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A B S T R A C T

This research presents a novel investigation into the intricate relationship between temperature and the per
formance of polymeric triboelectric nanogenerators experimentally and theoretically. A comprehensive inves
tigation has been conducted to delve into the underlying mechanisms governing the temperature dependence of 
a triboelectric nanogenerator. The study centers on a meticulously fabricated triboelectric nanogenerator using a 
polyimide (PI) nanofiber membrane and encompasses a broad temperature spectrum, analyzing behavior at both 
room temperature and elevated temperatures. The developed PI nanofiber membrane functions as a versatile 
platform for converting mechanical energy into electrical with potential to harvest energy even from ultra-low 
frequency movements like the human pulse or the act of scratching. Additionally, the material boasts a so
phisticated triboelectric response strategy. This means it exhibits its peak performance within a specific tem
perature range, optimizing energy conversion efficiency under these conditions. Open circuit voltage (VOC) 
reaches 11.76 V at 160 ◦C, an 84.4 % improvement compared to room temperature. A Kelvin probe force mi
croscopy (KPFM) and fast Fourier transform (FFT) analyses have been performed for the first time to decouple 
the energy conversion mechanism, confirming its primary dependence on triboelectricity. A comprehensive 
theoretical study explores the working mechanisms of contact electrification (CE) and the triboelectric effect (TE) 
during temperature elevation in these nanogenerators (TENGs). This work highlights the potential of PI nano
fibers as high-performance, flexible nanogenerators, particularly for applications requiring operation in smart, 
high-temperature environments. The emphasis on decoupling the mechanism through novel techniques and a 
theoretical framework on the temperature dependence strengthens the originality and contribution of the study.

1. Introduction

The energy crisis has long been a significant global concern. 
Renewable energies, defined as energy derived from sources like solar, 
wind, and hydropower, stand out as the ideal and environmentally 
friendly solutions. Currently, advanced infrastructures harness these 
renewable energies, contributing to 28.6 % of global energy consump
tion [1]. Despite this progress, a substantial amount of energy in our 
environment remains untapped, such as that from moving vehicles [2], 
acoustic wave [3] and walking step [4], Consequently, there is a 
meaningful challenge for researchers and engineers to develop tech
nologies that harvest these dissipated renewable energies. The evolution 

of small, smart, and portable electronic devices has revealed limitations 
in conventional batteries, including their finite lifespan, storage capac
ity, and the need for regular recharging [5]. This has spurred a demand 
for revolutionary power solutions in these fields.

Piezoelectric nanogenerators (PENGs) and triboelectric nano
generators (TENGs) have garnered substantial interest in recent years 
due to their potential applications in emerging fields such as the Internet 
of Things (IoT) [6], smart devices, and wearable electronics [7–9]. Wang 
et al [10,11] first reported these technologies in 2006.

PENGs convert vibrational energy into electric energy based on the 
piezoelectric properties of materials. Common materials used in PENGs 
include ZnO [10,12], lead zirconate titanate (PZT) [13], BaTiO3 [14]
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and polyvinylidene fluoride(PVDF) [15,16]. While inorganic piezo
electric materials exhibit promising performance [17–19], their brit
tleness, fragility, and toxicity limit applications in wearable electronics, 
foldable monitoring, and biomedical sensors. In contrast, PVDF and its 
co-polymers, representative polymer-based piezoelectric materials, 
have found applications in these areas [20].

TENGs, on the other hand, relies on the triboelectricity of materials. 
Triboelectricity is commonly described as electrification effect induced 
by contact of two different materials. It is a common occurrence in our 
daily live, for example, during dry seasons, individuals frequently 
experience electric shocks when they contact with others. The physical 
principle for this phenomenon is called CE. Generally, triboelectricity is 
caused by changes in the electron states at the interface of materials 
[21–23]. Due to variations in the binding energies of outer electrons for 
different atoms and molecules, electrons undergo transfer when 
different materials come into contact, leading to changes in the electrical 
environment and thereby triggering electric signals. This type of elec
trical signal also represents a form of energy, which can be collected 
using designed circuits to serve as power sources for microelectronics 
[24–28], known as energy harvesting applications. Additionally, its 
capability to generate specific signals based on different external envi
ronments can be utilized to create sensors [29–33]. Given its dual 
functionality in power generation and signal excitation, it holds signif
icant potential for applications in the IoT [34].

