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 ABSTRACT 

A triboelectric nanogenerator (TENG) with an organic nanocomposite electret 

thin film as the triboelectric layer for mechanical energy harvesting was

investigated systematically. In combination with corona charging, a TENG was

fabricated by using embedded-nanocapacitor-structure polytetrafluoroethylene 

(PTFE) impregnated with gold nanoparticles (Au-NPs). The output performances, 

stability, and durability of the TENGs with Au-PTFE nanocomposite films were 

characterized after being washed in water. It was found that the output current

increases by 70% and the equivalent surface charge density (ESCD) reaches 

85 μC/m2 in comparison to the virgin PTFE film. Such outstanding performance

is likely due to the equivalent nanocapacitors between the Au-NPs and PTFE 

molecules, which serve as nano charge traps in the nanocomposite electret film 

under negative high-voltage corona charging. This work not only expands the

practical applications of TENGs, but also opens up new possibilities for the

development of high performance triboelectric materials. 

 
 

1 Introduction 

In the past four years, triboelectric nanogenerators 

(TENGs) based on triboelectrification and electrostatic 

induction have been extensively investigated [1–7]. 

This new technology can effectively convert arbitrary 

vibrational energy from the ambient environment, 

including body movement [8–10], water waves [11–13], 

wing motion [14] and other mechanical energy into 

electricity [15–17]. Recently, TENGs have been applied 

to run low-power electronics [18–20], self-powered 

sensors [21–23] and remove PM2.5 particles in air 

purification systems [24]. TENGs have been demons-

trated to have the potential to provide sustainable 

power sources for portable electronics. 

Organic electret film is widely used in micro- 

Nano Research 2018, 11(6): 3096–3105 

https://doi.org/10.1007/s12274-017-1716-y

Address correspondence to zlwang@gatech.edu 



 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

3097 Nano Res. 2018, 11(6): 3096–3105 

electro-mechanical systems, sensors and many other 

fields due to its excellent negative voltage capacity 

and superior stored charge density [25, 26]. Since the 

output performance of the TENGs is proportional to 

the equivalent surface charge density (ESCD) on the 

triboelectric layers, the use of an organic electret  

film as the tribo-material has been suggested for the 

enhancement of output [27–29]. Among them, polyte-

trafluoroethylene (PTFE) is a promising electret and 

has been widely investigated for its use in TENGs, 

owing to its high charge storage capability and 

stability [30–32]. In combination with the corona 

charging method [33, 34], we designed an embedded- 

nanocapacitor-structure PTFE through filling with 

gold nanoparticles (Au-NPs). The microstructure and 

surface potential distribution of the Au-PTFE nano-

composite films with different Au-NP concentrations 

were characterized. The output performances, stability, 

and durability of the TENGs based on the Au-PTFE 

nanocomposite films after being washed in water were 

investigated. Furthermore, the enhancement mechanism 

of the nanocapacitor structure is discussed in detail. 

2 Experimental 

Au-PTFE nanocomposite films were prepared by 

filling pure PTFE with Au-NP dispersions; Fig. 1(a) 

shows the fabrication process in detail. In this exper-

iment, the pure PTFE aqueous emulsion (Teflon DISP40, 

DuPont) contained both the solid granule and the 

liquid dispersant at the weight ratio of 3:2, and Au-NP 

dispersion concentration was approximately 700 parts 

per million (ppm). To fabricate Au-PTFE nanocom-

posite film, the PTFE aqueous emulsion was placed 

in a graduated cylinder (20 mL), and then different 

volumes of the Au-NP dispersion were added. The 

mixture was quickly stirred with a magnetic stirrer 

for 20 min to disperse the Au-NPs uniformly in the 

 

Figure 1 Schematic diagrams of the process for fabricating the Au-PTFE nanocomposite thin film and its micro-morphology. (a) Schematic
diagrams of the process for preparing the Au-PTFE nanocomposite films by spin-coating. (b) Digital image of the Au NPs aqueous 
dispersion, pure PTFE aqueous dispersion and hybrid aqueous dispersion of the two. (c) Digital image of the Au-PTFE nanocomposite 
films. (d) SEM images of the Au-NPs. (e)–(g) SEM images of the Au-PTFE nanocomposite film under different magnifications. 
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PTFE aqueous emulsion. Figure 1(b) shows a digital 

image of the Au-NP dispersion, the pure PTFE aqueous 

emulsion and Au-PTFE hybrid aqueous dispersion. 

