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A B S T R A C T   

Limited by the inherent properties of being difficult to be polarized due to its high resistance, PVDF bulk material 
with high β-phase content is hard to obtain by conventional methods which are suitable for membrane material. 
Herein, a novel strategy is proposed for the mass production of high-performance β-PVDF-based piezoelectric and 
triboelectric hybrid nanogenerator (PTNG) employing large-scale PVDF films or bulks by using liquid nitrogen to 
induce a phase transition and in-situ doped conductive polyaniline (PANI). Polyvinylidene fluoride- 
trifluoroethylene (PVDF-TrFE) with high piezoelectric coefficient, filled with PANI as a conductive material 
and sodium carboxymethyl cellulose (SCMC) for increasing porosity, is hot pressed to obtain a composite 
piezoelectric polymer for PTNG. The subsequent “quenching” process of the piezoelectric polymer allows its high 
content of β-phase, which in turn makes the PTNG exhibit excellent piezoelectric properties. The optimal output 
of the PTNG, with a β-phase content of up to 71%, reaches 246 V and 122 μA at the frequency of 30 Hz and 
pressure of 0.31 MPa, and the power density is calculated to be 6.69 W/m2. Moreover, the PTNG can directly 
light up 119 blue light-emitting diodes (LEDs) with a size of 3 mm in series. The excellent performance verifies 
the reliability and accuracy of the method, that is, the β-phase transformation of disordered amorphous PVDF 
occurs at low temperature and high-rate quenching, and PANI opens the channel for carriers to move charge in 
the bulk material. This innovative method presented here is a simple and efficient approach for preparation of 
bulks with high β-phase and low internal resistance, which undoubtedly provides a feasible direction for the 
industrialization of high-performance PENGs.   

1. Introduction 

β-phase polyvinylidene fluoride (β-PVDF), exhibiting extraordinary 
piezoelectric property [1], flexibility [2] as well as high durability [3], 
has been extensively applied as piezoelectric polymer material in self- 
powered sensor devices such as rail transit [4] (e.g. pressure sensors 
[5], speed sensors [6] and vibration sensors [7]), medical health [8] (e. 
g. pacemakers [9] and pulse sensors [10]) and artificial intelligence [11] 
(e.g. portable devices [12,13] and electronic skin [14,15]). However, 
untreated PVDF usually crystallizes in non-polar α-phase with negligible 
piezoelectricity [16]. For the transformation from α-phase to β-phase 
with high piezoelectric coefficient [17], several methods have been 
explored including electric field polarization [18] and mechanical 
stretching [19–22]. Limited by the large internal resistance and the low- 

dimensional characteristics [23,24] of the piezoelectric material, the 
large-scale phase transition of PVDF bulk materials suitable for high 
energy storage and components cannot be realized by conventional 
methods. Therefore, it is an urgent demand for a low-cost, high-effi-
ciency method to achieve phase transition induction of large-size films 
or even bulk materials. 

As a traditional craft of heat treatment, “quenching” may be an ideal 
approach to conquer these problems, which means heating the PVDF 
bulk at a certain temperature, and then rapidly cooling the polymer to 
crystallize the polymer and induce β-PVDF [25]. Compared with room 
temperature water bath and ice water bath, liquid nitrogen has the 
characteristics of ultra-low temperature, which can achieve a higher 
cooling rate and easily form uniform β-phases [26]. In addition, using 
PVDF copolymer [27,28], adding functional fillers [10,29,30] for 
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modification, improving the porosity of materials [31–33] and opti-
mizing structural design [34–36] also have a significant enhancement 
on the performance of nanogenerators (NGs). Polyvinylidene fluoride- 
trifluoroethylene (PVDF-TrFE) copolymers are more likely to exhibit 
all trans structure because of the larger steric hindrance of fluorine 
atoms in TrFE monomers which are connected with hydrogen atoms on 
the same carbon atom, showing greater dielectric response and elec-
troactive properties compared with PVDF [1,37]. Though the above 
methods have significant enhancement, it is noted that the appropriate 
preparation methods of porous materials [31] and the selection of fillers 
[38] are particularly important for the preparation of high-performance 
nano-generator devices. 

