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Abstract: Usually, high temperature decreases the output performance of triboelectric 

nanogenerator (TENG) because of the dissipation of triboelectric charges through the 

thermionic emission. It would be highly valuable if the high temperature can be used 

to enhance the output performance of TENG. In this paper, through a simulation 

combining the electron-cloud-potential-well model for triboelectrification and the 

thermionic-emission model, we find that there exists an optimum temperature 

difference ∆T between friction layers under which the output of TENG is maximum. 

Based on this, a type of contact-separation temperature difference TENG with 

controllable friction layer temperature (TDNG) is designed and fabricated to enhance 

the electrical output performance in temperature difference environment. As the 

temperature difference ∆T increasing from 0 K to 145 K, the output voltage, current, 

the surface charge density and output power are increased 2.7, 2.2, 3.0 and 2.9 times, 

respectively (from 315 V, 9.1 μA, 47 nC/m2, 69 μW to 858 V, 20 μA, 0.14 μC/m2 , 
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206.7 μW). Then with the continuous increase of ∆T to 219 K, the surface charge 

density and output performance gradually decrease. At the optimal temperature 

difference (145 K), the biggest output current density (396 μA/cm2) has been obtained, 

which is 13% larger than the reported record value (350 μA/cm2). 

1. Introduction 

Based on the coupling effect of the contact electrification and electrostatic 

induction, triboelectric nanogenerators (TENG) have been successfully developed for 

mechanical energy harvesting and self-powered active sensors.1-3 To obtain higher 

electrical output performance, lots of works have been done including material 

selection,4-6 structural optimization,7-10 artificial prior-charge injection,11, 12 coupling 

surface polarization and hysteretic dielectric polarization in vacuum.13 The relationship 

between output performance and materials, structure, friction areas, surface charge 

density, external forces, working frequency, etc. has also been studied.14-16 Recently, 

current densities of 25.2 μA/cm2 and 28.8 μA/cm2 in atmosphere have been obtained by 

a pumping TENG17 and a self-charge excitation TENG system18, respectively. The 

output can be improved to 57 μA/cm2 by operating TENG in vacuum environment13 

and to 90 μA/cm2 by artificial prior-charge injection 11. With an electric double-layer 

structure designed in TENG, 305 μA/cm2 output can be obtained.10 Moreover, by using 

materials easier to gain/loss charges and fabricating micro/nanostructure to enlarge 

friction areas at the same time, the largest current density has been improved to 350 

μA/cm2.19 

Apart from room temperature, TENGs need to work at high temperature in some 

particular applications such as harvesting the vibration energy of automobile engine. 

But when the whole working temperature of TENG is higher than 260 K, its output 

decreases significantly,20, 21 as the temperature of friction material will affect the 

storage and dissipation of electrons during triboelectrification.22, 23 In recent years, the 

electron thermionic emission in TENG has been studied20, 22-24, which is used to 

explain the influence of temperature on the electrical output performance of TENG. 

Comparing with the whole and homogeneous temperature of TENG, the temperature 
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difference between two friction layers is another important and more complex 

influence factor. Later, on the premise of fixing the temperature of the cooler end-tip, 

through increasing the temperature of the dielectric sample’s surface to strictly control 

the temperature difference between them, the study of electrons transfer processes in 

nanoscale reveals that the temperature difference will facilitate electrons transferring 

from hotter materials to cooler materials, and the charge density can be improved 

notably in a particular temperature difference range.24 Although this work is done in 

nanoscale by using an atomic force microscope (AFM) tip, it gives a possibility in 

principle that the temperature difference between two friction layers can be utilized to 

enhance the output of TENG through rational design. In addition, temperature 

difference widely exists in some special conditions, such as the surface of engine and 

the exhaust pipe of automobile. If both temperature difference energy and vibration 

energy of automobile can be effectively converted into electricity, it is very beneficial 

for the comprehensive monitoring of automobile and car networking, et al. For other 

conditions such as the surface of airplane’s engine, the temperature difference and 

vibration have the same potential application value for the real-time monitoring of 

airplane. Besides the thermoelectric technology, pyroelectric technology, and their 

combination with mechanical energy, if the temperature difference can be used to 

greatly increase the energy conversion efficiency of TENG, it will provide a new way 

to high-efficiently harvest and utilize the temperature difference and vibration energy. 

