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Abstract 

  Nanogenerators with the capacitor structure based on piezoelectricity, 

pyroelectricity, triboelectricity and electrostatic induction have been extensively 

investigated. Although the electron flow on electrodes is well understood, the 

maximum efficiency-dependent structure design is not clearly known. In this paper, a 

clear understanding of triboelectric generators with capacitor structure is presented by 

the investigation of polydimethylsiloxane-based composite film nanogenerators, 

indicating that the generator factually acts as an energy storage and output device.  

Maximum energy storage and output depend on the maximum charge density on 

dielectric polymer surface, which is determined by the capacitance of the device. The 

effective thickness of polydimethylsiloxane can be greatly reduced by mixing a 

suitable amount of conductive nanoparticles into the polymer, through which the 

charge density on the polymer surface can be greatly increased. This finding can be 

applied to all the triboelectric nanogenerators with capacitor structure and provides an 

important guide to the structure design for nanogenerators. It is demonstrated that 

graphite particles with size of 20-40 nm and 3.0% mass mixed into the 

polydimethylsiloxane can reduce 34.68% of the effective thickness of the dielectric 

film and increase the surface charges by 111.27% on the dielectric film. The output 

power density of the triboelectric nanogenerator with the composite 

polydimethylsiloxane film is 3.7 W/m
2
, which is 2.6 times as much as that of the pure 

polydimethylsiloxane film.  
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1. Introduction 

  Nanogenerators (NGs) based on piezoelectricity,
1-5

 pyroelectricity,
6,7

 triboelectricity 

8-14
 and electrostatic induction

15,16
 have been extensively investigated and they have 

presented a rapid progress in structure design for actual applications. 

Polydimethylsiloxane (PDMS) as a polymer electret has advantages of being flexible, 

transparent, biocompatible, non-toxic and cost effective and has been extensively used 

for flexible nanogenerators,
17,18

 nanodevices
19

 and nanosensors.
20,21

 In addition, PDMS 

can be easily made into composite films by mixing nanoparticles or other 

nanostructures
22,23

 or patterned on the surface or inner.
24

 Nanocomposite piezoelectric 

generators based on PDMS with mixture of ZnO
22 

or BaTiO3
17,23

 have been reported, 

which reveals that the output power is improved when compared with that of the pure 

PDMS. Meanwhile, if PDMS is mixed with co-mixture of ZnO
 

and carbon 

nanotubes
25

 or BaTiO3 and graphite carbon,
26

 the generator achieves higher output 

power. As we know that the dielectricity of PDMS separator is very important for a 

nanogenerator with a capacitor structure, then, what is the role of the carbon 

nanostructures in the polymer? Recently, spongy structure PVDF and PDMS based 

NGs have been found to possess better output power compared with the flat film based 

NGs.
27,28

 S-W Kim et al. propose that a sponge structured film possesses a thinner 

thickness than a flat film, which increases the relative capacitance by the increase in the 

effective (ε/d) value.
28

 To find out how the effective ε/d value affects the output power 

of NGs and whether there is a relationship between the effective ε/d value and mixture 

of nanomaterials, we think it is necessary to investigate the role of a conductive 
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nanomaterial mixed into PDMS film in NG.  

  In this paper, we design and fabricate PDMS-based composite film nanogenerators 

(CFNG) by mixing PDMS with graphite particles (GPs). The output current, voltage 

and power are investigated systematically by mixing PDMS with a carbon material in 

different morphologies, particle sizes and contents, and by varying the CFNG structure 

in different film thicknesses and gaps between electrode and composite film, and under 

different measuring conditions. A clear understanding of triboelectric NG with the 

capacitor structure is presented, indicating that the generator factually acts as an 

energy storage and output device. The capacitance of the NG plays an important role in 

maximizing charge density on the polymer surface. Bigger ε/d value can achieve higher 

charge density on the polymer surface. The effective d value can be largely reduced by 

mixing PDMS with a suitable amount of conductive graphite nanoparticles with a little 

change of relative dielectric constant. This finding can be applied to all the triboelectric 