To meet these challenges, we proposed a novel strategy to prepare 
large-scale polyaniline/PVDF-TrFE (PANI/PVDF-TrFE) porous aerogel 
bulk piezoelectric/triboelectric nanogenerator (PTNG) based on in-situ 
doping and liquid nitrogen quenching. The composite aerogel, pre-
pared by freeze-drying method with PVDF-TrFE copolymer as the main 
substrate, sodium carboxymethyl cellulose (SCMC) as thickener [39] 
and PANI as conductive filler [40,41], induce β-phase by rapid cooling of 
liquid nitrogen after thermoforming. On this basis, the effects of β-phase 
conversion, PANI filling rate, porosity and thickness on the electrical 
properties of PANI/PVDF-TrFE piezoelectric bulks were studied. The 
optimal performance of the PANI/PVDF-TrFE PTNG can reach an output 
voltage of 246 V, a short-circuit current of 122 μA, a power density of 
6.69 W/m2 and can light up 119 blue light-emitting diodes in series with 
a size of 3 mm. Compared with traditional methods, the PANI/PVDF- 
TrFE porous aerogel bulk fabricated by the novel strategy can be 
directly used without subsequent electric field polarization, and its 
β-phase content is as high as 71%, which has less energy consumption 
and shorter preparation period. Our work solves the problem of polar-
ization of PVDF bulk, taking a big step forward towards PVDF-based 
NGs’ three-dimensional manufacturing and further practical 
applications. 

2. Experimental section 

2.1. Preparation of porous PANI/PVDF aerogel bulk 

The preparation of PANI/PVDF-TrFE aerogel bulks is mainly divided 
into two stages: first, the mixed solution is prepared by the ultrasonic 
stirring and freeze-drying method to acquire composite aerogel mate-
rials; second, the aerogel bulk is obtained by hot pressing and then 
rapidly cooled in liquid nitrogen to achieve an effective phase trans-
formation. The specific steps for preparing the PANI/PVDF-TrFE aerogel 
bulk are illustrated in Fig. 1: (1) SCMC (Sinopharm Chemical Reagent 
Co., Ltd., China) was dissolved in hydrochloric acid (HCl), and then the 

ultrasonic-prepared PVDF-TrFE (70:30 mol%) emulsion and the PANI 
(Wuhan Yuancheng Gongchuang Technology Co., Ltd., China) disper-
sion were added successively under mechanical stirring to prepare the 
homogeneous solution. The pH was adjusted by NaOH solution. 
Particularly, sodium dodecyl sulfate (SDS, Aladdin Reagent Co., Ltd., 
China) was used as a surfactant to promote the dispersion of PVDF-TrFE 
and PANI dispersion was obtained by ultrasound in HCl solution. (2) To 
avoid solute deposition, the solution was cooled rapidly in the ethanol- 
liquid nitrogen to prepare the frozen body. The low temperature vis-
cosity of ethanol-liquid nitrogen can help control the balance of freezing 
body, which contributes to the unidirectional growth of ice crystals from 
the bottom up [42]. (3) Freeze-drying the frozen body for 3 days to 
prepare a porous composite aerogel. (4) The aerogel was then pressured 
at 4 MPa and 220 ◦C for 1 h into a PANI/PVDF-TrFE bulk. (5) Place the 
pressed bulk parallel to the surface of liquid nitrogen to realize rapid 
quenching. (6) The bulk was finally immersed in water followed by ul-
trasonic repeatedly to completely remove internal impurities and reduce 
internal stress. 

