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Such demand brings about environ-
mental anxieties, and thus, environmen-
tally friendly materials[12] are preferred 
for future development of TENGs. Efforts 
have been made to utilize biodegradable 
materials such as nanocellulose[13–15] and 
dissolved cellulose.[16]

Cellulose is generally considered to 
have a low triboelectric effect[15] because 
of its low charge affinity. Therefore, a 
few studies[14,15,17,18] have been carried out 
using cellulose materials as tribolayers. 
However, a recent study[19] has indicated 
that cellulose acetate has a higher tribo-
electric effect than polytetrafluoroethylene 
(PTFE). This finding implies the great 
potential of cellulose-based materials[20] for 
use in environmentally friendly TENGs[21] 

with performances close to those using fluoropolymers.
Reports on green TENGs using environmentally friendly 

materials have been presented.[12,22] However, a green TENG 
should consider not only the tribolayers[13–16,23] but also the back 
electrodes. The back electrodes are commonly metals such as 
gold,[24,25] copper,[26–29] or aluminum.[30–32] These metal elec-
trodes are usually sputtered on the tribolayers, which limits 
their applications in large-scale production. Alternatives to 
metals include carbon materials, such as graphene,[22,23,33] that 
are more environmentally friendly.

Triboelectric nanogenerators (TENGs) have attracted increasing attention 
because of their excellent energy conversion efficiency, the diverse choice 
of materials, and their broad applications in energy harvesting devices and 
self-powered sensors. New materials have been explored, including green 
materials, but their performances have not yet reached the level of that for 
fluoropolymers. Here, a high-performance, fully green TENG (FG-TENG) 
using cellulose-based tribolayers is reported. It is shown that the FG-TENG 
has an output power density of above 300 W m−2, which is a new record 
for green-material-based TENGs. The high performance of the FG-TENG 
is due to the high positive charge density of the regenerated cellulose. The 
FG-TENG is stable after more than 30 000 cycles of operations in humidity 
of 30%–84%. This work demonstrates that high-performance TENGs can be 
made using natural green materials for a broad range of applications.

Triboelectric nanogenerators (TENGs) have demonstrated 
promising applications in energy harvesting from different 
recourses such as mechanical vibrations,[1] water-droplet,[2] 
wind,[3] sound,[4] and even ultrasound.[5] The basic mechanism 
behind TENGs is the triboelectrification[6] of two tribolayers 
with different charge polarities.[7] Such an essential mechanism 
implies that the energy output of TENGs is based on the tribo-
electric effects[8] and the structure of the contact area[9] of the 
tribolayers. Therefore, large-area triboelectric materials are in 
high demand to produce massive energy using TENGs.[10,11] 
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Here, we report a fully green TENG (FG-TENG) using 
cellulose-based material such as regenerated cellulose (R-cellulose) 
and commercial cellophane as tribolayers and graphite foils as elec-
trodes. The power density of the FG-TENG is 307 W m−2, which is 
in the same order of fluoropolymer-based TENGs.[34,35] With such 
a high power density, a 40 cm2 FG-TENG can be used for continu-
ously powering an emergency indicator and commercial decora-
tion light-emitting diode (LED) lamps. This work demonstrates 
that a high-output TENG can be made with only green materials, 
which will be a new strategy for future research and development.

The R-cellulose was produced in our laboratory using an 
environmentally friendly method.[36–38] A 20  µm thick flexible 
and transparent film (Figure  1a) with a density of 1.4  g cm−3 
was made from dissolved cellulose. The surface of the film was 
characterized by scanning electron microscopy (SEM) in sec-
ondary electron (SE) mode (Figure  1a). Cross-sectional image 
of the R-cellulose film is given in Figure S1 (Supporting Infor-
mation). The Fourier transform infrared spectroscopy (FTIR) 
spectra of the film is given in Figure  1b, showing bands at  
896 (COC), 1016 (COH), 1157 (CC), 1200 (COH, 
CCH), 1315 (CH), 1365 (CH), 1420 (CH), 1636 (adsorbed 
water), 2890 (CH) and 3337 (OH) cm−1 that correspond to 
the chemical structure of cellulose.

The mechanical properties of the R-cellulose were also 
measured, and the results indicate that the 20  µm thick film 

is very strong with an elastic modulus of 7.8 GPa, a stiffness of  
73.4 N mm−1 and a specific stress (Figure S2, Supporting 
Information) of 80.2  kN m kg−1. Such mechanical strength 
of the film is among the highest for polymers.[39] With such 
great mechanical stability, the R-cellulose film can withstand 
mechanical friction when used as a tribolayer in TENGs.