Electrospinning is a versatile technique used to produce nanofibers 
from polymer solutions or melts by applying a high-voltage electric 
field, enabling the creation of materials with high surface area and 
diverse applications in filtration, tissue engineering, and energy 
[7,35–41]. Recent studies indicate that polymer nanofiber membranes, 
fabricated using electrospinning technology, exhibit superior mechan
ical–electrical energy conversion ability compared to their bulk coun
terparts prepared by conventional methods [42,43]. Nanogenerators 
consisting of polymer materials such as PVDF [7,38,39,44], P(VDF- 
TrFE) [15,37], PVA [45], and even amorphous polymer poly
acrylonitrile (PAN) [46] nanofibers have demonstrated extraordinary 

voltage output. The enhanced piezoelectricity of PVDF is attributed to 
the increased beta crystal phase content after the electrospinning pro
cess. However, the mechanism by which the electrospinning process 
enhances the energy conversion performance of poor piezoelectric ma
terials, such as PAN and PI, requires further explanation. Moreover, 
developing flexible nanogenerators with high operating temperature 
capabilities would unlock novel applications in aerospace, power pro
duction, and firefighter outfits [47,48]. Existing polymer-based piezo
electric materials fail at high temperatures (e.g., 300 ℃) because of their 
low Curie temperature [49]. Although efforts have been made to in
crease the high-temperature resistance of piezoelectric polymers, 
including crosslinking the polymer chain [50], increasing polymer 
crystallinity [51], and incorporating inorganic fillers [52], progress has 
not been ideal [53].

PI are high-performance polymers known for their excellent thermal 
stability, chemical resistance, and mechanical properties [54]. PI is the 
polymer containing imide groups. The aromatic PI family is one of the 
most commercially successful materials widely used in electronics, 
aerospace and military field due to their excellent thermal stability, 
chemical resistance, and mechanical properties [55]. PI is also used in 
the field of TENG due to its good surface electronegativity [56–58]. 
Currently, the assessment of a material’s triboelectric response capa
bility involves the use of triboelectric charge density (TECD). This is a 
method introduced by the Wang’s team [59] in 2019, which shows 
practical and instructive significance. They used mercury as a general 
reference to conduct TECD performance tests on over 50 different ma
terials, ranking them based on their performance. From Table 1, it can be 
observed that polymers generally exhibit higher TECD values. Among 
them, Viton fluoroelastomer rubber has the highest average TECD of 
− 148.20 μCm− 2 among the tested materials, making it the strongest 
TECD. Common materials such as PTFE, PDMS, and PI also achieved 
TECD values of − 113.06 μCm− 2, − 102.05 μCm− 2, and − 92.88 μCm− 2, 
respectively. Adding the material’s max service temperature and me
chanical performance to this evaluation table allows for a more 
comprehensive assessment of the materials. Based on this table, we can 

Table 1 
The triboelectric charge density (TECD) [59], maximum service temperature and tensile strength of majority of triboelectric materials.
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select the appropriate materials for different environments. For 
example, in HT and high-stress environments, PI is likely to stand out 
and become the optimal choice of material. Alternatively, if you only 
require the triboelectric material to maintain good mechanical strength 
at room temperature, then Garolite G-10 would be the preferred choice. 
The Fig. 1 illustrates the proportion of three performance metrics for five 
HT materials

Although early studies found that PI has weaker piezoelectric prop
erties, it exhibits excellent piezoelectric response at HTs, which the 
piezoelectric coefficient d31 of 3,3′-diaminodiphenylsulfone (DDS) /4,4′- 
oxydiphthalic anhydride (ODPA) PI was 30 pC/N at 200℃ compare with 
it at room temperature, in which the d31 was 0.2 pC/N at 25℃ [60,61], 
resulting in its undesirable mechanical–electrical energy conversion 
efficiency. Ordinary PIs are rarely used as piezoelectric materials for the 
PENG. However, due to its excellent physical and chemical properties, 
electrical characteristics, as well as market share, it has incomparable 
advantages in the application of flexible nanogenerator materials. It 
would be very meaningful to study the application of PI materials in the 
field of energy harvesting.

To investigate the working mechanism of the power generation of PI 
nanofibers, a novel method of fast Fourier transform (FFT) has been 
implemented for output signal analysing [62] and decoupling purposes. 
In this regard decoupling piezoelectric and triboelectric signals from the 
synthesized membrane has been performed using the FFT. The discovery 
holds immense potential for the development of the next generation of 
PENG and TENG devices with highly accurate electrical outputs.

KPFM measurement confirmed the positive surface potential of PI 
nanofibers due to the high voltage electrospinning. In addition, the 
energy conversion performance exhibits an interesting behavior in rising 
temperature environments, increasing at early stage of elevation and 
decreasing with a further elevation once reaching the highest level 
around 160 ℃. Theoretical studies have been conducted to explore the 
interaction between the CE and TE in multi-temperature layers nano
generators, addressing this scientific gap.

2. Materials

Para-phenylenediamine (PDA) is used as the diamine, with 98 % 
purity. 4,4′-oxydiphthalic anhydride (ODPA) was used as the dianhy
dride, with 97 % purity. N, N-dimethylacetamide (DMAc, 99 %) is the 
suitable solvent for the synthesis. All the chemicals were purchased from 
Sigma-Aldrich (Australia) and used as supplied. Commercial piezoelec
tric (PE) polyvinylidene difluoride (PVDF, 28 μm;) was purchased from 
PolyK Technologies, USA.