2.2. Assembly of PANI/PVDF-TrFE piezoelectric and triboelectric hybrid 
nanogenerator 

The PANI/PVDF-TrFE bulks with different thicknesses 
(0.12–0.33 mm) were dried at room temperature, cut into 1 cm × 2 cm 
rectangles, and then directly assembled into PTNGs with the condition 
of external copper foil. 

2.3. Measurement of the PTNG 

The output performance of PANI/PVDF-TrFE PTNG was tested using 
an oscillation excitation system. The measurement platform is composed 
of an excitation system and a signal sampling system, which can simu-
late the vibration of the actual environment and collect the output sig-
nals respectively. The excitation system consists of a vibration exciter 
(DH 40050, Donghua Test Technology Co., Ltd., China), a power 
amplifier (DH 5871, Donghua Test Technology Co., Ltd., China), and a 
signal generator (DH 1301, Donghua Test Technology Co., Ltd., China). 
A pressure sensor (PCB PIEZOTRONICS, 208C02) and a PXI system 
(Quad-core embed controller, NI PXIe-8135; Chassis, NI PXIe-1082; 
Acquisition card, NI PXIe-4499, National Instruments, US) are used to 
measure the pressure exerted on the device. The signal generator gen-
erates frequency and voltage signals. The power amplifier increases the 
voltage signal and drives the exciter to work. Signal sampling systems 
include oscilloscopes (TBS 1102, Tektronix, US) and bass noise ampli-
fiers (A Stanford Research SR570), which sample the output voltage and 
current respectively. The relevant parameters and diagram of the test 

Fig. 1. Schematic diagram of the preparation process of porous PANI/PVDF-TrFE aerogel bulk.  
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are shown in Table S1 and Fig. S1. 

2.4. Characterization 

Field emission scanning electron microscope (JSM-7600F, JEOL Co., 
Ltd., Japan) and Brunner–Emmet–Teller (BET) were used to characterize 
the morphology of the samples. The bulk thickness was measured using 
a thickness gauge (033004, Development Co., Ltd., China). X-ray 
diffractometer (x′pert3 powder, PANalytical B.V., The Netherlands) and 
Fourier transform infrared (VERTEX 70 Bruker, Germany) were 
employed for phase analysis. 

3. Results and discussion 

A schematic diagram in Fig. 2a depicts the molecular morphological 
character during the dissolution of composite materials. SCMC, which 
initially existed in acidic aqueous solution in the form of micelles and 
free state [43], gradually adheres to the substrate of PVDF-TrFE after 

adding its dispersion due to hydrogen bonding. Subsequently, with the 
addition of conductive PANI, the polymer chains are entangled with 
each other under the action of strongly interacting hydrogen bonds and 
dipoles [44]. 

The high β-phase content and low resistance of the bulk play a sig-
nificant role in improving the output performance of the self-powered 
components. The schematic diagram in Fig. 2b illustrates the phase 
transition process of the PANI/PVDF-TrFE bulk from α-phase to β-phase. 
The disordered molecules in the molten α-PVDF are transformed into an 
ordered arrangement of β-phase due to the rapid cooling of liquid ni-
trogen from the bottom up. Further, the PVDF-TrFE bulk is immersed in 
parallel to the surface of liquid nitrogen, rapidly cooled and recrystal-
lized from bottom to top, thereby obtaining a highly uniformly oriented 
β-phase (Fig. 5). As shown in Fig. 2f and g, the optimal output properties 
of PTNG with voltage and current, which are 246 V and 122 μA, 
respectively. 

