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Abstract. In this study, nitrocellulose - polymethyl methacrylate (NC/PMMA) blend film as a
positive triboelectric material for triboelectric nanogenerator (TENG) with controlled flexibility
was successfully synthesized by varying the PMMA content in the polymer blend. The combination
of NC and PMMA reduced the limitations of the individual component materials with improved
mechanical properties such as tensile strength, elastic modulus and elongation at breaking point.
The TENG fabricated from NC/PMMA as a positive friction layer paired with fluorinated ethylene
propylene (FEP) or polytetrafluoroethylene (PTFE) as a negative friction layer demonstrates a
high peak to peak voltage output of 234 V at low frequency and with an actuation force of 10 N. The
open circuit triboelectric voltage value maintains 91% durability after 26200 click-release cycles.
This work provides a potential approach to simultaneously improve the electrical and mechanical
properties of triboelectric materials, promoting the possibility of practical applications of TENG.
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1. Introduction

The rapid development of modern technology and the emergence of a series of smart de-
vices in recent years have created an urgent need to develop independent, efficient, sustainable
and highly flexible power sources. Triboelectric nanogenerators firstly invented in 2012 created
a breakthrough in energy conversion and utilization technology and are considered potential can-
didates to replace conventional energy sources owing to theirs outstanding properties, including
simple and flexible structural design, high output performance, low cost and abundant materi-
als [1–3]. TENGs are mainly based on the Maxwell’s displacement current, which can gener-
ate electrical energy by converting mechanical energy from the surrounding environment such as
human motions, wind or water energies into electrical signals [4–7]. As a new mechanical en-
ergy harvesting system, TENGs have demonstrated great application potential in various fields
of biomedical monitoring [8, 9], robot manufacturing, smart electronic devices, etc. [10, 11]. In
addition, TENGs also demonstrate a superiority in manufacturing integrated power sources in
self-powered active sensors and systems [12–14].

The working principle of TENG is based on the combination of the triboelectric effect
and electrostatic induction. In TENG devices there must be at least two materials with differ-
ent tribopolarities in the triboelectric series to generate electrical energy [15–17]. The pairs of
contact materials used in TENGs commonly includes a positive triboelectric material and a neg-
ative triboelectric material, which are mounted on conductive substrates like Cu, Al, etc. The
most commonly used positive materials for TENG are usually metal films of Cu, Al, Ag, and
Au or polyamide (PA) [3]; while negative materials are usually polymers of polyvinylidene flu-
oride (PVDF), poly-dimethylsiloxane (PDMS) and polytetrafluoroethylene (PTFE) [18–20]. By
combining suitable pairs of materials, the output performance of TENG is clearly enhanced.

Up to date, most of the materials used in TENGs are synthetic polymers due to their high
mechanical and tribo-electric properties. However, the non-biodegradability and non-renewability
limit their practical applications of TENGs [21, 22]. On the other hand, cellulose-based materi-
als, especially nitrocellulose with biocompatibility and environmental friendliness, have attracted
a great attention to fabricate components for TENGs in the recent years [23]. Nitrocellulose (NC)
is an energetic polymer possessing unique properties such as high mechanical strength, excellent
film-forming ability, etc., which has been used in a variety of fields, including medicine, coatings,
electronics, biosensors, microelectronics and microfluidic devices [24–26]. Recently, NC-based
materials have also been used to fabricate self-powered sensors [27]. Similar to NC, PMMA was
used in TENGs as a positive friction material. The excellent triboelectric and high mechanical
properties make PMMA an interesting material for TENGs [28]. However, sole PMMA is rela-
tively brittle and inelastic. PMMA manufactured for contact-separation TENG will not have high
durability. Therefore, combining NC with PMMA may be a solution to improve the lifespan of
TENG devices, especially when operating in high humidity environments.

In this study, we combined NC and PMMA to create a NC/PMMA blend film for applica-
tion as an electropositive friction electrode for TENGs. The influence of the NC/PMMA ratio on
the mechanical and triboelectric properties of TENG has been studied to provide an optimal manu-
facturing plan in terms of mechanical strength while still maintaining good tribological properties.
Finally, a contact-separate TENG structure consisting of NC/PMMA positive friction electrode
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and fluorinated ethylene propylene (FEP) negative friction electrode achieves a high open-circuit
peak-to-peak voltage value of 234 V.

2. Experiment

2.1. Materials
Commercial PMMA plastic pellets (ACRYPET-VH001) are obtained from Mitsubishi, Tokyo,

Japan. WALSRODER™ Nitrocellulose FW 620 Isopropanol 35 % SD with high viscosity is or-
dered from DOW (USA). N,N-Dimethylformamide (DMF) is provided by Sigma Aldrich. Com-
mercial polytetrafluoroethylene (PTFE) and fluorinated ethylene propylene (FEP) laminates with
0.05 mm thickness are purchased from Sigma Aldrich. Pure copper sheet (0.1 mm thickness) made
in Vietnam. Two-component silver-graphene epoxy is produced by the Graphene Supermaket.