Then, a low-cost, non-vacuum spin-coating process was 

used to prepare the Au-PTFE nanocomposite films 

on a square aluminum substrate with dimensions of 

5 cm × 5 cm × 0.2 mm. Figure 1(c) shows the synthesized 

Au-PTFE nanocomposite films. Finally, the Au-PTFE 

nanocomposite film was peeled off the aluminum 

substrate. Scanning electron microscopy (SEM) images 

of the Au-PTFE nanocomposite films’ morphology 

and microstructure are shown in Figs. 1(d)–1(g). Self- 

assembled corona charging equipment was used   

to charge the Au-PTFE nanocomposite film. The 

distribution characteristics of the surface potential on 

the Au-PTFE nanocomposite film was then measured 

using atomic force microscopy (AFM).  

Subsequently, we utilized the Au-PTFE nanocom-

posite films to construct a contact-separation mode 

TENG, where one part was comprised of an Au-PTFE 

nanocomposite film (5 m), an adhesion-layer (A-L), 

an aluminum foil (Al, 100 mm), and the substrate of 

polymethylmethacrylic (PMMA, 3 mm). The Au-PTFE 

nanocomposite film serves as the tribo-material, and 

the aluminum foil serves as the electrode connected 

with the external load. The TENG’s counterpart is an 

aluminum electrode, which is utilized to make 

contact with the Au-PTFE film. The liquid water used 

was deionized for the stability and durability test of 

TENG’s output electricity. A linear motor was used to 

control the displacement, frequency, and to produce 

uniform contact. The output signals of the TENG based 

on Au-PTFE nanocomposite film were measured by a 

Keithley voltage preamplifier and a data acquisition 

card.  

3 Results and discussion 

Figures 1(d)–1(g) show SEM images of Au-NPs and 

the Au-PTFE nanocomposite film. The Au-NP sizes 

were about 10 to 30 nm, were well dispersed, and the 

PTFE film was homogeneous. From Fig. 1(g) we can 

clearly see the Au-NPs distributed uniformly in the 

PTFE film. The experimental apparatus used for corona 

charging is shown in Fig. 2(a). The aluminum foil 

electrode was adhered to the back of the Au-PTFE 

nanocomposite film and the pin electrode was placed 

above the film with a vertical distance of 5 cm. By 

applying a high negative voltage of –5 kV across the 

pin electrode and the aluminum foil electrode for   

5 min, the air between them was broken down and 

ionized, and the as-produced electrons and negative 

ions were injected into the Au-PTFE nanocomposite 

film under the electric field [25, 31]. To investigate the 

role of Au-NPs in improving the ESCD of PTFE electret 

film, Au-NPs with different volumes (0–5.00 mL,  

700 ppm) were filled into PTFE aqueous emulsion to 

form films with identical dimensions of 4 cm × 4 cm × 

5 m. The surface potentials of the Au-PTFE nano-

composite films were monitored over time, and are 

shown in Fig. 2(b). They all show a similar nonlinear 

attenuation trend with the increase of exposure time, 

and gradually reached stability after 20 min (Fig. 2(c)). 

