas the PAN zigzag conformation content
fluctuates [28]. Due to the strong intermolecular interactions between
PAN and PVDF, the electrospun PAN-PVDF NFM had a higher p phase
content. XRD and FTIR peak analysis in Figures S3 and S4 reveal
the influence of nanocomponents on the p phase content in Table
S2 of Supplementary. The significant rise in electric outputs is due
to the increase in dipole moments, especially when PAN and PVDF
nanocomponents are equal [28]. In addition, frequent interactions
between PAN and PVDF components in the condition of acoustic waves
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Fig. 3. Nanocomposite acoustic NFM TENGs with PAN-PVDF-MWCNTs (1 wt%) components: (a) open-circuit voltage V,. and (b) short-circuit current I, for samples under various
SPLs; (c) open-circuit voltage V.. and (d) short-circuit current I, for samples with various NFM thickness.

contribute to the electric outputs of NFM TENGs. Taking into account
the triboelectrification mechanism, PVDF is more efficient than PAN
materials in attracting electrons. Therefore, the mechanisms of con-
tact and separation between PVDF and PAN nanocomponents result
in positive PAN domains and negative PVDF domains. The strong
endogenous triboelectric contribution between the nanocomponents of
PAN and PVDF leads to high electrical outputs [28]. However, such
an endogenous triboelectric effect is rarely observed in PVDF or PAN
nanofibers with solo component.

Consequently, the function of PAN and PVDF inside the NFM fric-
tion layer is demonstrated below. Firstly, the frequent interaction and
deformation of diverse nanofibers inside the NFM generates piezoelec-
tric polarisation on the surface of the fibres. Secondly, the frequent
oscillation of the nanofibers causes frequent contact and separation
between the PAN and PVDF regions, hence creating an endogenous tri-
boelectric effect due to the triboelectrification difference [28]. Thirdly,
the triboelectric effect between PAN-PVDF NFM and electrode layers
generates electric outputs. However, the endogenous triboelectric effect
cannot occur in single nanocomponent PAN or PVDF NFM TENGs,
leading to weakened electrical outputs.

The electrical output of the nanocomposite fibrous-based TENG with
PAN-PVDF-MWCNTs components was observed to be greater than that
of the single-material NFM TENGs with only PAN or PVDF components
in experimental measurements, as given in Fig. 2(a) and 2 (b). This is
most likely due to the fact that bead-like protrusions on the nanofibers,
as seen in Figures S1 and S2, provide improved opportunities for

contacting with the copper electrodes, resulting in greater triboelec-
tric output. The surface modification increases the surface roughness
of electrospun membranes, hence increasing their effective contact
area [28]. The MWCNTSs also have the ability to raise the p polar
phase content in the PVDF nanofibrous matrix in Table S2 of Supple-
mentary. The dielectric polarisation enhances the electron gain or loss
performance of the triboelectric surface, hence influencing the charge
density [54-56]. In addition, the electric output of the nanocomposite
fibrous-based TENG including PAN-PVDF-MWCNT components varied
non-monotonically as the concentration of MWCNTs increasing. The
MWCNTs increased the membrane’s conductivity at low MWCNT con-
centrations (here 0.5wt% in Fig. 2 (a) and 2 (b)), as shown in Figure S8,
which might improve electron conduction within the membrane and
thus enhance the electrical output. However, once the MWCNT content
exceeds a specified level, such as weight concentration over 1 wt% in
Fig. 2(a) and 2 (b), the NFM may become too electrically conductive,
resulting in a reduction of the TENG’s electrical output. The optimum
concentration ratio of the three nanocomponents is identified here for
the first time: the nanocomposite NFM TENG with PAN-PVDF-MWCNTs
(1 wt%) composition demonstrated the greatest electrical output. This
TENG achieved a maximum V. of 126.5V and I of 30.2 pA.

Next, the electrical outputs of nanocomposite NFM TENGs con-
taining PAN-PVDF-MWCNTSs components were examined with varying
concentration ratios between PAN and PVDF, as given in Fig. 2 (c) and
2 (d). The results indicate that the electrical outputs of the nanocompos-
ite NFM TENG are not linearly linked to the concentration level of PAN
or PVDF. The optimal ratio between PAN and PVDF was found to be
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calculator powered by the capacitor after electric charging. (f) 62 LEDs powered in series. (g) continuous calculation function powered by the acoustic NFM TENG.

1:1 through a series of experimental studies. Supplementary Figures S1
and S2 illustrate the micro-structure distribution of various nanofibers
inside the NFMs, which may be closely related to the aforementioned
findings. It is observed that the nanofiber distributions of the optimised
NFM tend to be more uniform and have a larger fibre diameter, which
may be the reason for the greater electrical output seen in Fig. 2 (c) and
2(d).