2.2. Fabrication of NC/PMMA polymer blend
The synthetic schematic illustration of NC/PMMA blend film is shown in Fig. 1. PMMA

pellets and NC cottons were separately dissolved in DMF by stirring at 60̊C for 2 hours to obtain a
homogeneous clear solution with a concentration of 0.3 %. Then, NC solution with various weight
ratios of 0, 20, 50, 80 and 100 % was mixed into PMMA solution and continually stirred for 1
hour. The resulting solution was casted into a 10 x 10 cm2 silica mold and dried in a vacuum
oven at 60̊C for 24 hours to obtain NC/PMMA film material. The NC/PMMA film was peeled off
from the silica mold after completely dried. The thickness of the NC/PMMA film was controlled
∼200 µm.

Fig. 1. Illustration of synthetic process of NC/PMMA blend.

2.3. Fabrication of nanogenerator
In this study, a TENG was fabricated by using a two-electrode vertical contact – separation

mode. First, two Cu substrates were cut into a square of 10 cm × 10 cm. Next, the fabricated
composite film was bonded to a Cu substrate as the positive triboelectric layer by using silver-
graphene epoxy, while the FEP (or PTFE) layer was similarly bonded to another Cu substrate as
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the negative triboelectric layer (Fig. 2). The obtained TENG devices were applied with an impact
force of the same magnitude of 10 N with varying frequency. And the TENG test system is shown
in Fig. 7b.

Fig. 2. TENG contact – separation structure of NC/PMMA with PTFE or FEP.

2.4. Characterization
FTIR spectra were recorded using a Nicolet 6700 FT-IR spectrometer in the wavenumber

range of 4000–400 cm-1.
The mechanical properties of the NC/PMMA blend including tensile strength, elongation

at break and elastic modulus are determined on the ZWICK Z2.5 multifunction mechanical mea-
suring device at room temperature with a crosshead speed of 50 mm/min according to the ASTM
D638 standards.

Performance of the NC/PMMA-based TENGs was characterized based on open-circuit
voltages by the Lecroy Wave Surfer 424 oscilloscope. The short-circuit currents (Isc) of the device
were amplified by a low-noise current preamplifier SR570.

3. Results and discussion

In Fig. 3a, the fabricated NC/PMMA TENG electrode with dimensions of 10 cm x 10 cm
is relatively transparent. It can be seen that the membrane’s surface made by casting method is
high smoothness. This is more clearly in the SEM image (Fig. 3b). The surface of the material is
completely homogeneous, dense and very flat.

Figure 3c shows the FTIR spectra of polymer blend at different NC/PMMA mass ratios.
The FTIR spectrum of the pure NC film (100:0) indicates the absorption peaks at 3345 cm-1 and
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Fig. 3. a) NC/PMMA triboelectric film, b) SEM image of NC/PMMA film, c) FTIR
spectra of NC/PMMA blend with various NC:PMMA mass ratio.

2927 cm-1, which can be assigned to stretching vibration of O-H and C=O bonds, respectively.
The most obvious absorption peaks at 1635 cm-1 and 1271 cm-1 are attributed to the asymmetric
and symmetric stretching vibration of the -NO2 group. The absorption peaks in the range of 1200
cm-1 to – 950 cm-1 are characterized for different vibrations of the C-O bond [26]. For sole PMMA
(line e), the absorption peaks at 1722 cm-1, 2949 cm-1, 1672 cm-1 and 1145 cm-1 correspond to
the vibration of the C=O, C-H, C=C and symmetric vibration of C-O-C bond, respectively [27].

For NC/PMMA blend others, FTIR spectra exhibit the appearance of characteristic absorp-
tion peaks of both NC and PMMA. However, it can be observed that the absorption peak of the
-NO2 group shifts towards larger wave numbers as the PMMA content gradually increases. Par-
ticularly, the absorption peak of -NO2 group at 1635 cm-1 is shifted to 1645, 1654 and 1663 cm-1

corresponding to PMMA content of 20, 50 and 80 %, respectively. This is possible that the chem-
ical interaction between the NO2 group in NC and the C=C bond in PMMA occurs to form the
NC/PMMA blend.
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Fig. 4 shows tensile strength, elastic modulus and elongation at breaking point of NC/PMMA
blend with different PMMA contents. From Fig. 4a, it can be seen that the tensile strength of pure
NC film is higher than that of pure PMMA film. For NC/PMMA blend samples, the tensile strength
gradually decreases when the PMMA content increases from 10 to 50 % wt, then increases slightly
when the PMMA content reaches 80 % wt. The tensile strength values of the samples are 43.09,
31.36, 3.77 and 7.03 MPa, corresponding to PMMA content of 10, 20, 50, and 80 %. This trend
is similar to the elastic modulus and elongation at break of NC/PMMA blend samples.