The X-ray photoelectron spectroscopy (XPS) spectra of the 
R-cellulose film are given in Figure  1c. Residual-XPS-peaks of 
N1s, Ca2p, S2s, and S2p were detected in the film, which were 
from the material processing procedures. Figure 1d shows the 
C1s XPS spectra of the R-cellulose, showing OCO, CC, and 
CO bands of cellulose.

The triboelectric charge densities (TECDs) of the R-cellulose 
and cellophane were measured using a recently reported 
method.[19] The TECD for R-cellulose is +10.05 µC m−2 
(Figure  1e), which is very positive and three times that of 
oil-resistant Buna-N rubber (2.95 µC m−2). The TECD for cel-
lophane is 0.17 µC m−2 (Figure 1f). Figure 1g shows the tribo-
electric order of R-cellulose, cellophane and other commonly 
used triboelectric materials. The results indicate that the TECD 
of R-cellulose is almost 60 times that of cellophane, suggesting 
a high triboelectrification between these two materials and thus 
a good pair of materials for fabricating a TENG.

To fabricate an FG-TENG, both R-cellulose and cellophane 
were adhered onto graphite foils. Figure 2a shows a schematic 

Figure 1.  Characterization of R-cellulose and cellophane films. a) An SEM image and a photograph of a 20 µm R-cellulose film showing the surface mor-
phology and transparency; scale bar in the SEM image: 2 µm. b) FTIR spectra of the R-cellulose film. c) XPS spectra of the R-cellulose film. d) C1s XPS spectra 
of R-cellulose showing the bands of OCO, CC, and CO typical for cellulose. e) Measured signal in the TECD experiment on R-cellulose. f) Measured 
signal in the TECD experiment on cellophane. g) Quantified triboelectric series, showing R-cellulose, cellophane, oil-resistant Buna-N rubber, nylon 6, 
polypropylene (PP), low-density polyethylene (LDPE), polyethylene (PE), polyester (PET), Kapton, polystyrene (PS), and poly(tetrafluoroethylene) (PTFE).
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drawing of the structure of the TENG, and a photograph is 
shown in Figure  2b. As mentioned above, R-cellulose has a 
higher positive charge density than cellophane. Therefore, 
electrons transfer from the R-cellulose to the cellophane.

Electrical measurements show that the FG-TENG oper-
ated manually in the contact-separation mode has an open-
circuit voltage of up to 300 V and a short-circuit current of up 
to 2.6 mA (Figure 2c,d). The results of the voltage and current 
changes with different loads connected to the FG-TENG cir-
cuit are given in Figure  2e. The output power density of the 
FG-TENG (5 × 5 cm2) is shown in Figure 2f, indicating a den-
sity of 307 W m−2 at a load resistance of 5 MΩ. The high output 
of the FG-TENG can be used to light commercial decoration 
lamps with 100 LEDs (Figure  2h). The experiment here was 
done manually by hands.

Another experiment (Figure S3, Supporting Information) of 
a 3 × 3 cm2 FG-TENG was performed on a linear motor, giving 
a power density of 98 W m−2 at a contact speed of 1 m s−1. The 
current and power density at different contact speeds are given 
in Figure S4 (Supporting Information).

To quantitatively measure the energy output, we connected 
a capacitor (0.47 µF) to the FG-TENG circuit to measure the 
actual charges stored at different contact-separation frequen-
cies. The results indicate that the FG-TENG can generate  

68 µJ in 10 s at a frequency of 5  Hz. Moreover, we used the 
FG-TENG to charge three capacitors with different capacitances 
(Figure  2g). At a contact-separation frequency of 7  Hz, a  
0.047 µF capacitor can be charged to 21  V in 2 s, while this 
value is 19 V in 2.5 s for a 0.1 µF capacitor and 17 V in 10 s for a  
0.47 µF capacitor. Figure S5 (Supporting Information) shows the 
results of charging a 0.47 µF capacitor at different frequencies.

In order to study the output of the FG-TENG at high load 
resistance, we charged a 0.47 µF capacitor using the FG-TENG 
where a 1 GΩ resistor is serially connected (Figure S6, Sup-
porting Information). Results show that the capacitor can be 
charged to 0.8  V after 70 contact-separation cycles, giving a 
total stored energy of 0.16 µJ. We have also serially connected  
28 LEDs to the resistor and then to the FG-TENG through a 
rectifier. The results (Figure S6 and Video S1, Supporting 
Information) show that the LEDs can be easily lighted by the  
FG-TENG, indicating the high performance of the FG-TENG.