Generally, in practical conditions, the temperature of the cooler friction layer will also 

rise in practical applications due to the heat exchange in contact-separation processes 

and air heat transfer, which will decrease the TENG’s output performance. So, it is 

very important to enhance the output of TENG through utilizing the high temperature 

and temperature difference in practical application conditions, but it is still a great 

challenge by now. 

In this study, the high temperature and temperature difference in TENG are 

studied theoretically, and the optimum temperature difference between friction layers 

for improving TENG’s output is given. A new type of temperature difference TENG 

with controllable friction layer temperature (TDNG) is successfully designed and 
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fabricated to enhance the electrical output performance of TENG to a new record. As 

the temperature difference between hotter and cooler friction layers (∆T) increasing 

from 0 K to 219 K, the electrical output performances of TDNG increase at first and 

then decrease. Under the optimal ∆T (~145 K), the open-circuit voltage of 858 V, 

short-circuit current of 20 μA, surface charge density of 0.14 μC/m2 and output power 

of 206.7 μW are 2.7, 2.2, 3.0 and 4.9 times the output values when ∆T equals to 0 K, 

respectively. Furthermore, by optimizing the friction materials of the TDNG, the 

current density is enhanced to 396 μA/cm2 which is 13% larger than the record value 

(350 μA/cm2). 

2. Results and Discussion 

2.1 Numerically analysis of the influence of ∆T on electrical performance of 

TENG 

Take the heat exchanges between hotter and cooler friction layers into account, the 

temperature of the cooler friction layer will continuously rise through air and 

contacting heat transfer, and the accumulated charges of cooler friction layer will 

gradually escape to air as well as the hotter friction layer by thermally stimulated 

discharging. Here, an electron-cloud-potential-well model shown in Figure 1a is used 

to explain the electrons transfer process for contact electrification between hotter and 

cooler friction layers when temperature difference exists between the hotter and cooler 

frication layers. As the left part of Figure 1a shows, the hotter friction layer’s electron 

energy levels will increase (≈ k∆T) due to the raised temperature. On the one hand, 

during friction, more electrons will hop from the hotter friction layer to cooler friction 

layer (middle part of Figure 1a) to enhance the charge density. On the other hand, the 

increased temperature of cooler friction layer will discharge the electrons accumulated 

in cooler friction layer (electrons are easier to escape out of the potential well, and get 

back to the hotter friction layer in contact processes or spill into air, as the right part of 

Figure 1a shows), and lead to reduce charge density and output performance of TENG. 

Therefore, there should exist an optimal temperature difference that can boost the 

output performance of TENG. 
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Numerical simulations are carried out using COMSOL to verify the above model. 

During the simulation, charge transferred from hotter friction layer to cooler friction 

layer as well as the charge dissipation from the cooler friction layer due to thermionic 

emission 23, 25 are considered simultaneously. In the first stage, as the inset in the right 

upper corner of Figure 1b shows, the temperature of cooler friction layer increases 

approximate linearly with the temperature of hotter friction layer. With the temperature 

of hotter friction layer further increases, the temperature of the cooler friction layer 

increases slowly. According to the linear relationship between charge density and 

temperature of hotter friction materials (Equation (1)), and the modified thermionic 

emission model (Equation (2)): 𝜎 = −𝐶1𝑇ℎ + 𝐶2                            (1) σ𝑡𝑐 = 𝑒−𝑆𝐴𝑇σ𝑡𝑐0                            (2) 

where 𝜎 is the surface charge density when the temperature of the cooler friction 

layer keep fixed, 𝑇ℎ is the temperature of hotter friction layer, 𝐶1 and 𝐶2 are the 

material-related correction factors, σ𝑡𝑐 is the short-circuit transfer charge density, 

and σ𝑡𝑐0 is the initial value of σ𝑡𝑐(equal the value of 𝜎), S = 𝜆1A0𝑘 𝑇𝑒𝑞𝑣𝑘𝑇, where 𝜆1 

is the material-specific correction factor, A0 is Richardson constant of a free electron, 