NGs with a capacitor structure and provides an important guide to the structure design 

for NGs. It is found that GPs with size of 20-30 nm and 3.0% ratio is the best to be 

mixed into PDMS, where the effective thickness d of the dielectric film can decrease 

34.68% and surface charges on the dielectric film can increase 111.27%. After 

optimizing the thickness of the composite film and the gap between electrode and the 

composite film in the CFNG, the output power of 1.48 mW (3.7 W/m
2
) is obtained, 

which can be used to light up 52 blue LEDs in series. The CFNG has good stability, 

durability and integratability. In addition, with the advantages of high output power and 

biocompatibility, the CFNG has wide application prospects in flexible sensors and 
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 5

biological devices field.  

2. Results and discussion 

  A schematic diagram of the fabrication process for PDMS mixed with GPs 

(PDMS@GPs) thin film and its composite film nanogenerator (CFNG) are shown in 

Fig. 1a. The fabrication process could be described as four steps, solution mixing → 

film forming → film cutting → CFNG preparation. More detailed steps can be found 

in the experimental section. The prepared composite film is cut into rectangles and 

assembled into the CFNG with Al foil electrodes and hardboard. Fig. 1b shows the 

digital photograph of PDMS@GPs thin film, which has excellent flexibility. The 

materials in the tubes in the inset A-E are pure PDMS, pure curing agent, GPs 

dispersed in alcohol, PDMS@GPs mixed in alcohol, curing agent@GPs dispersed in 

alcohol, respectively, indicating that after GPs are mixed into PDMS, the solution 

color changes from colorless to light black. The CFNG device has a sandwich-like 

structure in rectangular shape as is shown in Fig. 1c. The GPs are uniformly mixed 

into PDMS matrix and X-ray diffraction (XRD) patterns of PDMS@GPs thin film 

with different GP contents (0.0 g, 0.01 g, 0.05 g, 0.1 g) are shown in Fig. S1, which 

demonstrate a graphite structure (JCPDS No.75-2078) of GPs, and the intensity of the 

peaks increases with the increase in GP content.  

2.1. Influence of GPs mixed into PDMS on CFNG 

  The CFNG has a sandwich-like structure with the PDMS@GPs thin film in the 

middle as is shown in Fig. 1a. It can be regarded as a flat-panel capacitor with an 

external load of R (Fig. 2a). To compare the performance of the composite PDMS 
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 6

film with the pure PDMS film, the NGs using different conductive carbon composite 

films in the same film size (2×2 cm) and thickness are fabricated and measured. Fig. 

2b shows the output current of the NGs using the pure PDMS film and composite 

PDMS films mixed with the same weight (0.1 g) of graphite particles, graphenes and 

carbon fibers, from which we can see that the output current is greatly enhanced after 

the PDMS are mixed with conductive carbon materials. Among them, the PDMS 

mixed with graphite particles has best performance and its output current of 16.5 µA 

is about 4.5, 1.6 and 2.3 times as much as that of the pure PDMS film, the PDMS film 

mixed with graphenes and carbon fibers, respectively. Photographs of the pure PDMS 

film and PDMS films mixed with the same weight of graphite particles, graphenes 

and carbon fiber are shown in Fig. 2c, indicating that the graphite particles have best 

dispersibility in the PDMS film.  

To look into the influence of GP size, a comparative experiment is also carried out 

on the composite films mixed with the same GP weight of 0.08 g but different GP 

sizes (3-5 nm, 10-20 nm, 20-30 nm, 30-40 nm, 80-100 nm), and the results are shown 

in Fig. 2d. From FE-SEM images of the GPs with different sizes in Fig. 2e we can see 

that all the particles are irregular. The output current of the film with GP sizes ranging 

from 20 nm to 40 nm is the highest. Smaller size (≤5 nm) might cause agglomeration 

of GPs in the PDMS film, while bigger size (≥80 nm) might not reach a suitable 

distribution in the PDMS film. To confirm the influence of GP concentration of the 