In order to investigate the dominant mechanism of liquid nitrogen 
quenching in realizing the β-phase transformation of the bulk, the bulk 

Fig. 2. (a) The possible interaction mechanism between SCMC, PANI and PVDF-TrFE chains, inducing the formation of a conductive network; (b) The phase 
transformation process of PVDF-TrFE under hot pressing and liquid nitrogen quenching; (c) Structure diagram of the PTNG and surface and cross-section SEM images 
of the aerogel bulk; (d) XRD pictures under different polarization conditions; (e) FTIR image of aerogel and quenched bulk; (f) The optimal output voltage and (g) 
current of the quenched PANI/PVDF-TrFE PTNG; (h) Output voltage of devices fabricated under different polarization conditions. 
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prepared by hot pressing is divided into three parts for post-treatment: 
liquid nitrogen quenching, high-voltage electric field polarization and 
no treatment, of which the latter two groups are control experiments. 
The XRD pattern of PVDF-TrFE powder has obvious diffraction peaks 
only at about 18.3◦, 19.9◦ and 26.5◦, which are determined as α-phase 
[25] (Fig. 2d). Quenching changed the intensity and position of the 
PVDF diffraction peak, and the α-phase diffraction peaks decreased or 
disappeared at 18.3◦ and 26.5◦. The α-phase diffraction peak shifted to 
the left at 19.9◦, forming a new diffraction peak of β-phase (110) (200) 
at 20.23◦. Moreover, it should be noted that there was no obvious 
change in the phase of the bulk induced by the electric field of 2 kV/cm, 
which indirectly indicates the superiority of liquid nitrogen quenching 
in realizing the phase transformation of bulk materials. 

The phase change and composition of the sample were further 
analyzed by FTIR. For the PANI powder samples, the absorption bands at 
1562 and 1475 cm− 1 (Fig. S2a) correspond to the stretching modes of 
quinone ring and benzene ring, respectively [45]. The characteristic 
bands of aromatic rings located at 1453 and 1607 cm− 1 were observed 
in the composite products, which confirmed the existence of PANI [15]. 
The band of the framework stretching vibration of aromatic hydrocar-
bons (C˭C) shifted its frequency from 1500 cm− 1 to ~ 1510 cm− 1 due to 
the action of the power supply group ‒NH2. For the PVDF-TrFE, the 
bands at 871, 1180 and 1400 cm− 1 correspond to the stretching vibra-
tion of C‒F, the deformation vibrations and asymmetric stretching of C‒ 
H bond connected to ‒CF2 in PVDF respectively [46], and changed 
significantly with the addition of SCMC and PANI in Fig. S2, which in-
dicates that hydrogen bonds and strong dipole-dipole interactions may 
be formed between PVDF-TrFE, SCMC and PANI molecules. The bands 
of α-PVDF at 531, 614, 763, 795, 853 and 975 cm− 1 were observed on 
the infrared spectrum of the aerogel [47]. After hot pressing and liquid 
nitrogen quenching, the stretching vibration characteristic bands within 
the cellulose backbone at 1112 and 1149 cm− 1 disappeared, and showed 
bands regarded as β-PVDF at 510, 841 and 1276 cm− 1, which indicated 
the decomposition of SCMC [48] and verified the results of XRD analysis 
[49]. Meanwhile, the content of PVDF β-phase changed slightly with the 
content of PANI (Fig. S2c). Results of XRD and FTIR, indicate that the 
PVDF-TrFE doped with 3 wt% PANI achieved an extremely high phase 
transition through liquid nitrogen quenching, with a β-phase content 
reaching 71%. 

To verify the effect of β-phase on the excellent electrical properties of 
PTNG, the output performance of the different post-treated samples 
under the oscillation excitation of 30 Hz and 0.31 MPa were compared. 
As shown in Fig. 2h, the quenched PTNG with 71% β-phase exhibits the 
optimal output of 246 V, while that of untreated and electric field po-
larization are only 58.2 V and 132 V, respectively. Untreated PTNG 
crystallized in nonpolar α-phase cannot exhibit piezoelectricity, and its 
output comes from the triboelectricity generated by the friction between 
the internal surfaces of its internal pores [50]. Electric field polarization 
can induce a certain amount of β-phase in PTNG to improve the piezo-
electric performance, but the degree and effect of phase transition are 
much lower than that of quenching, which demonstrates the inadequate 
of traditional electric field polarization method and strongly verifies that 
the liquid nitrogen quenching has a vigorous applicability in the rapid 
and effective phase transition of bulk materials. 