T is the temperature of friction material, k is Boltzmann constant, the relationship 

between surface charge density of cooler friction layer (assume that the surface charge 

density is equal to the transferred charge density) and ∆T (∆T=Th-Tc, where Th is the 

temperature of the hotter friction and Tc is the temperature of the cooler friction layer) is 

calculated (Figure 1b). Different from what in an ideal nanoscale situation (linearly 

increased transferred charges density with ∆T),24 the transferred charges density and 

surface potential (Figure 1c) of TENG will firstly increase and then decrease when ∆T 

increases to a certain level (above 220 K in simulation). Accordingly, if TENG works 

with a suitable temperature difference between friction layers, it can output a maximum 

electrical performance due to the enhanced surface charge density and higher 

transferred charges density. 
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2.2 Fabrication and electrical output performance of TDNG 

Based on the theoretical analysis mentioned above, a TDNG includes a hotter part 

and a cooler part with a separation of air gap (as shown in Figure 2a) is designed and 

fabricated. Both the hotter part and cooler part include 3 layers: friction layer, electrode 

film, and temperature controllable heat/cool layer. Compared with previous TENGs, 

such design can control the temperature of friction layers effectively, and it is 

convenient to study the influence of temperature difference on the output of TDNG. 

The friction layer in the hotter part and cooler part are the chemical reactive etched 

20-μm-thick aluminum (Al) foil and directly reactive ion etched (RIE) 100-μm-thick 

Kapton film, respectively. The nanostructures fabricated on them can enhance the 

contact area during triboelectrification and improve TDNG’s electrical output 

performance, as illustrated in the insets of Figure 2a. 

To study the relationship between the output performance of TDNG and ∆T, a 

linear motor (K15-W/C-2, LinMot) is used to drive the TDNG. The open-circuit 

voltage and short-circuit current at different ∆T are shown in Figure 2b. In accordance 

with the simulation, with the ∆T increasing from 0 K to 219 K, the output voltage and 

current of TDNG increase at first and then decrease. The largest output voltage and 

current can reach to 858 V and 20 μA when ∆T equals to 145 K, as the temperature of 

cooler friction layer (Tc) keeps 299 K. Under this optimal ∆T, the output voltage and 

current are 2.7 and 2.2 times the values when ∆T equals to 0 K (314.5 V, 8.98 μA).  

To further study the effect of ∆T on TDNG’s performance, the transferred 

short-circuit charge quantities per cycle (CQC) of TDNG under different ∆T have been 

calculated and illustrated in Figure 3a. Under the optimal ∆T (145 K), the CQC is 147 

nC (corresponding a surface charge density of 0.14 μC/m2), which is 3 times the CQC 

when ∆T equals to 0 K at room temperature. In addition, to give a clearer illustration of 

the importance of temperature difference on TDNG, a thermally stimulated discharge 

(TSD) current is carried out to evaluate the number of accumulated charges on Kapton 

(the accumulated charges in friction layer is positively related the surface charge 
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density). As the schematic diagram of TSD testing device (Supplementary Figure S1) 

illustrates, when a charged Kapton film is heated by a hot system (the temperature 

rising curves of heating system in TSD testing is shown in Supplementary Figure S2), 

the accumulated charges in Kapton will gradually escape from the potential well and a 

current peak is formed. Figure 3b illustrates the TSD curves of Kapton after friction at 

different ∆T. When ∆T increases from 0 K to 192 K, the time integral of current 

increases from 0 K to 155 K, and decreases when ∆T is above 155 K, which means the 

accumulated charges in Kapton reach maximum under 155 K. Moreover, the surface 

potentials of Kapton can intuitively reflect the advantages of ∆T in triboelectrification. 