Acoustic waves with various sound pressure levels (SPLs) can prop-
agate in the ambient environment. Consequently, after identifying
the ideal weight percentage of the NFM with PAN-PVDF-MWCNTs
nanocomponents, the open-circuit voltage of NFM TENGs with PAN-
PVDF-MWCNT components under varying excitation acoustic frequency
is shown in Figure S9 in Supplementary. The electric output of NFM
TENG is maximum at around 200 Hz. Then, the electrical outputs of the
NFM TENG at multiple SPLs were evaluated at a constant frequency of
200 Hz. Both the open-circuit voltage V . and the short-circuit current
I, grew as the SPL increased in Fig. 3(a) and (b). Specifically, I
increased from 0.4 pA to 30.2 pA as V,,, increased from 3V to 126.5V,
which corresponded to an increase in SPL from 86dB to 116dB. In
addition, when the SPL exceeded 102dB, it was observed that both

V,. and I rose quickly and exhibited a linear relation with SPL, as
given in Flgure S6 of Supplementary. Figure S10 in Supplementary also
shows the open-circuit voltage of PAN-PVDF-MWCNT (1 wt%) NFM
TENGs for various distance to the end of acoustic impedance tube and
their corresponding SPLs. The effects of the NFM thickness on electrical

outputs of the acoustic NFM TENG were also explored. The open-circuit
voltage V.. and short-circuit current I, were found to decrease as
the NFM thickness increased, see Fig. 3(c) and (d). Consequently, in
order to optimise performance, the NFM thickness should be as small
as possible. However, it was found that the NFMs were susceptible
to fatigue and rupture when the thickness was less than 20 pm. Thus
the ideal thickness of NFM in this study was determined to be roughly
20 pm.

The electrical output of an acoustic NFM TENG containing PAN-
PVDF-MWCNTs (1 wt%) components was next studied using various
external electrical loads. Alternating voltage and current generated by
the acoustic TENG were rectified and then assessed using external
resistors with varying resistances. Fig. 4(a) and 4(b) illustrate the
output voltage, current and power under varying external loads. The
output voltage rose from 1.9V to 110.3V when the resistance was
increased from 0.1 MQ to 1000 MQ, whereas the output current exhib-
ited a reverse trend. As illustrated in Fig. 4 (b), the peak output power
achieved was 1.41 mW with an external load of around 10 MQ. This
power density compares favourably with data from the literature, see
Fig. 5.

For the purpose of determining the charging capacity of the acoustic
NFM TENG, various capacitors were chosen as the power storage units
for energy harvesting performance tests. As indicated in Fig. 4 (c), the
charged voltage of 2.2 uF, 4.7 pF, 47 pF, and 470 pF capacitors reached
26.5V, 17.6V, 5.06V and 1.02V, respectively, after 120s of charging
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at SPL of 116dB. As may be expected, smaller capacitors generally
reached greater voltages. The lifespan test of the NFM TENGs (PAN-
PVDF-MWCNTs (1 wt%)) was conducted for a total of 6h under the
acoustic excitation of 116 dB at 200 Hz. The electric output data were
continuously recorded for 1.3h, after which the open-circuit voltage
was checked every hour to minimise data storage capacity. In general,
the open-circuit voltage of the NFM TENG remains as high as 120V
after six hours of operation, as shown in Fig. 4 (d). The acoustic NFM
TENG with an integrated capacitor can be considered a self-powered
system: after 120s of charging, the 2.2 uF capacitor can power a digital
calculator for a few seconds, see Fig. 4 (e). Meanwhile, with the help of
a rectifying circuit, the acoustic NFM TENG device can illuminate 62
commercial LEDs (Fig. 4 (f) and Video 1 in Supplementary) and power a
calculator (Fig. 4 (g) and Video 2 in Supplementary) performing regular
calculation under the continuous stimulation of sound waves. These
preliminary findings suggest that the acoustic NFM TENG can generate
sufficient electrical output to power small microelectronic devices. The
TENGs also have the advantage of being compact and lightweight (see
Figure S13 in Supplementary).

4. Conclusions

In this work, an ultralight, ultrathin and compact NFM TENG
has been designed for harvesting acoustic energy with a high spe-
cific power. The whole structure is constructed as a periodic contact-
separation sandwich device with copper meshes, PET outside frames, a
PLA spacer, and an NFM. Compared to single-material NFMs, the novel
combination of PAN, PVDF, and MWCNTs in nanocomposite NFMs
can significantly improve their ability to convert acoustic energy to
electric outputs. Experimental work has also discovered an optimum
concentration ratio of the three nanocomponents and the optimal
thickness of the nanocomposite NFM for maximising electrical output.
When stimulated by sound waves at 116 dB and 200 Hz, the resulting
TENG generated a maximum voltage and current output of 126.5V
and 30.2 pA, respectively, and areal power density of 2.25 W/m?. This
is far superior to the performance of single-layer PVDF-based TENGs
previously reported. By using rectification and storage, the potential
of the TENG to power digital devices was demonstrated, indicating
an opportunity for use in microelectronic devices and the Internet of
Things.
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