3. Experimental

3.1. PAA solution preparation

The PI can be obtained in two steps. The PAA was prepared by the 
monomer ODPA and PDA as the precursor for PI. In detail, 0.005 mol 
each of ODPA and PDA was dissolved in an equal volume of DMAc 
separately to obtain the same molarity solutions. Then added the PDA 
solution into the ODPA solution with vigorous mechanical stirring using 
a magnetic stirrer at room temperature to form homogeneous pre
cursors. Five concentrations from 16 wt% to 20 wt% of PAA solutions 
were prepared.

3.2. Electrospinning and imidization

A needle-based electrospinning setup was employed to prepare the 
PAA nanofiber membrane. During electrospinning, the applied voltage, 
flow rate of the PAA solution, and electrospinning distance were 
controlled at 15 kV, 0.6 mL h− 1, and 15 cm, respectively. The collector 
was a grounded steel drum (length, 11 cm; diameter, 5 cm). The 
thickness of the membrane was controlled by the fabrication time (1–5 
h). The PAA nanofiber membranes were imidized (Fig. 2(I)) in the oven 
with the following procedure: 100 ℃ for 1 h, 200 ℃ for 1 h, and 300 ℃ 
for 1 h.

Fig. 1. The comparison of five HT resistant materials.
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(I)

Copper electrode 

Steel rammer (II)

(III)

Fig. 2. (I) A schematic of the thermal imidazation process; (II) Schematic of the TENG utilized for signal analysis and electromechanical characterization. (III) 
Schematic diagram of the self-designed testing platform for triboelectric performance. (IV) Viscosity of different concentrations of dope by shear rate(a); Electrospun 
PI membranes and their SEM images (b); FTIR spectra of the PAA membranes (c); FTIR spectra of the PI membranes (d); and Comparison between the PAA and PI 
FTIR spectra(e); (V)SEM images of (a-e) electrospun PI nanofiber membranes.
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3.3. Preparation of the samples for the energy conversion test

Both the PAA and PI membranes are prepared by sandwiching one 
layer of nanofiber membrane with two aluminum foils of electrodes 
(thickness 20 μm). The sample was covered by one layer of PI tape 
(thickness 80 μm) both on top and bottom sides.

3.4. Characterization techniques

To investigate the effect of the electrospinning technique, imidiza
tion and heat treatment on PI energy conversion performance, several 
characterization techniques were utilized: Nanofiber morphology and 
diameter are investigated and measured using scanning electron mi
croscopy (SEM, Zeiss Supra 55VP). The thickness of the nanofiber 
membrane was measured using a digital micrometer. Differential scan
ning calorimetry (DSC, TA Q200) and thermogravimetric analysis (TGA, 
Netzsch) was used to characterize the temperature resistance properties 
of the PI nanofiber samples. The rheology of the PAA solutions was 
measured using dynamic mechanical analysis (DMA) test (TA HR 
Rheometer). The chemical structure transformation of the materials was 

observed by Fourier transform infrared spectroscopy, attenuated total 
reflectance (ATR) mode. (FTIR, Bruker Vertex 70). Voltage outputs were 
recorded on an oscilloscope (Rohde & Schwarz, RTM3004) with a 
compression force of 10 N with working areas of 4 cm− 2 and a frequency 
of 2 Hz.

3.5. Signal decoupling

3.5.1. Testing and electrical measurement
As illustrated in Fig. 2(III), a force of 15 N, a contact area of 4 cm− 2, 

with a pre-load of 5 N, was applied on an aluminium compressor at a 
frequency of 0.5 Hz for ramp mode and 5 Hz for sine mode during the 
contact separation mode testing of nanogenerator sensors. The 
displacement (ΔD) between the aluminium compressor and the sample 
was maintained at 0.044 mm, with a dwell time of 1 s for each cycle of 
the ramp mode. Signal extraction was performed following 60 cycles of 
15 N force. Current signals were recorded using a pre-amplifier (SR570, 
Stanford Research Systems, USA) and an oscilloscope (TDS 1012B, 
Tektronix, USA).

(IV)

(V)

Fig. 2. (continued).
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3.5.2. Fast Fourier transform (FFT)
FFT was executed in silico using DAQExpress (v5.1) software with 

the application of the Hanning windowing function. Subsequent data 
processing, including the extraction of the root mean square (RMS) 
value and normalization between 0 and 1, was performed using MAT
LAB (R2022A) and OriginLab (2022b). The frequency axis of the spectra 
was constrained below 50 Hz, while maintaining the original spectrum 
length at 500 Hz (Nyquist limit), aligned with the 1000 Hz sampling 
rate.

3.6. Energy harvesting performance measurements

The triboelectric performance of the sample was tested using a self- 
designed platform, as shown in the Fig. 2(III). A 2*2 cm sample was 
placed on a copper electrode sheet on the heating plate, which could 
adjust the temperature from room temperature to 300 ◦C. The 1 kg steel 
rammer was connected to another copper electrode and driven by a 
servo motor. By programming the servo motor, different movement 
modes of the steel rammer, such as varying frequencies and displace
ments, could be achieved. In this study, the testing frequency was set to 
2 Hz, with a displacement of 3 mm in tapping mode, meaning a force of 
9.8 N was applied to the sample for each tap during the test. The voltage 
output was measured using an oscilloscope. To minimize the impact of 
humidity and temperature fluctuations, all comparative samples were 
tested on the same day in a continuous manner. The room temperature is 
20 ◦C as the tests were conducted in a temperature-controlled lab with 
the temperature maintained at 20 ◦C.