PDMS film on the CFNG, the PDMS@GPs films with different GP weights from 0.0 

g to 1.0 g are fabricated. The output current of the CFNGs using composite films with 
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 7

different GP weights (Fig. 3a) and mass percentages (Fig. 3b) in the same film size (2 

cm × 2 cm) and thickness (0.45 mm) are measured at frequency of 2 Hz. The 

PDMS@GPs film with 0.1 g (3.0 wt%) GPs has maximum output current. The output 

current gradually increases from 3.0 µA to 10.6 µA when the GP content increases 

from 0.0 g to 0.1 g, however, it begins to decrease as the GP content is larger than 0.1 

g. To find out the change of the dielectric property, the conductivity of the 

PDMS@GPs films with GP content from 0.0 g to 1.0 g is measured under different 

working frequencies (Fig. 3c). The conductivity has little change when the GP content 

is less than 0.3 g, demonstrating that they keep dielectricity well in this range of GP 

content. The digital photographs of the PDMS@GPs film with GP content from 0.0 g 

to 1.0 g are shown in Fig. 3d, indicating that the color is getting dark as the GP 

content increases. The measured relative dielectric constants of the composite films 

are listed in Table 1, which matches the conductivity results.  

  The output voltage, current and power of the CFNG with 0.1 g GPs, film size of 

2×2 cm and thickness of 0.45 mm are measured with different external loads, as are 

shown in Fig. 4a. The output voltage achieves 286 V with a load resistance of 600 

MΩ. The short current is about 26.8 µA and the peak output power reaches 1.48 mW 

with a load resistance of 12 MΩ. Maximum output current and the partially enlarged 

view are shown in Fig. S2 and the CFNG can be used to light up at least 52 LEDs in 

series. Moreover, to prove its stability and durability, a test is carried out for 500 

cycles (Fig. 4b), which shows little change in the output current. The output voltage, 

current and power of the CFNGs with the same film size and thickness and different 
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GP contents are displayed in Fig. S3. The internal resistance and the output power of 

the devices versus different GP contents are plotted in Fig. 4c, which indicates that 

the resistance decreases from 64.9 MΩ to 2.98 MΩ with an increase in GP content 

from 0.0 g to 0.1 g, and then it keeps almost a constant from 0.1 g to 0.2 g. The 

output power increases with an increase in GP content from 0.0 g to 0.1 g, but 

decreases rapidly afterwards, which indicates that the output power is not only 

determined by internal resistance due to the fact that it is a constant in GP content of 

0.1-0.2 g. The open-circuit voltage of the CFNGs with different GP contents is shown 

in Fig. S4. 

2.2. Optimization of size and structure of CFNG 

  To get a maximum power density, the structure size of CFNG has been optimized. 

The output current of the CFNG using the PDMS@GPs film (0.1 g GPs) with 

different aspect ratios (1 cm×2 cm, 2 cm×2 cm, 2 cm×3 cm, 1 cm×3 cm) are 

compared (Fig. 5a and b), from which we can see that the size of 2 cm×2 cm (aspect 

ratio 1:1 ) has the largest current density (4.4 µA/cm
2
) due to the even pressure on the 

CFNG in this size. The output performance of the CFNG using the PDMS@GPs film 

with different thicknesses (0.15 mm, 0.30 mm, 0.45 mm, 0.60 mm, 0.75 mm) are 

measured (Fig. 5c and d). As can be seen that the output current is the largest with the 

film thickness of 0.45 mm. Compared the CFNG made by the PDMS@GPs film with 

the pure PDMS in thickness of 0.45 mm under the same conditions, the output current 

of the PDMS@GPs film device is about 7 times as large as that of the pure PDMS 

film device. Obviously, the PDMS mixed with 0.1 g GPs significantly improves the 
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 9

output performance of CFNG. To further optimize the CFNG structure, the gap (n) 

between the upper electrode and the composite film is selected to be varied (0.2 mm, 

0.5 mm, 0.8 mm) under different driving frequencies f =2.0, 2.5, 3.0, 3.5, 4.0 Hz. As 

is shown in Fig. 6a-d, the output current decreases with an increase in n and f, for the 

optimal working frequency of the CFNG is 2 Hz (Fig. S5) and the increase in n will 

result in the prolonged contacting/separating time of friction layers, which reduces the 

current according to the formula I = dQ/dt. However, too small gap n will block the 

separation of the friction layers. There should be a proper gap to achieve the best 

output performance of the CFNG.  