We have also studied the FG-TENG performed on a sliding 
mode. Results (Figure S7, Supporting Information) show that 
the maximum open circuit voltage was around 350 V, and the 
short circuit voltage was 967 µA. Power output of the sliding 
mode has a maximum value of 2.1 mW at a load of 1 MΩ.

In addition to the high performance, the stability of the 
FG-TENG was also studied in our experiments. The stability 

Figure 2.  FG-TENG. a) Schematic drawing of the construction of the FG-TENG. b) Photograph of the fabricated FG-TENG. c) Open-circuit voltage 
measured on the FG-TENG. d) Short-circuit current measured on the FG-TENG. e) Current and voltage measured at different load resistances from  
20 kΩ to 200 MΩ. The insert shows the current with a logarithmic axis. f) Output power density of the FG-TENG at different loads. g) Potential changes 
of different capacitors charged by the FG-TENG. h) Photograph of a window decoration lamp curtain lighted by the FG-TENG. The FG-TENG was 
operated manually by hands for the results presented in this figure.
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Figure 3.  Stability and applications of the FG-TENG. a) Photograph of the test system including the chamber, linear motor, and FG-TENG. b) Change 
in the short-circuit signal at humidity of 30%–84%. c) Measured short-circuit current, corresponding to the points in (b). d) Short-circuit current of the 
FG-TENG under 30 900 operational cycles at a frequency of 18 Hz. The insert shows the shape of the signals. The FG-TENG was operated by a linear 
motor for the results presented in (b–d). e) Photograph of the components of the FG-TENG. f) Circuit for lighting an emergency “EXIT” indicator 
using the FG-TENG. g,h) Two photographs showing the “EXIT” sign lit up under flashing mode. i) Voltage measured on the capacitors when charging 
with the FG-TENG. j) Photograph showing the “EXIT” sign lit up under continuous mode. k) Photograph of an arrow shape indicator powered by the 
FG-TENG at full illumination. l) Photograph of the arrow shape indicator powered by the FG-TENG in the dark.
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of the FG-TENG was tested with a linear motor mounted 
in a chamber (Figure  3a). First, we tested the stability of the 
FG-TENG at different humidity, and the results indicate that it is 
not sensitive to humidity from 30% to 84% as tested. The signal 
change of the short-circuit current is less than 5% (Figure 3b,c). 
The reason for this phenomenon is the high density of the R-cel-
lulose film, which will be discussed below. Second, we tested the 
stability of the output (Figure 3d), and the results clearly show 
that no obvious output decrease occurs after 30 900 cycles.

To demonstrate the application of the FG-TENG in practice, 
the circuit of the device was redesigned (Figure 3e,f) to power 
an emergency “EXIT” indicator. Two parallel connected capac-
itors (0.1 µF) were connected to the circuit, and a switch was 
added after the capacitors. This design allows the system to 
show different signals in either a flashing mode or a continuous 
mode. If the switch is open, then “EXIT” will flash (Figure 3g,h) 
because of the pulse current from the FG-TENG. If the switch is 
closed, then the output from the FG-TENG will first charge the 
capacitors (Figure 3i) and then light the “EXIT” sign (Figure 3j). 
With this circuit, the “EXIT” sign can be lit up at a contact-sep-
aration frequency of 1  Hz. Videos of the two modes are given 
in Videos S2 and S3 (Supporting Information). In another 
scenario, an arrow indicator being held by a person was lit up 
(Figure  3k,l) by the FG-TENG. Such indicators can be used in 
cases where normal illumination is absent. Videos of the two 
modes are given in Videos S4 and S5 (Supporting Information).