3.7. KPFM

The surface potential or contact potential difference (CPD) of the 
requisite PI fibers were measured in this study with the KPFM technique 
using a Bruker, Dimension EdgeTM Atomic Force Microscope (AFM). All 
the surface potential measurements in this study were carried out at 
ambient (lab) temperature, pressure and humidity conditions using the 
enclosure provided by the manufacturer of the equipment. The CPD was 
studied over the scan areas of (1 * 1 µm2) and (5 * 5 µm2). In this 
technique the surface potential distribution was estimated by applying 
an AC voltage and plus a DC voltage to the AFM tip. The appropriate 
electrical conductivity between the tip, sample and AFM holder was 
ensured, as the fibers were coated on aluminum substrate.

The surface potential or contact potential difference between the tip 
and sample were determined simultaneously with the topographical 
measurement, both the data were procured at same pixel density of 256 
* 256 pixels per image and a scan rate of 0.8 µm s− 1 for 1 * 1 µm2 image 
area and scan rate of 2 µm s− 1 for 5 * 5 µm2 image area. Here, an 
antimony (n) doped silicon tip (SCM-PIT-V2, Bruker) with a radius of 25 
nm was used. The tip was coated on both back and front sides with 
platinum-iridium (Pt-Ir) material, to laterally resolve the surface po
tential distribution of PI fibers. This tip was supported on an antimony 
(n) doped silicon cantilever with thickness of 2.8 µm coated only on the 
backside with Pt-Ir material, possessed with a resistivity of 0.01–0.025 
Ω cm. Both the AFM and surface potential data obtained were analyzed 
with Gwyddion software. The high frequency associated with KPFM 
images were processed with a low pass filter.

4. Result and discussions

4.1. Physicochemical properties and surface morphology of nanofiber 
membranes

PAA nanofiber membranes at concentrations ranging from 16 wt% to 
20 wt% for subsequent imidization. The zero-shear viscosity of the PAA 
solutions was examined, revealing an increase from 1.51 Pa*s to 184.58 
Pa*s with varying dope concentrations. This viscosity index increased 
exponentially with concentration. (see Table 2).

To examine the structural properties of the nanofibers, SEM imaging 
was employed, as depicted in Fig. 2(V) (a-e). An increase in average 
diameter of the electrospun PI fibers from 53.76 nm (16 wt%) to 
1271.70 nm (20 wt%) with rising dope solution viscosity is observed. 
Serious defects were observed in the nanofiber mats produced from the 
16 wt% concentration solution. Nanofibers were successfully electro
spun at concentrations below 19 wt%, achieving nanoscale dimensions.

FTIR was employed as a practical tool to monitor the imidization 
process from PAA to PI. The FTIR spectra of PAA, as illustrated in Fig. 2
(IV) (c-e), displays characteristic peaks, including the N–H stretch 
(2900–3200 cm− 1), the C=O carbonyl stretch from carboxylic acid 
(1720 cm− 1), and the C=O carbonyl stretch from the amide (1650 cm− 1 

or amide I band). After imidization treatment, the disappearance of the 
amide I band at 1650 cm− 1 indicates the transformation from PAA to PI 
(Fig. 2(IV) (c-e)). characteristic peaks at 1778 cm− 1 (Imide I), 1360 
cm− 1 (Imide II), and 1087 cm− 1 (Imide III) emerge, confirming the 
successful imidization. The FTIR analysis is shown in Table 3.

4.2. Energy conversion performance

4.2.1. VOC and charging ability
By controlling the electrospinning time, PI-18 membranes of varying 

thicknesses from 15 µm to 134 µm were obtained. As the thickness of the 
nanofiber membrane increased, a corresponding enhancement in the 
sample’s output capability was observed. This can be explained that the 
increased thickness of the membrane can be attributed to a larger sur
face area, indicating a higher capability for the accumulation of surface 
charges

The zero-shear viscosity of the dope solution plays a crucial role in 
the electrospinning process, determining the formation of a suitable 
nano-scale fibrous membrane. The concentration of the dope solution 

Table 2 
Zero-shear viscosity of PAA dope and their corresponding electrospun PI fiber 
diameter.

Concentrations 16 wt% 17 wt% 18 wt% 19 wt% 20 wt%

Zero shear viscosity 
(Pa*s)

1.51 4.53 13.88 43.94 184.58

Fiber diameter (nm) 53.76 148.59 361.05 895.60 1271.70

Table 3 
Characteristic FTIR peaks for PI and PAA.

Group Frequency (cm -1) Mode

Imide I 1770–1780;1720–1740 C=O stretching
Imide II 1360–1380 C-N stretching
Imide III 1070–1090 C-H bending
Amide I 1650 C=O (CONH) stretching

Table 4 
The VOC output of electrospun PI membranes with different dope concentrations 
and viscosities.