2.3. Working mechanism of CFNG 

  The fundamental working mechanism is similar to that of the triboelectric NG 

based on the triboelectric and electrostatic induction effects.
29-35

 A schematic diagram 

of the CFNG working mechanism is shown in Fig. S6a and b. The output current 

corresponding to the pressing and releasing processes is also shown in Fig. S6c.  

From the comparison of the performance of the PDMS@GPs film with the pure 

PDMS film in Fig. 2b, we can see that the output current is greatly enhanced by 

mixing the GPs into the PDMS film. To understand the role of GPs mixed in PDMS, 

we look into the structure of the CFNG. The CFNG can be regarded as a flat-panel 

capacitor with an external load of R as is shown in Fig. 7a, where εo, ε1, d and x 

represent the dielectric constant of the air, dielectric constant of the PDMS film, the 

thickness of the PDMS@GPs thin film and the thickness of the air layer, respectively. 

First, look at a NG made of pure PDMS film (Fig. 7a), as the negative charges on the 
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 10

PDMS surface from the interface friction keeps constant due to its electret nature, two 

flat-panel capacitors should be included. One fixed capacitor consists of the bottom 

electrode and the surface of the electret film separated by a dielectric PDMS film with 

capacitance of 
d

S
C 1

1

ε
=  (S represents the friction area of PDMS film), and the other 

capacitor consists of the upper electrode and the surface of the electret film separated 

by a dielectric air with capacitance of 
x

S
C 0

2

ε
=  , which will vary with the change in 

gap x. It is well known that a capacitor is a passive two-terminal electrical component 

used to store energy in an electric field. Capacitance of the capacitor is very important 

for the energy storage, which determines the maximum charge density on the surface 

of the electrodes. In our experiment, as the electric field is not electrostatic field, the 

charge densities on the upper and bottom electrodes are not constants, and charges 

transfer between them. But the charges on the surface of PDMS film cannot move. 

The capacitor structure affects directly the maximum charge density on the surface of 

PDMS film, indicating that the greater capacitance there is, the higher charge density 

might be obtained on it under same friction. To increase C1 we could reduce d value 

while keep ε1 unchanged. Reduction in the thickness of the pure PDMS film can only 

increase C1 to some extent. However, from the investigations above, the increased 

output performance by mixing GPs into PDMS might be a result of equivalent 

reduction in the thickness of the PDMS film with a little change of its dielectric 

property. C3 represents the capacitance of the PDMS mixed with GPs (Fig. 7b). From 

the conductivity measured in Fig. 3d and the relative dielectric constant in Table 1, we 

find that the relative dielectric constant has little change when the PDMS is mixed 
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 11

with less than 0.1 g GPs. The capacitance C3 is measured by two Al foil electrodes 

sandwiched with the PDMS film mixed with different GP contents as is shown in 

Table 1, from which we can see that C3 reaches maximum with the GP content of 0.1 

g. Too many GPs might cause the aggregation of them in the PDMS, which cannot 

provide a better enhancement of the capacitance. The maximum charge transfer 

quantity can be calculated from the current in a half cycle measured from the 

experiment which indicates the possible maximum charge quantity Q on the surface 

composite PDMS film. Then compared with the pure PDMS situation, Q/Q0 is 

obtained as is shown in Table 1. The ratio of the effective thickness d of the PDMS 

film with different GP contents to that of pure PDMS film d/d0 is calculated from the 

C/C0 and εr. We can see that the d is most reduced for the PDMS film with GP content 

of 0.1 g, which matches the maximum charge Q in the same condition. The effective 

thickness d of dielectric film can decrease 34.68% and surface charges on the 

dielectric film can increase 111.27% for the PDMS film with GP content of 0.1 g. 