As shown in Figure 3c, the largest surface potential of -112 V has been obtained with 

∆T equals 145 K and the same trend as mentioned above has been observed. With the 

certificate of transferred short-circuit current charges, TSD current curves, and surface 

potential of Kapton, there exists an optimal ∆T that can effectively boost the output of 

TDNG through improving the accumulated friction charges in cooler friction layer. 

2.3 Output performance enhancement of TDNG through material’s optimization 

and its applications 

In addition, the advantages of temperature difference in TENG is illustrated by the 

dependence of TDNG’s output performance on external resistance. As shown in 

Figure 4a, the voltage and current show opposite trend with the increased resistance of 

external load, and all of them at optimal ∆T are higher than that without ∆T. The output 

power of the TDNG reaches maximum when the external resistance is 3 MΩ. Under the 

optimal ∆T, the maximum output power increases from 42.2 μW to 206.7 μW (Figure 

4b). Therefore, through combining temperature difference and triboelectrification in 

TDNG, the power supply capacity of TDNG can be improved effectively (4.9 times 

compared with that without temperature difference). 

In order to investigate the effectiveness and versatility of the temperature 

difference effect in TENG and further enhancing output performance of TENG, 

TDNGs with different friction layers including Al-Kapton, polyamide 6 (PA6)-Kapton, 

copper (Cu)-Kapton, iron (Fe)-Kapton, and Al-polytetrafluoroethylene (PTFE) 
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(nanostructure of PTFE and PA6 are shown in Supplementary Figure S3) have been 

studied. As shown in Figure 4c-d, the output of all these TDNGs can be improved 

when ∆T is constructed between two friction layers. Corresponding to Al-Kapton, 

PA6-Kapton, Cu-Kapton, Fe-Kapton, and Al-PTFE TDNGs, the open-circuit voltages 

have enhanced 2.7, 3.2, 3.0, 3.9, 2.7 times at optimal ∆T, and the short-circuit currents 

have enhanced 2.2, 2.0, 2.6, 10, 1.7 times at optimal ∆T (Figure 4d and Table 1). In 

this way, the output performance of TDNG can be enhanced effectively by optimizing 

the friction materials of the TDNG. Besides, the optimal ∆T is related to the materials 

of the cooler friction layer (as shown in Table 1), where the optimal ∆T is about 144 K 

when cooler friction layer is Kapton. However, when PTFE is used as the cooler 

friction layer, the optimal ∆T is just 90 K. Furthermore, with the help of materials 

optimizing, the largest open-circuit voltage can reach to 1.5 kV (Figure 4e), and a 

largest short-circuit current density can reach to 396 μA/cm2 (Figure 4f) for Al-PTFE 

TDNG, which is 13% larger than the record value (350 μA/cm2).19 In this way, the 

effectiveness and universalism of the temperature difference effect in TENG has been 

investigated, and the highest output current density in contact-separation TENG is 

achieved simply without complex structure optimization, material preparation or 

excessively artificial treatment. 

Compared with other TENGs, TDNG can be used for harvesting mechanical 

energy on high-temperature objects more efficiently. Here, a wind-driven TDNG is 

designed and put on the surface of hot objects to simulate a practical application on 

high-temperature objects like a car hood, hot road and roof. As the upper part of Figure 

5a shows, an etched and fixed Al plate is flattened against hot plate serving as a hotter 

part of wind-driven TDNG, and an etched Kapton flag is hanging in the air serving a 

cooler part. Under continuous wind, the bottom part of Figure 5a illustrates the 

short-circuit current of the wind-driven TDNG in different ∆T under wind speed of 15 

m/s. The maximum current can reach to 143 μA when ∆T equals to 128 K. Via a 

rectifier, a 1 μF capacitor can be charged from 0 V to 7 V within 15 s (orange line, ∆T 

equals to 128 K), compared with ∆T equals to 0 K (black line) and 79 K (pink line), the 
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capacitor has the fastest charging rate, and a highest saturation voltage (Figure 5b). 