Item Dope concentration (wt 
%)

The zero-shear viscosity 
(Pa*s)

Output 
(VOC)

PI- 
16

16 1.12 1.71

PI- 
17

17 2.24 4.67

PI- 
18

18 6.27 5.98

PI- 
19

19 21.32 1.84

PI- 
20

20 184.58 1.96
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(I)

(II)

Fig. 3. (I) VOC output of different concentrations of electropun PI membranes (a); VOC output with different electropun PI membrane thicknesses (b); VOC and fiber 
diameters with concentrations from 16 wt%-20 wt% (c); Charging performance of PI-18 membranes (d) and; (II)Signal generation of electropun PI membranes with 
different real working modes; (III) Current signal of PVDF film with ramp mode (a); Current signal of PI-18 with ramp mode (b); Current signal of a PVDF film and PI- 
18 with sine mode (c); The FFT result of the current signal of the PVDF film and PI-18 with sine mode (d-e).(IV) KPFM measurement of electrospun PI nanofibers; 
Height and VSP images of nanofibers deposited on aluminium foil at a scanning area of 1 µm2 (a) and 5 µm2 (b) and; (V)Schematic depicting the formation of surface 
charge on the fibers during the electrospinning process (c).
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(III)

(IV)

(V)

Fig. 3. (continued).
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was varied from 16 wt% to 20 wt%, leading to a substantial increase in 
zero-shear viscosity from 1.12 Pa*s to 184.58 Pa*s. (see Table 4).The 
resulting output performance of PI nanofiber membranes (100 µm) was 
analyzed. Among the concentrations tested, the peak-to-peak VOC output 
of the PI nanofiber membrane demonstrated a rising trend, starting from 
1.71 V at 16 wt% and peaking at 5.98 V at 18 wt% (PI-18). However, a 
decline in output performance was observed at higher concentrations of 
19 wt% and 20 wt%, suggesting that the 18 wt% PAA dope, possessing a 
viscosity of 6.27 Pa*s, emerged as the most suitable concentration for PI 
electrospinning in case of energy conversion applications. The PI-18 was 
examined by charging ability in this paper. The generated charges were 
stored using a rectifier and a storage device, connecting capacitors in 
parallel. The voltage across a single capacitor of 47 µF, was monitored 
during the charging process. It began at 0.98 V and reached 2.38 V 
within 360 s, as illustrated in Fig. 3(I) d, the corresponding charge 
ability can be calculated by the equations (1)–(3). The maximum 
charging current can reach to 0.30 µA. 

QCAP = C × VCAP (1) 

QCAP =

∫ t

0
ICAPdt (2) 

ICAP =
dQCAP

dt
= C

dVCAP

dt
(3) 

where QCAP denotes the charge stored in the capacitor, C denotes the 
capacitance, ICAP denotes the current charged into the capacitor, and 
VCAP denotes the voltage of the capacitor.

Additionally, PI-18 can generate voltage level VOC signals under 
different working modes such as friction, stretching, and tapping, as 
shown in Fig. 3(II). This presents promising applications in high- 
performance sensor development.

4.3. Signal identification

Triboelectric and piezoelectric generation are the most common 
mechanisms in material-based power generator. The energy conversion 
performance observed may contribute from either of these mechanisms 
individually or a combination of both. Identifying their working mech
anisms plays a crucial role in subsequent theoretical research and 
improving material performance.

4.3.1. FFT methods
To investigate the output signal characteristics of electrospun PI 

nanofibers, we employed a PVDF film as a reference for comparative 
analysis. Forward and reverse connections were two different connec
tion configurations when the positive and negative probes of the 
ammeter were interchanged. For piezoelectric signals, this should not 
make a significant difference, since the polarisation of the material 
produces an electrical potential that would invert when interchanged 
but the intensities of the signals should remain the same.

In the ramp mode test of the PVDF film, as illustrated in Fig. 3(III) b, 
both forward and reverse directions exhibited symmetrical signal 
characteristics. However, in the case of PI-18 (Fig. 3(III) (a), a stronger 
current output signal was detected in the forward direction, while it was 
relatively weaker in the reverse direction, revealing asymmetrical signal 
characteristics. This result can be attributed to the fact that the PI sample 

lacks piezoelectric performance. Since piezoelectric properties are 
caused by the deformation of materials leading to changes in electrical 
performance, the test surface of the sample does not show selectivity. If 
the sample demonstrates selectivity on the test surface, it further in
dicates that it does not exhibit significant piezoelectric properties.

When the compressor was subjected to a sine wave input instead of 
the previous ramp input, no dwell period was introduced between each 
compression and retraction phase, leading to continuous displacement. 
In this case, a weaker signal was observed in the PI-18, illustrated in 
Fig. 3(III) (c), potentially indicating charge loss due to destructive 
interference of polarization. However, in the case of the PVDF film, 
where polarization is highly directive, a substantially larger signal was 
observed. And the intensity of the signal remained consistent with the 
previous input scenario. To analyze the difference in these VOC signals, 
FFT was performed to convert the VOC data from the time domain to the 
frequency domain (Fig. 3(III) (d-e)). PVDF film shows a piezoelectric 
signal with a bandwidth (fmax), which is determined by the intensity of a 
harmonic less than 3 % of the intensity of the fundamental frequency (f0 
= 5 Hz), of 10 Hz compared to the PI-18 signal with a wide range 
competing harmonic bandwidth at 30 Hz. This result is close to the 
previous work on PI film as the bandwidth was found at 15 Hz in case of 
3 Hz fundamental frequency [62].