Fig. 4. a) Tensile strength, b) Elastic modulus curves and c) Elongation at breaking point
of NC/PMMA blend with changing content of PMMA.

Fig. 5. OCV with the oscilloscope’s 3-bit noise filter of NC/PMMA blend with different
ratios: a) 100:0, b) 80:20, c) 20:80, d) 0:100.

To be able to choose the appropriate ratio between NC and PMMA in the triboelectric
application, the electrode samples were also evaluated for open circuit voltage (OCV) with the
3-bit noise filter of the oscilloscope. Some comparison samples have the potential behavior after
filtering with the PTFE negative electrode as shown in Fig. 5. At the same time, from the graph, the
comparison table includes mechanical values along with electrical friction values listed in Table 1.
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Table 1. Mechanical values and triboelectric potential of different NC/PMMA samples.

PMMA Tensile Elastic Elongation
content strength modulus at Break Vmax Vmin Vp-p

(%) (Mpa) (Mpa) (%)
0 44.52 2129.78 16.37 53.4 -42.2 95.6
10 43.09 1862.14 15.28 49.7 -51.7 101.4
20 31.36 1570.34 10.74 43.4 -84.4 127.8
50 3.77 1025.83 0.38 58.6 -86.9 145.5
80 7.03 1050.49 1.57 51.5 -95.1 146.6
100 26.36 1481.69 10.63 88.8 -103.0 191.8

The peak-to-peak triboelectric voltage of NC was significantly lower than that of PMMA
(95.6 V vs. 191.8 V). The OCV increased with increasing PMMA content, indicating that PMMA
had a high positive triboelectric charge. The 80:20 NC/PMMA blend retained good mechanical
properties and better electromechanical conversion efficiency than pure NC.

Fig. 6. OCV and Isc of TENGs made from 80:20 NC/PMMA film and FEP (a,b) and
PTFE (c,d).

To evaluate the output performance of 80:20 NC/PMMA-based TENG, the dependence of
the output performance on the impact frequency was investigated. Fig. 6a and c show the relation-
ship between the OCV without 3-bit noise filter and the impact frequency of 80:20 NC/PMMA-
based TENG using FEP and PTFE as negative materials, respectively. It can be observed that the
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output performance increases with increasing frequency from 1 to 10 Hz for NC/PMMA – FEP
TENG while there is no significant change in the output voltage for NC/PMMA – PTFE TENG.
This can be explained that the charge on the surface of the FEP sheet is not saturated while that
on the PTFE sheet is saturated. The specific voltage values are given in Table 2. The FEP nega-
tive electrode also shows a better ability to generate electro-friction than PTFE. The peak-to-peak
open circuit voltage of TENG with FEP reaches 234 V at 10 Hz interaction frequency, while it
only reaches 112 V with PTFE. Similarly, for short-circuit current (Fig. 6 b,d), FEP also pro-
duced a larger current value than PTFE. However, the short-circuit current value achieved on both
materials was only a few tens of µA, which is still quite modest.

Table 2. Maximum, minimum and peak-to-peak OCV values of TENG.

Frequency NC/PMMA – FEP NC/PMMA - PTFE
(Hz) Vmax Vmin Vp-p Vmax Vmin Vp-p

1 56 -102 158 61 -73 134
2 58 -145 203 52 -67 119
3 58 -156 214 52 -64 116
5 59 -153 212 42 -69 111
10 78 -156 234 45 -67 112

Finally, the NC/PMMA TENG membrane was tested for durability after 26200 cycles com-
pared to the FEP membrane. The TENG testing system is showed in Fig. 7b. The open-circuit
voltage value was measured for the first 100 cycles and the last 100 cycles (Fig. 7a). The calcu-
lated results showed that the voltage value decreased by about 91% compared to the initial value.
This shows that the NC/PMMA material has good mechanical strength and does not lose much in
terms of electrical friction properties.

Fig. 7. a) Durability of the manufactured TENG fabricated from NC/PMMA and FEP;
b) TENG testing system.
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4. Conclusion

In summary, a NC/PMMA blend film based TENG with improved output performance and
mechanical strength was proposed. By adding a suitable amount of PMMA to the NC matrix,
the NC/PMMA blend film with controlled flexibility can be produced. The NC : PMMA ratio of
80 : 20 was chosen to give good mechanical properties while still achieving a high triboelectric
effect. The TENG assembled by NC/PMMA film and FEP (or PTFE) as the positive and negative
triboelectric layer respectively exhibits good triboelectric power generation effect. In which, the
TENG device with FEP reaches a voltage that gradually increases with the impact frequency and
has a maximum value of 234 V at a frequency of 10 Hz and an impact force of 10 N. A good
triboelectric stability was demonstrated as the measured open circuit voltage remained at 91%
after 26200 operating cycles. This may be feasible for triboelectric applications.
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