  To prove how the d value is reduced by mixing GPs in the PDMS film, we give 

more detailed discussion and draw schematic diagrams in Fig. 7b and c. As the carbon 

nanoparticles are uniformly distributed in the PDMS, they can be simply divided into 

layers, as is shown in Fig. 7b. Each carbon particle layer acts as a conductive panel. 

According to electromagnetics, the capacitance of a flat-panel capacitor with an 

inserted conductive panel (Fig. 7c) is 
rd

S 
C

−
=
ε

, where r is the thickness of the 

conductive panel, indicating that the thickness d reduces to d−r. Based on this 

principle, the sum of the every conductive layer is δ=r1+r2+⋅⋅⋅ and the equivalent 
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 12

capacitance of the capacitor separated by the PDMS@GPs film should be 

δ

ε

−
=

d

S 
C 1

3 , proving the capacitance is greatly increased (Fig. 7d), which matches the 

enhanced output current due to the increase in charge density on the surface of the 

PDMS@GPs film suggested above. Though C2 is not a fixed capacitor, its maximum 

energy storage also depends on the charge density on the electret friction film. Higher 

charge density produces larger energy storage and output. Here, we have a clearer 

understanding of the triboelectric generator with the capacitor structure which acts as 

an energy storage and output device. The ratio of the dielectric constant to the 

thickness of the polymer film directly determines the maximum charge density on the 

surface of electret polymer film, which further determines the maximum energy 

storage and output. The periodic mechanical force applied works as a pump to input 

electrical energy into the capacitor and drives the stored energy to external circuit 

based on the electrostatic induction effect. As for the cause of better performance of 

the PDMS mixed with the GPs than those of the graphene sheets and carbon fibers, 

the graphene sheets and fibers cannot be uniformly distributed in the PDMS film due 

to their morphologies, which easily destroys the dielectric property of the PDMS, as is 

shown in Table S1. Therefore, the dielectric property of the PDMS mixed with the 

GPs with sphere-like shape, size of 20-40 nm, 3.0 wt% content and thickness of 0.45 

mm has a little change and presents a great enhancement of output power for the 

CFNG.  

  With an increase in the capacitance C3, the charge density on the surface of the 

PDMS@GPs film could be increased. Fig. 8a gives the output current of the CFNG 
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 13

sandwiched with the PDMS@GPs film, from which we can see that the current 

increases within initial 7.5 s and afterward reaches a constant. This result indicates 

that the charge generated on the PDMS surface increases by the rubbing process and 

then achieves a maximum due to the limitation of the capacitance C3. In order to 

calculate the charge density on the surface of the PDMS film, we calculate the area 

below a half cycle of the current plot (Fig. S6c). The maximum charge transfer 

quantity is QM =72.49 nC in a half cycle, from which we can decide the charge density 

on the surface of PDMS film to be 181.23 µC/m
2
. 

In order to demonstrate the integratability of the PDMS@GPs film, two CFNGs 

are fabricated and attached to the same hardboard. The output current of the two 

CFNGs (size: 1 cm × 2 cm) working in series and in parallel is given in Fig. 8b and 

the structure schematic diagram of the assembled two CFNGs (inset). The rectified 

output current of CFNG 1 and CFNG 2 with a small gap between the composite film 

and the electrodes is 5.22 µA and 4.15 µA (Fig. 8b) respectively at the oscillation 

frequency of 2 Hz. By connecting these two CFNGs in parallel, the output current 

increases to 9.23 µA, which is approximately the sum of the current of each CFNG. 

When these two CFNGs are connected in series, the current output is 4.13 µA which 

has little change compared with the current (4.15 µA) of the individual CFNG. The 

results demonstrate a good integratability, indicating that the CFNG has a significant 

potential to be assembled into right size and given output device. 