Our findings here have shown that R-cellulose has a high 
triboelectric effect, which challenges the common belief 
that cellulose materials are not good triboelectric materials. 
Commonly used microfibrillated cellulose (MFC) or cellulose 
nanofibrils (CNF) films are porous materials because they 
are based on fibers, which means that space exists between 

the fibers that allows water molecules to enter and bind to 
the fibers. Typically the density of CNF films is in the range 
of 1.2–1.3 g cm−3.[40,41] Moreover, to obtain CNF, a charging up 
of the cellulose raw material by introduction of carboxylate 
groups onto the cellulose internal fibrillar surfaces to be able 
to disperse the nanofibers and to avoid aggregation is neces-
sary.[42] Thereby the CNF films will adsorb moisture/water 
more strongly than underivatized cellulose.[36,43,44] The binding 
of water significantly reduces the triboelectric effect,[45] which 
suggests why the measured triboelectric effects of fibrillated 
cellulose and paper in most studies are relatively weak. In our 
experiment, cellulose films were formed from dissolved cellu-
lose polymers that are molecules, not fibers, resulting in films 
with densities of 1.4 g cm−3, which is close to the nominal value 
of pure cellulose: 1.5  g cm−3. Such a high density indicates 
that the R-cellulose films are not porous. Dense films inhibit 
the diffusion and binding of water to the cellulose polymers 
in the films (Figure  4a), leading to a high triboelectric effect. 
Figure 4b,c shows a schematic illustration of an electron poten-
tial well model of the difference between our R-cellulose and 
cellulose fibers. The states of bonding electrons in R-cellulose 
and cellulose fibers are similar since the chemical structures 
are the same (Figure  4b,c). When R-cellulose gets in contact 
with cellophane, the energy barrier decreases and lets elec-
trons transfer from R-cellulose to cellophane (Figure  4b). For 
the case of cellulose fibers/fibrils, the adsorbed water molecules 
act as barrier (Figure  4c) and block the transfer of electrons. 
Therefore, the triboelectric effects of porous cellulose fiber or 
fibril-based films are weaker than R-cellulose and cellulose ace-
tate films that can be made denser.[19]

To verify the suggested mechanism, we have measured the 
output current of a TENG using CNF as a tribolayer. Figure S8 

Figure 4.  a) Schematic drawing showing the difference of water diffusion in the cellulose fiber-based film and the R-cellulose film. b,c) Electron-
potential-well model of the triboelectrification of R-cellulose film and cellulose fiber-based film. b) the triboelectrification of R-cellulose before and in 
contact with cellophane. c) The triboelectrification of cellulose fiber-based film before and in contact with cellophane.
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(Supporting Information) shows that the current decreased over 
32% when humidity increased from 48% to 62%. The results 
suggest that moisture can easily diffuse and adsorb to the CNF 
and creates a barrier on the CNF to block the transfer of elec-
trons. Such a result supported our suggested mechanism above.

It has been observed that piezoelectric effects from cellulosic 
materials can be attributed if the crystalline regions are prop-
erly oriented (anisotropic structures) by application of different 
external, directional force fields, e.g., direct current electrical fields 
and/or mechanical alignment by shear etc., when consolidating 
the films.[46–48] Actually, this could also contribute to the genera-
tion of high output currents. However, in the present case no such 
force field have been applied when preparing the R-cellulose, 
which for that reason is considered isotropically oriented with 
low strainability. Therefore, the electrical signals measured in our 
experiment are due to the triboelectric effect of the R-cellulose.

To further evaluate the performance of the FG-TENG, we 
compared the performance of the FG-TENG with those of 
other TENGs, using either metal electrodes or noncellulose tri-
bolayers (Figure 5). We first evaluated the impact of the elec-
trode by comparing the graphite electrode and copper electrode 
(Figure 5a). The results demonstrate that both the open-circuit 
voltage (Figure 5b) and short-circuit current (Figure 5c) of the 
FG-TENG are higher than those of the TENG that uses copper 
electrodes. The maximum output power of the FG-TENG is 
35% higher than that of the TENG using copper electrodes. 
This finding clearly shows that graphite foil has great potential 
for replacing metal electrodes in TENGs.

We also compared the FG-TENG with two other TENGs, 
using copper and PTFE as tribolayers instead of cellophane 
(Figure  5d). The maximum current (Figure  5e) measured in 
the tests for the three TENGs are 17, 50.1, and 66.5 µA, and the 
maximum voltages are 47, 383, and 736 V, (Figure 5f). A simple 

estimation of the maximum output power using P = UI indi-
cates that the output of the FG-TENG using cellophane as a tri-
bolayer is 24 times that of the TENG using a copper tribolayer, 
and ≈40% that of the TENG using PTFE as a tribolayer. These 
results also indicate that the FG-TENG has an output on the 
same order of magnitude as was obtained with fluoropolymers.