However, the stable surface potential increased with 

the increase of Au-NP volume, and reached its 

maximum value at 0.50 mL. Specifically, the stable 

potential increases from –88 V (without Au-NPs) to 

–229 V (with 0.50 mL of 700 ppm Au-NPs). The output 

began to drop with further increase in Au-NP con-

centration. To further analyze the storage stability of 

charge injection, the surface potentials of the Au-PTFE 

nanocomposite films with different Au-NP concen-

trations were measured after being immersed in 

deionized water for 5 min (Fig. 2(d)). The Au-PTFE 

nanocomposite film with 0.50 mL of Au-NPs gave  

the maximum charge storage. Therefore, through the 

Au-NP doping method, both the charge density and 

storage ability of the Au-PTFE nanocomposite film 

after corona charge were enhanced. To investigate  

the effect of the Au-NPs embedded in PTFE film on 

the output performance of the TENG, the Au-PTFE 

nanocomposite films were utilized to construct a 

contact-separation mode TENG, with a contact area 

of 4 cm × 4 cm. Each nanocomposite film after corona 

charging was exposed to air for 30 min. The open- 

circuit voltage, short-circuit current and transferred 

charge quantity of the TENGs were measured under 

a fixed contact frequency and force via a linear motor, 

as shown in Fig. 3(a). The working mechanism of the 

TENG is illustrated in Fig. 3(b). Both the open-circuit 

voltage and short-circuit current reached a maximum 

when the additive Au-NP volume was 0.50 mL, at 
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233 V and 51 A, respectively (Figs. 3(c) and 3(d)). 

Nevertheless, they began to gradually decrease when 

the Au-NP volume added was larger than 0.50 mL. 

Similarly, the transferred charge quantity and ESCD 

showed the same trend with maximum values of 135 

nC and 85 C/m2, respectively, as shown in Figs. 3(e) 

and 3(f). In addition, the output performance of the 

TENG with an Au-PTFE nanocomposite film (0.50 mL 

Au-NPs) was 1.7 times larger with the pure PTFE film, 

indicating that the addition of an adequate quantity 

 

Figure 2 The experimental apparatus and results of negative high-voltage corona charging on the Au-PTFE nanocomposite films. (a) The
device used for the corona charging. (b) Surface potential decay curves obtained for the Au-PTFE nanocomposite film (4 cm × 4 cm × 5 m) 
exposed to normal air within 720 h at different volumes of Au-NP dispersion, (c) within 20 min magnified view, and (d) washed in water 
for 5 min (polarization time was 5 min, corona charging voltage –5 kV, vertical distance is 5 cm between the pin electrode and the 
Au-PTFE nanocomposite film). (e) Observed 3D surface potential of Au-PTFE nanocomposite films without Au-NP dispersion by AFM,
(f) 0.5 mL 700 ppm Au-NP dispersion and (g) 5.0 mL 700 ppm Au-NP dispersion. (h) Surface morphology of Au-PTFE nanocomposite 
films are obtained by AFM. 
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of Au-NPs has a positive effect on the TENG’s output.  

Furthermore, the stability and durability of the 

Au-PTFE nanocomposite films after washing in water 

were tested with the additive Au-NP volume of 0.50 mL 

(Fig. 4). The output performance of the TENG does 

not significantly decline after being washed in water. 

The voltage, current and transferred charge quantity 

are plotted in Figs. 4(a)–4(c). Moreover, the durability 

of the TENGs with the nanocomposite films was 

measured after being washed, as shown in Figs. 4(d)– 

4(f), showing good tolerance to water. Figure 4(g) 

compares the output performance of the TENG with 

the pure PTFE and Au-PTFE film after being washed. 

It can be seen that the pure PTFE becomes dim, 

whereas the Au-PTFE TENG remains bright even 

after being washed. These results indicate that the 

stability and durability of the TENG based on the 

Au-PTFE nanocomposite film (0.50 mL Au-NPs) is 

superior.  

Since PTFE is a nonpolar molecule (Figs. 5(a1) and 

5(a2)), there is no dipole contained within (Fig. 5(b1)). 

When an external electric potential is applied, –5 kV 

in our experiments, the PTFE molecule will be polarized 

(Figs. 5(b2) and 5(b3)). The whole PTFE film will form 

a stable charge distribution lasting for a considerable 

amount of time, as shown in Fig. 5(b4). When Au-NPs 

 

Figure 3 Operating principle of the contact-separation mode TENG built using the Au-PTFE nanocomposite films after corona charging.
(a) Sketch of the TENG four steps working process. (b) Structure and electricity generation principle of the TENG. (c)–(e) The open-circuit
voltage, short-circuit current, and transferred charges of the TENG measured based on different volume of Au-NPs, respectively. (f) The 
histogram of the ESCD on nanocomposite films under different volumes of Au-NPs. 
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are added, during the corona charging, the Au-NPs 