3. Experimental Section 

  Fabrication of PDMS@GPs Thin Films: Fig. 1a shows the schematic diagram of 
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 14

the process in fabricating the PDMS@GPs thin film and CFNG device. In this 

experiment, the PDMS solution (Sylgard 184, Dow Corning) contains the elastomer 

(PDMS) and the curing agent. To achieve PDMS composite film, first, graphite 

particles (Sigma–Aldrich) dispersed in alcohol were mixed into PDMS by mechanical 

blender for 15 min (Elastomer was mixed thoroughly with the curing agent in the 

weight ratio of 10:1).
36

 Secondly, the PDMS mixed with GPs was transferred to a 

cylindrical dish to form a thin film. Thirdly, the dish floating on the water in a beaker 

was put into a vacuum oven at 60 °C for 2.5 h. Then the PDMS@GPs thin films with 

different thicknesses (i.e. 0.15 mm, 0.30 mm, 0.45 mm, 0.60 mm, 0.75 mm) were 

made for comparative experiments. Finally, the composite film was assembled into a 

flexible CFNG device with Al foil electrodes and a piece of hardboard.  

  Fabrication of CFNGs: The CFNG has a sandwich structure with aluminum foil as 

the electrodes separated by the PDMS@GPs film. The bottom electrode was attached 

to the hardboard and the upper electrode was independent with a certain gap between 

the upper electrode and the surface of the composite film. Then, the device was placed 

in an oven at temperature of 60 °C to dry and the CFNG was fabricated after 5 min. 

The size of the gap was controlled by inserting the PET film with thickness of 0.1 mm 

in different numbers between the top electrode and the PDMS@GPs film (Fig. S7). 

  Characterization and Measurement of the CFNGs: The morphology and structure 

of the PDMS@GPs thin film was characterized by using a field emission scanning 

electron microscopy (Nova 400 Nano SEM). X-ray diffraction measurement (XRD) 

with Cu Ka radiation (wavelength is 1.5418 ˚A) at a 2 degree/min scanning speed was 
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used to study the crystal phase. The CFNG was driven by an Electric Oscillator 

(JZK-5) controlled by Function Signal Generator/Counter (NDY-EE1641D) and a 

Power Amplifier (YE5871A). The output signals of CFNG were put into a Stanford 

low-noise current Preamplifier (Model SR570) to filter noise signals, and then were 

collected and analyzed by the Data Acquisition Card (NI PCI-6259) on the Desktop 

PC (Fig. S8). The conductivity, relative dielectric constant and capacitance of the 

PDMS film were characterized by the Broadband Dielectric Spectrometer (Germany 

NOVOCONTROL Concept 40). 

4. Conclusion 

  In summary, the PDMS-based composite film nanogenerators (CFNG) by mixing 

PDMS with graphite particles (GPs) have been fabricated. Their output current, voltage 

and power are investigated systematically by mixing GPs in different particle sizes and 

contents, and by varying the CFNG structure with different film thicknesses and gaps 

between the electrode and composite film, under different conditions. The most 

significant finding in this work is that the working mechanism of CFNG is proposed in 

details and a clearer understanding of triboelectric generator with capacitor structure is 

presented. The findings suggest the generator both act as an energy storage and energy 

output device. The ratio of the dielectric constant to thickness (ε/d) of the polymer film 

directly decides the maximum charge density on the surface of the electret polymer 

film, and further determines the maximum energy storage and output. The periodic 

mechanical force applied works as a pump to put electrical energy into the capacitor 

and to drive the stored energy to external circuit based on the electrostatic induction 
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effect. Bigger ε/d value achieves higher charge density on the polymer surface and 

contributes to a larger output power of the CFNG. The effective d value can be largely 

reduced by mixing PDMS with a suitable amount of conductive carbon nanoparticles 

with a little change of its dielectric property. This finding can be applied to all the 

triboelectric NGs with capacitor structure and provide an important guide to the 

structure design for NGs. The GPs with size of 20-40 nm and 3.0% mass percentage 

mixed into the PDMS can reduce 34.68% of the effective thickness of dielectric film 

and increase 111.27% of the surface charges on the dielectric film. The output power 

of the CFNG is 1.48 mW (3.7 W/m
2
) has been obtained and used to light up at least 52 

blue LEDs in series. The CFNG has good time stability, durability and integratability. 