To compare signals with different fundamental frequencies, we 
introduced a relative bandwidth ratio fr, calcuted as fr =

fmax
f0 , to char

acterize the intensity of competing harmonic signals. A higher fr in
dicates a higher distortion signal. Under the contact mode measurement, 
as shown in Table 5, the fr of PI is 5 for the film and 6 for the electrospun 
nanofibers, compared to fr of 2–3 for piezoelectric, exhibiting highly 
distinctive triboelectric signal characteristics.

These changes exhibit a certain consistency across the entire fiber 
membrane, making it not easily observable in the time-domain signal. 
Transforming the signal into the frequency domain through FFT allows 
for a more intuitive observation of these signal features.

4.3.2. KPFM measurement
KPFM is a technique for nanoscale surface potential measurement, 

capable of illustrating variations in the surface potential voltage (VSP) of 
materials. Fig. 3 (IV and V) respectively, depict the KPFM scans con
ducted on electrospun PI fibers on an aluminium foil surface, at scales of 
2 µm and 5 µm. The height map displays the nanoscale morphology of 
the fibers. The VSP map revealed that the VSP of the PI fibers is higher 
than that of the aluminium foil surface. After conducting profile analysis 
of the fiber surface, it was observed that the voltage ranges from 750 mV 
to 755 mV, with a concentration of higher VSP in the middle area of the 
fibers. This is attributed to the electrospinning process of the PI nano
fibers conducted at a high positive voltage (15 kV), resulting in the 
polymer solution ionized and residual charges embedded on nanofibers 
surface once collected by aluminium foil [63], as illustrated in Fig. 3(V), 
thus exhibiting higher positive VSP. Surfaces with higher VSP are more 
prone to electron accumulation during contact with positive materials, 
hence demonstrating stronger electronegative property. This also ex
plains the excellent power generation performance of the electrospun PI 
fibers as a negative dielectric material. To the best of our knowledge, 
this is the first reported KPFM study, specifically targeting nanoscale 
electrospun PI fibers. (Fig. 3(IV and V).

4.4. High temperature performance

The optimal sample PI-18 (100 µm) and its corresponding pre- 
product PAA-18 were picked for the temperature resistance study. 
Based on the DSC curves of electrospun PAA and electrospun PI, as 
shown in Fig. 4I, the glass transition temperature (Tg) of PAA-18 was 
determined to be 188 ℃, while the Tg of the PI-18 was found to be 315 
℃. Comparing the Tg of PI-18 (315 ℃) with the Tg of the bulk ODPA/ 
PDA PI (326 ℃) [64], it can be confirmed that the PI nanofiber 

Table 5 
The frequency domain properties of the output signal.

Item Testing configuration fo (Hz) fmax (Hz) fr

PVDF film [62] Contact mode 3 9 3
PI film [62] Contact mode 3 15 5
PVDF film (this work) Contact mode 5 10 2
PI-18 (this work) Contact mode 5 30 6
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(I)

(II)

(III)

Fig. 4. (I) VOC output of the PI-18 with elevated temperature (a); Durability test (10000 cycles) of VOC output for PI-18 at room temperature (b); Durability test 
(10000 cycles) of VOC output for PI-18 at 300 oC (c); DSC curves of electrospun PAA and electrospun PI (d) and; TGA and DTG curves of PI (e); (II) The band structure 
of the metal and the dielectric when the Ef of the metal is higher than the highest occupied surface state level (E0) of the dielectric, the energy difference is 
approximately contact electrification voltage, such that VCE (a). The band structure when the same materials with different temperatures, the energy difference is 
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approximately thermoelectric voltage, such that VTE (b). (III) Schematic of the structure of the TENG used for the high-temperature output testing. (IV). Schematic of 
the working mechanism of the TENG at room temperature.; (V) The schematic of working mechanism of the TENG at initial-elevated temperature. (VI). The 
schematic of working mechanism of the TENG at post-elevated temperature.

(IV)

(V)

Fig. 4. (continued).
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membrane still maintained a reasonable level of thermal resistance 
compared to its conventional film counterpart.

The TGA analysis provides valuable information about the thermal 
stability and decomposition behaviour of the materials. As illustrated in 
Fig. 4I(e), the PI-18 exhibited a weight loss of 1 % at 400 ℃. The 
decomposition of PI-18 begins at around 500 ℃, which is associated 
with the breakage of the carbonyl functional groups [65]. The Tonset, 
representing the temperature at which 5 % weight loss occurs, was 
determined to be 535 ◦C. The Tma, corresponding to the maximum 
temperature in the derivative of the TGA curve, was around 628 ℃. 
Additionally, the residual weight at a final temperature of 900 ℃ was 
1.9 %. The thermal resistance of the electrospun PI nanofiber mem
brane, evidenced by these results, makes it a promising material for 
applications in high-temperature environments.

