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All-in-one cellulose based hybrid tribo/piezoelectric nanogenerator
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ABSTRACT

Aybrid tribo/piezoelectric nanogenerators (HTPENG) have been proven to be highly efficient and versatile as far as the collection and
conversion of ambient energy are concerned, and the introduction of flexible and green materials is a key step for their potential applications.
Here, we developed a HTPENG by using nitrocellulose nanofibril paper as the triboelectric layer and BaTiOs/MWCNT @bacterial cellulose paper
as the piezoelectric layer. The output of the triboelelctric paper has considerable performance as fluorinated ethylene propylene, and the
output of piezoelectric paper is more than ten times higher than the BTO/polydimethylsiloxane structure. The integrated outputs of the sandwich
structured HTPENG are 18 V and 1.6 uA-cm™, which are capable of lighting up three LED bulbs and charging a 1 uF capacitor to 2.5 Vin 80 s. In
addition, the voltage signal generated by the HTPENG in contact-separation mode can be used for dynamic pressure detection. The linear range
of dynamic pressure is from 0.5 to 3 N-cm™ with a high sensitivity of 8.276 V-cm*N™" and a detection limit of 0.2 N-cm™. This work provides

new insights into the design and application of cellulose-based hybrid nanogenerators with high flexibility and simple structure.
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1 Introduction

With the growing energy crisis and environmental concerns, the
hybrid tribo/piezoelectric nanogenerator (HTPENG) is attracting
intensive attention because they can harvest various kinds of ambient
energy such as body movements [1], air flow [2], acoustic wave [3],
and water wave [4] via the piezoelectric [5, 6] and triboelectric [7]
effects. In general, triboelectric nanogenerator (TENG) consists of
two materials with different electron affinity and takes advantage of
the coupled triboelectrification effect and electrostatic induction
[8]. The triboelectrically positive materials used in TENG include
polyamides [9], metals [10], indium tin oxide (ITO) [11] and zinc
oxide (ZnO) [12], while the negative materials include the fluorinated
ethylene propylene (FEP) [13], polytetrafluoroethylene (PTFE) [14]
polyvinylidene fluoride (PVDF) [2], polydimethylsiloxane (PDMS)
[15], and polyethylene terephthalate (PET) [16]. Meanwhile,
piezoelectric materials such as ZnO nanowires [5], GaN [17], PVDF
[18], BaTiOs (BTO) nanoparticles [19] have been widely studied for
the design of piezoelectric nanogenerator (PENG), which can convert
piezoelectric energy into electricity due to the piezoelectric effects
[20-23]. However, the hybridization of these nanogenerators involves
complicated manufacturing process, and the limited output power
and poor biocompatibility are the main constraints for their practical
applications.

As the most abundant natural polymer on earth, cellulose provides
a sustainable green resource that is renewable, degradable, and
biocompatible. A large number of hydrogen bonds existed within
and between the molecules produce not only different configurations
of cellulose structures but also offer a unique combination of various
properties including flexible surface, transparency, low thermal
expansion, high elasticity and anisotropy [24-26]. Up to now,
various energy-converting devices have been made from cellulose,
including solar energy collection [27], mechanical energy collection
[28] and energy storage [29]. On the one hand, cellulose can serve
as a matrix for functional materials like flexible transparent films
and conductive polymers. On the other hand, the introduction of
cellulose into HTPENG may endow them the property of natural
degradation, recyclability, and biocompatibility.