are placed under two electric fields, the external field, 

E0, (Fig. 5(c)) and the built-in field, E1, from the 

polarized PTFE molecules (Fig. 5(d)). Consequently, 

an electric field around the Au-NPs is formed, as 

shown in Fig. 5(e2). These complex electric fields and 

nanoscale interfaces [35, 36] within the PTFE film are 

speculated to increase the film’s capacity for trapping 

space charges [37–39], facilitating the achievement  

of a high ESCD (Figs. 5(e3) and 5(e4)). In addition, 

Au-NPs are distributed inside the PTFE, as shown in 

Fig. 6(a1). Every pair of particles with PTFE molecules 

in between them form a nanocapacitor (Figs. 6(b1)– 

6(c1)). We can simplify this model into multilayers of 

nanocapacitors serially connected from top to bottom 

(Figs. 6(a2)–6(c2)). A three-dimensional view of this 

set up was plotted in Figs. 6(a3)–6(c3). Assuming  

the Au-PTFE nanocomposite film thickness is d, the  

 

Figure 4 The stability and durability test of the TENG’s output based on the Au-PTFE nanocomposite film after being washed in
water. (a)–(c) Open-circuit voltage, short-circuit current, and transferred charges of the TENG measured before and after washing, with
pure-PTFE and 0.5 mL Au-PTFE nanocomposite film, respectively. (d)–(f) The stability and durability test of the TENG’s output for 
3,000 cycles by water washing 4 times. (g) Digital photographs of 80 series connected green LEDs lit by the TENGs, of which TENG-1 
was based on the pure PTFE film and the TENG-2 was based on the Au-PTFE nanocomposite film. 
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diameter of Au-NPs is D, the distance between the 

two NPs is l, and the numbers of the nanocapacitors 

along the x, y and z axes, are i, j and k, respectively 

(Fig. 6(a4)). According to the model of plane-parallel 

capacitors, we can calculate the composite film’s 

capacitance as from Eq. (1) 

2

0 1
c 0 1

1 1

2

S D
C ij

d d kD d

 
     

         
     (1) 

WhereandS are vacuum permittivity, relative 

 

Figure 5 Charge injection principle of the Au-PTFE nanocomposite film by corona charging. E0 is the electric field of corona 
charging, E1 is the built-in field from the polarized PTFE molecules, E2 is the electric field of the Au-NPs under the action of E0 and E1.

 

Figure 6 Schematic diagram of the nanocapacitor structures in the PTFE film. (a1) The distribution characteristics of the nanocapacitor
structures, where the film thickness is d, and diameter of Au-NPs is D, (b1) same area as the electrodes, (c1) equivalent nanocapacitor,
(a2)–(c2) the two-dimensional simplified model, with the layer spacing of l, (a3)–(c3) three-dimensional view, and (a4) the calculated 
section view of the equivalent nanocapacitor structures. 
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permittivity and the whole film’s area (electrode 

surface), respectively. The first part is the sum of 

serial capacitances along the z axis within the area of 

the Au-NP, and the second part is the capacitance   

of the areas without Au-NPs along the z axis. As a 

comparison, the pure-PTFE film’s capacitance can be 

expressed as 

0 1
o

S
C

d

 
                (2) 

And subsequently  

( 1)k l d                 (3) 

Thus, it is clear that the composite film possesses 

larger capacitance. Therefore, under the same applied 

electric voltage, the composite film is likely to be able 

to store more charge [40]. However, with increasing 

concentration of Au-NPs, the average distance between 

two Au-NPs will decrease, leading to a higher electric 

field intensity and the possibility of breakdown of 

the local PTFE. Therefore, the film’s charge density 

will decrease, which matches the results presented here 

(Figs. 2 and 3). 

4 Conclusions 

In summary, we designed nanocapacitor-embedded- 

structure films for use as an electret by filling PTFE 

with Au-NPs. It was demonstrated that the output 

current increased by a factor of 1.7 and with an  

ESCD of 85 C/m2. Simultaneously, we explored the 

relationship between maximum ESCD and the volume 

of added Au-NPs and its related theory. It was possible 

to achieve high output electricity from TENGs by 

adjusting the volume of added Au-NPs. Moreover, 

this nanocomposite film possesses excellent stability 

and durability. This work not only describes a new 

strategy to enhance the output of TENGs, but also 

contributes to the development of the material science 

and the fundamental understanding of the charge 

injection principle. 
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