4.4.1. High temperature energy conversion
The high temperature output performance of the PI-18 demonstrated 

an interesting trend (Fig. 4I(c)), showing an increase with the testing 
temperature, reaching its highest output of 11.76 V at 160 ℃, and 
decreasing with a further rise in temperature. However, recent studies 
on high-temperature TENGs have shown that their output performance 
tends to decrease as the ambient temperature increases, which is 
attributed to the thermionic effect on the dielectric surface [66–68]. In 
contrast, our experimental results indicate that in multilayer structures, 
the varying temperature transmission across layers creates a relative 
temperature gradient, leading to an unusual impact on the TENG’s 
output performance. This can be explained by the competition between 
decreased contact electrification (CE) and increased thermoelectric ef
fect (TE) [66]. According to Fermi–Dirac statistics, the density of excited 
electrons can be expressed by equation: 

f(E) =
1

e(E− Ef)/kT + 1
(4) 

where f(E) is the occupation probability of a state of energy E, k is 
Boltzmann’s constant, Ef is the Fermi level of the material, and T is the 
temperature in Kelvin.

According to Equation (4), electrons within materials at elevated 
temperatures occupy higher energy levels compared to those at lower 
temperatures. As a result, they tend to migrate from the hotter side to the 
colder side, leading to a detectable thermoelectric voltage difference 
(VTE). VTE can be calculated as: 

VTE =

∫ Tbe

Tue

S(T)dT (5) 

where the S(T) denotes the Seebeck coefficient, which is a function of 
temperature, Tbe denotes the temperature of bottom electrode, and Tue 
denotes the temperature of upper electrode.

(VI)

Fig. 4. (continued).

Table 6 
VOC output performance of polymer nanogenerators with different materials.

VOC(V) Maximum working temperature Ref.

PVDF film 7.02 80 ℃ [69]
PVDF film 10 80 ℃ [70]
PVDF film 98 V 80 ℃ [71]
PVDF film 190 V 80 ℃ [72]
PVDF film 21 V 80 ℃ [73]
PAN nanofibers 9.7 450 ℃ [46]
PDMS film 30 V 200 ℃ [74]
PDMS film 22.3 V 200 ℃ [75]
PDMS film 15 V 200 ℃ [76]
PDMS film 75 V 200 ℃ [77]
PVA film 29.6 V 200 ℃ [78]
PI film (Kapton) 1.18 250 ℃ [57]
PI film (Kapton) 1.8 V 250 ℃ [79]
PI nanofibers 11.76 350 ℃ This work
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While the VOC contributed by contact electrification can be calcu
lated as VCE. 

VCE =
− σ • d

ε0
(6) 

where σ denotes the surface charge density, d denotes the displacement 
between electrode and dielectric, ε0 denotes the vacuum dielectric 
constant.

Surface charge density plays a key role in term of VCE output, it can 
be expressed by equation [68]: 

σ = − e
∫ Ef+kTue

E0+kTd

N(E)dE (7) 

where e denotes the elementary charge, N(E) denotes the surface state 
density of the dielectric, Td denotes the temperature of dielectric 
material.

Therefore, we can establish the relationship between VOC and the 
temperatures of the dielectric and electrodes with equation: 

VOC = VCE+VTE =
d • e

ε0

∫ Ef+kTue

E0+kTd

N(E)dE+

∫ Tbe

Tue

S(T)dT (8) 

In this study, the structure of the TENG used for high-temperature 
output testing is shown in the Fig. 4(III). It consists of two layers of 
aluminium electrodes, with a layer of PI nanofiber dielectric material in 
between that was prepared in-house. The lower electrode contacts with 
the heating plate, and as the heating plate continuously heats up, the 
lower electrode and the PI nanofiber are heated. The upper electrode, 
due to its continuous motion, does not remain in continuous contact 
with the heat source, resulting in its temperature remaining lower than 
that of the dielectric layer and lower electrode throughout the testing 
process. Therefore, the testing can be divided into three stages for dis
cussion, corresponding to different temperature conditions: (1) room 
temperature, (2) initial-elevated temperature and (3) post-elevated 
temperature.

At room temperature, there is no difference between the tempera
tures of the upper electrode (Tue), bottom electrode (Tbe), and dielectric 
membrane (Td), where Tue = Td = Tbe. When the dielectric membrane 
contacts with the upper electrode, its surface accumulates a certain 
amount of charge, thereby generating VCE output. Meanwhile, due to the 
absence of temperature disparities between the upper and lower elec
trodes, no TE occurs. According to equation (8), we can also calculate 
that VTE equals to zero when Tue = Tbe. The VOC output strength was only 
determined by the upper electrode’s Ef and dielectric membrane’s E0 at a 
certain measurement condition. The working mechanism of this sce
nario is shown in Fig. 4(IV). Furthermore, under initial-elevated tem
peratures, the bottom electrode will be heated first due to the heat pad’s 
location beneath it, where Tue = Td < Tbe. This causes electrons in the 
bottom electrode to exhibit even higher energy levels, resulting in VTE 
output compared to the room temperature scenario, as depicted in Fig. 4
(V). According to equation (8), the strength of VTE can be determined by 
Tue and Tbe. This leads to an enhancement in the VOC output of the TENG 
device at initial-elevated temperatures.