The maximum output power density of the FG-TENG is  
307 W m−2, which is in the same order as of fluoropolymer 
based TENGs.[34,35] Such findings will have great impact on 
the selection of materials in future TENG studies. With fur-
ther doping or functionalization of the R-cellulose polymers, 
even higher performance could be achieved. The reason for the 
expected higher output based on doped or functionalized cel-
lulose materials is that cellulose polymers can be easily modi-
fied with either electron donating and accepting functional 
groups.[15] Such modifications allow us to produce cellulose 
films with either high positive or high negative charge affinities. 
Our study shows evidence that this concept would work because 
the cellophane used in our experiment is also a kind of regener-
ated cellulose material. The results indicate that the output of 
the FG-TENG is high despite the TECD difference between the 
R-cellulose and cellophane not being very significant. Therefore, 
a high possibility exists to make another type of FG-TENG using 
cellulose-based films with larger TECD differences. Another 
report by Wang’s group has indicated that cellulose acetate has a 
high negative charge affinity that is even stronger than PTFE.[19] 
These results demonstrate the great potential of cellulose mate-
rials in TENG and will have great impact on future studies.

In summary, we have developed a high-output FG-TENG 
using only cellulose-based materials as tribolayers and graphite 
foils as electrodes. Such an FG-TENG has shown excellent 
performance when operated in the contact-separation mode, 
and the output from the FG-TENG in the same order of 

Figure 5.  Evaluation of the FG-TENG. a) Schematic drawing of an evaluation that compares the graphite electrodes as used in the FG-TENG and 
copper electrodes. b) Voltage measured on the two TENGs using graphite or copper electrodes. c) Current measured on the two TENGs using graphite 
or copper electrodes. d) Schematic drawing of an evaluation in which copper, cellophane, and PTFE were used as tribolayers to generate electricity 
with R-cellulose. e) Current measured on the TENGs using different tribolayers. f) Voltage measured on the TENGs using different tribolayers. The 
FG-TENG was operated manually for the results presented in this figure. The current signal was measured on a PXI-4132 source measurement unit.
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fluoropolymer based TENGs. The study presented here pro-
vides a new concept for TENG construction using only green 
materials. This concept could lead to the development of a new 
generation of high-performance green TENGs for energy har-
vesting and self-powered sensing.

Experimental Section
Materials: The cellulose used for dissolution/regeneration was 

a commercial dissolving pulp from Domsjö Fabriker Aditya Birla 
(Örnsköldsvik, Sweden). The average molecular weight (Mw) was 
3.2 × 105 g mol−1, and the polydispersity index was 10.3.

Urea (≥99.5%) was purchased from Sigma-Aldrich, LiOH·H2O 
(56.5%) from Alfa Aesar and ethanol (≥99.8%) from VWR Chemicals.

The cellulose was dissolved according to the reported method.[36,37] 
R-cellulose films were prepared by casting the solution onto glass plates 
(with a thickness corresponding to the desired thickness in the dry state) 
and immersed into an ethanol regeneration bath for 2 h. The films were 
placed in a Milli-Q water bath to wash away the LiOH and urea, and the 
water was changed daily until pH 7 was reached. The films were dried at 
room temperature for ≈8 h; to avoid shrinkage, each film was placed on 
a plastic plate, and all film edges were taped. The taped edges were cut 
away after drying.

The cellophane film was purchased from Materialbutiken (Sweden). 
The graphite foil (F02012TH) was purchased from SGL Group 
(Germany).

Characterization: SEM imaging of the R-cellulose film was performed 
on a TESCAN MAIA3 electron microscope in SE mode. The FTIR 
spectrum of the film was obtained on a Nicolet 6700 spectrometer 
(Thermo Scientific). Mechanical testing of the film was performed on 
an MTS/4MC using a preload of 0.1 N. The test span used was 3  cm, 
and the sample width was 1  cm. TECD measurement was performed 
according to a previously reported method.[19]

Assembly of the FG-TENG: To assemble the FG-TENG, the R-cellulose 
and cellophane films were glued (ethyl cyanoacrylate) on graphite foils. 
The TENG shown in Figure 5a using copper electrodes was assembled 
by attaching R-cellulose and cellophane films onto two pieces of copper 
tape. The TENG shown in Figure  5d using PTFE as a tribolayer was 
simply assembled by attaching the PTFE film onto graphite foil using a 
cyanoacrylate glue.

Electrical Measurements: Electrical signals were measured with a PXI-
4071 digital multimeter. The current signals in Figure 5 were measured 
with a PXI-4132 source measurement unit.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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