With the help of a filter circuit (Supplementary Figure S4), blue LEDs can be lightened 

continuously, where the brightness and lighted number of LEDs can be used as an 

indicator for temperature monitoring (Figure 5c). Additionally, after a short-time 

storage, a temperature-humidity sensor can be powered by the wind-driven TDNG 

under conditions of ∆T equals to 102 K with a wind speed of 10 m/s (Figure 5d).  

3. Conclusion 

In summary, the effect of temperature difference on TENG performance has been 

investigated through a simulation combining electron-cloud-potential-well model for 

triboelectrification and the thermionic-emission model, and a novel type of TENG with 

controllable friction layer temperature has been designed and fabricated to boost the 

electrical output performance. With the increasing of temperature difference, the 

output of TDNG increases at first and then decreases due to a tradeoff between 

electrons transfer from hotter friction layer to cooler friction layer and 

thermionic-emission induced electrons discharge from cooler friction layer. Under the 

optimal ∆T, the open-circuit voltage, short-circuit current, surface charge density and 

output power of the Al-Kapton TDNG increase 2.7, 2.2, 3.0 and 4.9 times compared to 

the case when ∆T equals to 0 K. The construction of the frication layer temperature 

difference can be extended to other TENGs to also boost their outputs. Changing the 

friction materials from Al-Kapton to Al-PTFE, the current density of TDNG is further 

enhanced to 396 μA/cm2, which is 1.13 times the record value (350 μA/cm2). Finally, a 

wind-driven TDNG is demonstrated to power a temperature-humidity sensor to show 

its promising application in an environment with temperature difference. 

 

Experimental section 

Materials and chemicals. A 20-μm-thick Al, 20-μm-thick Cu film, and 20-μm-thick 

Fe plate are used for fabricating the hotter part of TDNG; a 100-μm-thick Kapton and 

a 50-μm-thick PTFE are used for fabricating the cooler part of TDNG. PA6 

(Sinopharm Chemical Reagent Co., Ltd) is used for the fabrication of the electron 
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losing friction material of the hotter part of Nylon-Kapton TDNG. NaOH (>96%, 

Tianjin Baishi Chemical Co., Ltd) is used for etching Al film. Ethanol (>99%, Lian 

longbohua (Tianjin) Pharmaceutical Chemistry Co., Ltd) and deionized (DI) water are 

used for cleaning materials and devices. 

 

Fabrication of Al-Kapton TDNG. Firstly, a piece of Kapton film with a thickness of 

100 μm is cut into 5 cm × 5 cm, and ultrasonically cleaned with acetone, ethanol and 

deionized water for 15 minutes in sequence. After being dried by nitrogen, Cr/Ag 

electrode with a size of 4.8 cm × 4.8 cm is sputtered on the middle the Kapton film on 

one side. The other side of Kapton film is etched by RIE for 1 h with 3 sccm Ar and 7 

sccm CF4, 250 W input power. Secondly, a piece of cleaning Al film with a thickness 

of 20 μm are cut into 5 cm × 5 cm and then immersed in 0.5 mol/L NaOH solution for 

2 minutes. After being washed by deionized water, the etched Al film is dried in a 333 

K oven. Finally, placing the Al film on a hot layer to form a hotter part and Kapton 

film on a cool layer to form a cooler part. The hotter part and cooler part compose the 

TDNG and air gap between the hotter part and cooler part is 5 cm.  

 

Measurement and Characterization. Morphology of the samples were characterized 

by emission scanning electron microscopy Apreo S. The output current signals of 

TDNG are measured by a low-noise current preamplifier Stanford Research SR570. 

For the measurements of the wind-driven TDNG, a commercial air gun is used and a 

hand-held anemometer is used for measuring wind speed.  

 

Data availability 

All data needed to evaluate the conclusions in the paper are present in the paper 

and/or the Supplementary Information. Additional data related to this paper may be 

requested from the authors. 
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Figure 1. The influence of temperature difference between different friction 

layers on TENG’s performance. (a) Effect of ∆T on charge transfer and dissipation. 