Continuing to elevate the temperature, the dielectric membrane will 
also heat up, and the temperature between each layer can be expressed 
as Tue < Td < Tbe. At this stage, electrons in the dielectric membrane 
become excited and migrate to the upper electrode during contact. Ac
cording to equation (8), although the VTE increased with further tem
perature difference, the VCE diminishes as the energy state of the 
dielectric membrane E0 +kTd approaches that of the upper electrode 
Ef + kTue. Therefore, the disparity in energy levels between the upper 
and bottom electrodes decreases, weakening the VOC output, as illus
trated in Fig. 4(VI).

The output of the nanogenerator exhibited excellent stability, 
retaining 96.5 % of its original performance after 10,000 cycles at room 

temperature, shown in Fig. 4. However, in the challenging high- 
temperature environment of 300 ℃, the retention capability decreased 
to 56.8 % after the same number of cycles (10,000), shown in Fig. 4 (c). 
As the duration of high-temperature testing extends, both Td and Tue 
gradually increased, and thus the VCE and VTE will simultaneously 
weaken. Meanwhile, the effect of thermionic emissions should be 
considered regarding the surface charge decay [67]. However, in the test 
used in this study, which is continuous contact separation mode, the 
surface charge of dielectric membranes remains charged during contact 
with metal, limiting the impact of thermionic emissions on the output 
performance.

Taking a VOC output performance comparison between the PI 
nanofibers and recent common polymeric materials, as illustrated in 
Table 6, Based on the table, the primary advantage of PI nanofibers is 
their high thermal stability (350 ◦C), which is significantly superior to 
most other materials, such as PVDF (80 ◦C), PDMS (200 ◦C), and PVA 
(200 ◦C). This high-temperature resistance makes PI nanofibers suitable 
for energy harvesting applications in extreme environments. Addition
ally, their Voc (11.76 V) is higher than that of Kapton PI films (1.18 V 
and 1.8 V), suggesting that the nanofiber structure may enhance the PI 
triboelectricity.

However, PI nanofibers show lower Voc than some high-output 
materials, such as PDMS (up to 75 V) and PVDF (up to 190 V). One 
reason could be the inconsistency in testing conditions. Variations in 
measurement parameters, such as electrode configuration, applied 
force, frequency, or humidity, can significantly impact the reported 
voltage values. Therefore, a direct comparison between different mate
rials may not always reflect their true performance differences under 
identical conditions. Nevertheless, PI nanofibers still require further 
optimization, such as surface modifications or the incorporation of 
functional fillers (e.g., GO, CNT, or BTO) to enhance their output 
performance.

5. Conclusion

In summary, this study aimed to investigate the energy conversion 
performance of electrospun PI nanofiber membranes. Utilizing an 18 wt 
% concentration PAA dope with a zero-shear viscosity of 6.27 Pa*s 
proved to be suitable for fabricating nanofiber membranes via electro
spinning. The corresponding PI nanofiber membranes displayed optimal 
energy conversion performance, achieving a VOC output of 5.98 V. FFT 
analysis confirmed that the source of the VOC output was primarily 
triboelectricity rather than piezoelectricity. KPFM measurements veri
fied that the surface potential of the PI nanofibers became positive after 
electrospinning, enhancing their CE abilities. The glass transition tem
perature of the PI nanofiber membranes exceeded 350 ℃, indicating 
excellent thermal resistance. Moreover, the combination of CE and TE 
effects led to an intriguing behaviour in the energy conversion perfor
mance of the PI nanofiber nanogenerator at elevated temperatures. The 
output increased with increasing temperature, reaching a peak VOC of 
11.76 V at 160 ℃, representing an 84.4 % improvement compared to 
room temperature conditions, before declining with further temperature 
elevation. Additionally, a theoretical investigation into the operational 
principles of multi-temperature layers was conducted. With their 
distinctive electrical characteristics, electrospun PI nanofibers showcase 
the potential to function as temperature-sensitive smart TENGs, partic
ularly in applications demanding resilience in high-temperature envi
ronments. Our future lab work will focus on studying piezoelectric/ 
triboelectric polymers in high-temperature environments and exploring 
the effects of nanoparticles on nanogenerator performance. Also cross- 
discipline collaboration will be considered to enhance practical appli
cations and establish standardized testing across a wider temperature 
range. Incorporating novel materials like liquid metals, nanocarbons, 
MXENE will attribute to higher output and performance and using 
recycled polymers will promote sustainability. Additionally, advanced 
methods like fluorination to boost triboelectric response are planned 
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