With advantages of high output power and biocompatible properties, the CFNG has 

wide application prospects in flexible sensors and biological devices field.  
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Table 1. The measured relative dielectric constant (ɛr) of the PDMS@GPs films, the 

measured capacitance C3, calculated charge change (Q/Q0) from the output voltage 

and effective thickness change (d/d0) calculated by the capacitance change (C/C0) of 

the CFNG with different GP contents. 

GPs (g) 0.000 0.005 0.010 0.030 0.050 0.080 0.100 0.200 0.300 1.000 

ɛr 3.000 2.999 2.995 2.989 2.987 2.980 2.973 2.629 2.162 0.637 

C3 (pF) 23.11 -- 25.73 -- 30.22 33.63 35.85 26.81 22.01 -- 

Q/Q0 1.000 -- 1.272 -- 1.656 1.906 2.113 1.387 0.975 -- 

d/d0 1.000 -- 0.917 -- 0.778 0.698 0.653 0.772 0.775 -- 
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Fig. 1. (a) Schematic diagram of process for fabricating the PDMS@GPs thin film and CFNG. (b) 

The digital photograph of the flexible PDMS@GPs thin film. The materials in centrifuge tubes in 

the inset from A to E are pure PDMS, pure curing agent, GPs dispersed in alcohol, PDMS@GPs 

mixed in alcohol, curing agent@GPs dispersed in alcohol, respectively. (c) The digital photograph 

of the CFNG device.  
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Fig. 2. The schematic diagram of CFNG’s cross section (a). The out put current (b) and 

photographs (c) of the CFNG using the pure PDMS film (Pure P), and PDMS film mixed with 

graphite particles (P+GPs), graphenes (P+G) and carbon fibers (P+CFs). The output current (d) 

and FE-SEM images (e) of the CFNG using the composite film with different sizes of GP.  
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Fig. 3. The output current of CFNGs using the composite film with different GP weights (a) and 

mass percentages (b) in the same film size (2 cm × 2 cm) and thickness (0.45 mm), measured at 

the frequency of 2 Hz. The conductivities (c) and digital photographs (d) of the PDMS@GPs film 

with GP content from 0.0 g to 1.0 g. 
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Fig. 4. (a) The maximum output voltage, current and power under different external loads. (b) The 

stability and durability test of CFNG under 500 cycles. (c) The plots of the internal resistance and 

the output power of the devices versus different GP contents in PDMS film.  
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Fig. 5. The output current (a) and current density (b) of the CFNG using the PDMS@GPs film 

(0.1 g GPs) with different aspect ratios (a-b) and with different thicknesses (c-d).  
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Fig. 6. The CFNG with different gaps (n) between the upper electrode and the composite film, 0.2 

mm (a), 0.5 mm (b), 0.8 mm (c) under different driving frequencies f =2.0, 2.5, 3.0, 3.5, 4.0 Hz. 

The plots of the output current versus the gap under different driving frequencies (d). 
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Fig. 7. The schematic diagram of CFNG’s cross section and its capacitor structure separated by 

pure PDMS film (a) and PDMS@GPs thin film (b). A capacitor with conductive panel (thickness r) 

inserted in the dielectric film (c) and the equivalent capacitance of the CFNG separated by 

PDMS@GPs thin film (d). 
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Fig. 8. (a) The output current of the CFNG sandwiched with the PDMS@GPs film working in 

initial 7.5 s. (b) Current output measured from CFNG 1 and 2 (the same size: 2 cm × 1cm) when 

they are connected in series and in parallel after rectified at the applied oscillation frequency of 2 

Hz , the inset is the assembly method diagram. 
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