(b) Numerical simulations of the relationship between ∆T and the short-circuit transfer 

charge density. The right upper is the relationship between the temperature of the hotter 

part and the cooler part. (c) The potential distribution of TENG under different ∆T.  
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Figure 2. Design and output performance of TDNG. (a) Schematic diagram of 

TDNG. Insert are SEM images of nanostructures on Kapton and Al. (b) The 

open-circuit voltage and short-circuit current of TDNG under different ∆T. 
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Figure 3. Characterization of the effect of ∆T on TDNG. (a) The relationship 

between transferred short-circuit current charges of TDNG and ∆T. (b) The thermally 

stimulated discharge current and (c) the surface potential of Kapton after friction at 

different ∆T. 

 

 

 



17 

 

 

Figure 4. The influence of ∆T on TDNG with different friction materials. (a) The 

output voltage, current and (b) output power of TDNG with different external circuit 

load resistance when ∆T is equal to 0 K and 145 K, respectively. (c) The open-circuit 

voltage and (d) short-circuit current with different friction materials when ∆T=0 K and 

optimal ∆T. (e) The open-circuit voltage (~1500 V) and (f) short-circuit current density 

(~ 396 μA/cm2) of Al-PTFE TENG at ∆T=90 K. 
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Materials Al-Kapton PA6-Kapton Cu-Kapton Fe-Kapton Al-PTFE 

Optimum ∆T 145 K 144 K 145 K 143 K 90 K 

VO/VR 2.7 3.2 3.0 3.9 2.7 

IO/IR 2.2 2.0 2.6 10 1.69 

Table 1. The ratio between open-circuit voltage and short-circuit current of 

different materials based TDNG under optimal ∆T and ∆T = 0 K.  

 

 

 

 

Figure 5. Demonstration of the wind-driven TDNG working on the surface of 

high temperature object. (a) Top part is the photograph of wind-driven TDNG on a 

hot plate. Bottom part is the short-circuit current of the wind-driven TDNG under 

different ∆T (wind speed: 15 m/s). (b) Charging curves of a capacitor with 1 μF 

capacitance by wind-driven TDNG under different ∆T (0 K, 79 K, 128 K). (c) LEDs 

are used for temperature indicator. (d) Photograph of a temperature-humidity sensor 

powered by wind-driven TDNG. 
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Figures

Figure 1

The in�uence of temperature difference between different friction layers on TENG’s performance. (a)
Effect of ∆T on charge transfer and dissipation. (b) Numerical simulations of the relationship between ∆T
and the short-circuit transfer charge density. The right upper is the relationship between the temperature
of the hotter part and the cooler part. (c) The potential distribution of TENG under different ∆T.



Figure 2

Design and output performance of TDNG. (a) Schematic diagram of TDNG. Insert are SEM images of
nanostructures on Kapton and Al. (b) The open-circuit voltage and short-circuit current of TDNG under
different ∆T.



Figure 3

Characterization of the effect of ∆T on TDNG. (a) The relationship between transferred short-circuit
current charges of TDNG and ∆T. (b) The thermally stimulated discharge current and (c) the surface
potential of Kapton after friction at different ∆T.



Figure 4

The in�uence of ∆T on TDNG with different friction materials. (a) The output voltage, current and (b)
output power of TDNG with different external circuit load resistance when ∆T is equal to 0 K and 145 K,
respectively. (c) The open-circuit voltage and (d) short-circuit current with different friction materials when
∆T=0 K and optimal ∆T. (e) The open-circuit voltage (~1500 V) and (f) short-circuit current density (~ 396
μA/cm2) of Al-PTFE TENG at ∆T=90 K.



Figure 5

Demonstration of the wind-driven TDNG working on the surface of high temperature object. (a) Top part
is the photograph of wind-driven TDNG on a hot plate. Bottom part is the short-circuit current of the wind-
driven TDNG under different ∆T (wind speed: 15 m/s). (b) Charging curves of a capacitor with 1 μF
capacitance by wind-driven TDNG under different ∆T (0 K, 79 K, 128 K). (c) LEDs are used for temperature
indicator. (d) Photograph of a temperature-humidity sensor powered by wind-driven TDNG.
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