Compared with traditional PENGs, the prepared PANI/PVDF-TrFE 
porous bulk has a larger surface size (Fig. S3), which can be directly 
applied to PTNG by cutting, demonstrating the application potential of 
this method in large-scale manufacturing of piezoelectric materials. The 
scanning electron microscope image of sample presents a three- 
dimensional network structure composed of nanoscale flakes and 
shows numerous and interconnected pore structure on the surface and 
cross section of the aerogel bulk (Fig. 2c), which results from intrinsic 
character of aerogel material and decomposition of SCMC carbonization 
[51] during hot pressing and the removal of certain materials by ultra-
sonic cleaning. The existence and non-uniformity of the pore structure 
will limit the increase of the polarization intensity, and hardly realize 

the transformation of crystal form, which further confirms the superi-
ority of quenching process in realizing phase transformation of porous 
bulk materials (Fig. 2d). 

PTNG is a sandwich structure [52,53] composed of copper foil as an 
electrode and piezoelectric material, and its outer insulating layer is 
composed of a polyimide film, as shown in Figs. 2c and 3a. Freely mobile 
electrons in the conductive PANI (Fig. 3a) can promote the movement of 
charge in the material through the conductive network formed between 
PANI and PVDF-TrFE, improving the energy transfer efficiency. The 
deformation of the bulk under the periodic stresses of flapping will leads 
to the change of dipole moment, thereby generating piezoelectric 
charges [54]. Besides, due to the difference in curvature of the irregular 
pores [55] inside the bulk (Fig. 3c and d), the upper and lower surfaces 
of the pores can generate triboelectric charges during the contact- 
separate process caused by periodic flapping, resulting in higher 
charge density and potential [56,57]. As shown in Fig. 3b, in the initial 
state, the bulk does not generate any charge in the ideal state. Once the 
PANI/PVDF-TrFE bulk is deformed under positive stress, due to the 
synergistic effect of piezoelectricity and triboelectricity, positive and 
negative charges accumulate on the upper and lower surfaces of the bulk 
to generate a potential difference, which in turn promotes the flow of 
external circuit charges [28]. When the PTNG is released at the limit 
position, the potential gradually decreases due to the restoration of the 
layer and the separation of the friction surface, and the electrons return 
through the external circuit. Under such cyclic stress, PTNG generates 
alternating current and can achieve higher electrical output perfor-
mance than general PENGs [58]. 

In order to detect the sensitivity of PTNG under actual stress, we 
simulated the actual working conditions of PTNG by changing the nat-
ural frequency and power separately, to evaluate the electrical perfor-
mance of the PANI/PVDF-TrFE bulk. When the oscillation frequency 
increased from 5 Hz to 30 Hz, the corresponding output voltage 
increased from 48 V to 246 V in Fig. 4a. As the frequency increases, the 
rate of change of the electric dipole moment in the bulk is accelerated, 
resulting in less charge escaped and more charge accumulated on both 
surfaces. Besides, due to the porosity of the bulk, there are many holes in 
the material that are prone to triboelectricity and static electricity, 
further increasing the potential difference between the two electrodes of 
the bulk [59]. As the applied pressure increased from 0.06 MPa to 
0.31 MPa (Fig. S4), the corresponding output voltage of PTNG raised 
from 70 V to 246 V (Fig. 4b). Slightly different from the frequency 
change, as the power increases, the forward pressure on the bulk be-
comes larger, which in turn increases the amplitude of the electric dipole 
moment change, resulting in a higher potential. The response to fre-
quency and power that the output voltage illustrates significant changes, 
which shows that it is sensitive and suitable for the preparation of 
pressure detection equipment that can be used in different frequency 
and stress environment. 

To verify the role of PANI as carrier, PANI/PVDF-TrFE PTNGs with 
different pH and filling rate were prepared. The conductivity of PANI 
decreased with the increase of PH. It was conductivity at pH = 1–2, Semi 
conductivity at pH = 3–4 and insulation at pH = 5–6 [60]. For this 
reason, the output performance of the device under different acidic 
conditions was studied, of which open-circuit voltage is shown in 
Fig. 4c. With the increase of pH, the corresponding output voltage of 
PANI/PVDF-TrFE PTNG decreased from 246 V to 170 V, which proves 
that PANI has a positive impact on the electrical performance of the 
equipment. With the increase of PANI filling ratio, the output voltage of 
PTNG increased at first and then decreased, of the order of a maximum 
output voltage reached 246 V at 3 wt% in Fig. 4d. At low concentrations, 
as the content of PANI increases, the carrier density increases, which 
forms a good conductive network with PVDF-TrFE, thereby promoting 
charge transfer. As the filling rate further increases, PANI cannot fully 
diffuse and cause agglomeration (Fig. 3c and d), which seriously affects 
the electrical performance of the device. Under the same working 
environment, the output current of PTNGs with different pH and PANI 
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filling are shown in Fig. 4e. The PANI/PVDF-TrFE PTNG with pH of 1–2 
and PANI filling rate of 3 wt% shows the best output performance, 
which reaches current of 122 μA. 

Thickness is also an important factor affecting the output perfor-
mance of the PTNG. Therefore, porous PANI/PVDF-TrFE bulks with 
thickness of 0.12 mm, 0.16 mm, 0.20 mm, 0.26 mm and 0.33 mm were 
prepared, and the corresponding output voltages were shown in Fig. 4f. 
When the thickness increased from 0.12 mm to 0.26 mm, the corre-
sponding output voltage increased at first and then decreases, and the 
maximum output voltage reached 246 V when the thickness was 
0.20 mm. This can be explained by the deformation. With the increase of 
the thickness of the bulk, under the same forward stress, extensive dipole 
moment compression can produce higher charge output as result of 
greater deformation of the bulk. When the thickness reached a certain 
value, the increase of internal resistance affected the charge transfer 
efficiency and led to the decrease of output performance. Compared 
with previous studies (Table S4), it is gratifying that the PANI/PVDF- 

TrFE PTNG exhibits excellent electrical output performance between 
0.12 and 0.33 mm thickness, which indicates the possibility for the 
preparation of bulk nanogenerators with excellent electrical properties. 

Compared with the uncleaned bulk, the ultrasonic-cleaned bulk ex-
hibits a rich pore structure and smaller elastic modulus, and can achieve 
better electrical output performance in Figs. S3, S6 and 4g. To further 
analyze the effect of porosity on electrical properties, the prepared bulks 
were immersed in PDMS/xylene solutions with different concentrations 
to prepare PDMS/PANI/PVDF-TrFE bulks with different porosities. 
Among them, the concentrations of PDMS were 0%, 5%, and 10% 
respectively (Fig. 4h), and the pore structure was analyzed by Brunner- 
Emmet-Teller (BET) measurement. The corresponding information can 
be found in the Supporting information (Table S2 and Fig. S7). The 
voltage mainly depends on the synergy of the porosity and elastic 
modulus of the material [57]. When the PDMS concentration increase 
from 0% to 5%, the macropores and pore defects in the material are 
reduced in Fig. 3h, and the voids can be fully contacted under the action 

Fig. 3. (a) Conductive network between PANI and PVDF-TrFE through hydrogen bond and dipole interaction; (b) Structure and mechanism diagram of porous PANI/ 
PVDF-TrFE bulks with periodic compressive force; (c) SEM images of the surface of PANI/PVDF-TrFE bulks filled with different PANI; (d) SEM images of the cross 
section of PANI/PVDF-TrFE bulks filled with different PANI; (e) SEM images of the surface and cross-section of PANI/PVDF-TrFE bulk infiltrated at 5% and 
10% PDMS. 
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of external force, thus generating and accumulating more charge on the 
surface. When the PDMS concentration increases from 5% to 10%, the 
pore size decreases and the specific surface area reaches saturation, 
which cannot hold more electric charge. At the same time, the increase 
of the elastic modulus of the material affects the piezoelectric effect, 
which leads to the decrease of the output voltage. According to the in-
fluence of the synergistic effect of pore size and porosity on PTNG, the 
concentration of PDMS can be controlled to reasonably adjust the den-
sity and size of pores, providing guidance for subsequent preparation of 
corresponding high-performance components. 

rcid="RC57284">In order to test the load capacity of PTNG in 
practical applications, the output voltage, current and power density 
were monitored at the external load ranging from 100 Ω to 100 MΩ 
[61]. With the increase of resistance, the corresponding output voltage 
increases from 52 mV to 230 V, and the output current showed an 
opposite trend (Fig. 5b). At the external load of 10 MΩ, the PTNG 
generated the peak output power density of 6.69 W/m2 (Fig. 5c). 
Compared with previous study of PTNGs as shown in Table S4, the 
PANI/PVDF-TrFE PTNG with excellent stability (Fig. S8) can achieve 
better output effect under similar conditions, which will make it show 

greater advantages in practical applications. To further verify its prac-
tical application ability, the device was connected to 119 blue light- 
emitting diodes with a size of 3 mm (Fig. 5d and e) and successfully lit 
them under the oscillation excitation of 30 Hz and 0.31 MPa (Fig. 5f), 
and the related parameters and videos were given in the support infor-
mation (Table S3, Fig. S9 and Video 1). The bulk PANI/PVDF-TrFE 
PTNG has excellent electrical properties, and its preparation process is 
expected to be an ideal solution for the preparation of high-performance 
nano-generator components. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2020.105519. 

4. Conclusion 

In summary, this work has emerged as a new paradigm for rapid 
preparation of large-size β-PVDF aerogel bulk by rapid cooling of liquid 
nitrogen, which can be directly utilized for the mass production of high- 
performance PVDF-based NGs. The phase-changed bulk, with a β-phase 
of 71% after an effective phase transition, can be directly used to 
assemble PTNG, which greatly reduces the time cost of polarization and 

Fig. 4. (a) Response of PANI/PVDF-TrFE PTNG under different frequencies; (b) Response of PANI/PVDF-TrFE PTNG under different pressures; (c) Output voltage of 
PANI/PVDF-TrFE PTNGs prepared under different pH; (d) Output voltage of PANI/PVDF-TrFE PTNGs prepared under different PANI filling rates; (e) Output current 
of PANI/PVDF-TrFE PTNGs prepared under different pH and PANI filling rates; (f) Response of PTNGs under different thicknesses; (g) Output performance of PANI/ 
PVDF-TrFE bulk before and after cleaning; (h) Response of PTNGs under different porosity. 
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shows feasibility for its industrial production. Besides, the pore structure 
caused by SCMC and the conductive network formed by PANI further 
promote the electrical property of the device. The effects of porosity, pH, 
filling rate, frequency, and force on device performance were 
researched. The fabricated PANI/PVDF-TrFE PTNG exhibited is capable 
of delivering a maximum output voltage of 246 V, output current of 
122 μA, which corresponded to the power density of 6.69 W/m2. 
Further, the efficient device can light up 119 blue light-emitting diodes 
in series with a size of 3 mm. Eliminating the need for subsequent po-
larization, PANI/PVDF-TrFE porous aerogel prepared here exhibits 
larger volume and higher β-phase concentration, with lower cost and 
shorter preparation cycle. There is reason to believe that this innovative 
method for rapid mass production of solid β-PVDF piezoelectric mate-
rials will undoubtedly show promising potential in the industrialization 
of high-performance PENG devices. 
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