Thus in this work, we present a HTPENG by combing the
triboelectric paper based on cellulose nanofibril (CNF) and
piezoelectric paper based on bacterial cellulose (BC). The CNF fibers
were further treated with a mixed solution of HNOs and H.SO.. After
the functionalization, the -NO; group is introduced to increase the
tendency to gain the electrons (electronegativity). The piezoelectric
paper was made from BC and BTO nanoparticles through a vacuum
filtration method. Meanwhile, multi-walled carbon nanotubes
(MWCNTs) was dispersed into the piezoelectric paper to achieve a
unique entangled network structure, which can reduce the internal
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resistance and improve the piezoelectric characteristics. The TENG
and PENG showed high outputs, the open-circuit voltage and
short-circuit current density can reach 37 V, 1.23 yA-cm~and 22 V,
220 nA-cm?, respectively. Using a full-wave bridge diode to
effectively integrate the two outputs, the HTPENG’ outputs are 18 V
and 1.6 pA-cm™, which is capable of lighting up three LED bulbs
and charging a 1 pF capacitor to 2.5 V in 80 s. In addition, HTPENG
can be used as a pressure sensor because it can produce a linearly
correlated pulsed voltage signal in the contact-separation mode.
The linear range of dynamic pressure is from 0.5 to 3 N-cm™ with
a high sensitivity of 8.276 V-cm*N™' and a detection limit of
0.2 N-cm™. The HTPENG based on cellulose has the characteristics
of light weight, environmental friendly, easy processing, and cost-
effective, which can provide a choice for further implementing
wearable or implantable devices, self-powered electronic devices.

2 Experimental

2.1 Fabrication of the Nitro-CNF paper

The wood cellulose nanofibers CNF are vigorously stirred and
dispersed in water with sonication. At room temperature, a mixed
solution of HNO; and H.SO4 is added to the CNF dispersion (the
mass ratios of HNO; and H.SO4 are 40% and 60%, respectively).
After 2 h of reaction, the mixture is washed with deionized water
and centrifuged several times to collect Nitro-CNF aqueous
suspension. Then the suspension is sonicated and vacuum filtered
through a PVDF microporous membrane. At last, the filtrated film
is flattened by a 2 kg weight and dried at 50 °C for 36 h to obtain
the Nitro-CNF paper.

2.2 Fabrication of the functionalized BC piezoelectric paper

The BC hydrogel is vigorously stirred for 30 min so that it is
uniformly dispersed in water. Hydrothermal BTO nanoparticles
and MWCNT are ultrasonically dispersed in distilled water and
then mixed with BC aqueous suspension. The mass ratios of BTO,
MWCNT, and BC in the mixed solution are 70%, 10% and 20%,
respectively. The well-mixed dispersions are vacuum filtered by a
PVDF microporous membrane. Finally, the filtrated film is flattened
by a 2 kg weight and dried at 60 °C for 24 h to obtain the
piezoelectric paper.

2.3 Fabrication of the HTPENG

The piezoelectric paper and the triboelectric paper are cut into 1.5 cm x
1.0 cm to prepare for the production of a HTPENG. The HTPENG
consists of vertically-stacked two layers. The top layer is a PENG
consisting of a nickel-electrode-encapsulated BC (BTO/MWCNT)
piezoelectric paper sandwich arch, and the bottom layer is a
contact-separation mode TENG of the Nitro-CNF triboelectric
paper structure with a nickel electrode, where the bottom electrode
of the PENG serves as a shared common electrode and as a driving
electrode of TENG.

2.4 Characterization

The morphology and size of the BC (BTO/MWCNT) piezoelectric
papers were characterized by the field-emission scanning electron
microscopy (FE-SEM, Quanta 450). The piezoelectric and triboelectric
papers were applied to the nickel electrode by Denton Multi-target
Magnetic Control Sputtering System (Discovery 635). The crystalline
structures of BTO nanoparticles were characterized by X-ray
diffractometer (Xpert3 powder). The pristine-CNF and Nitro-CNF
papers were scanned from 4,000 to 500 cm™ with Fourier transform
infrared (FTIR, VERTEXS80v) spectrophotometer in attenuated
total reflectance mode (ATR). A programmable electrometer (6514
system) was used to test the electrical signals.
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3 Results and discussion

Figures 1(a) and 1(b) shows the fabrication process of the Nitro-CNF
triboelectric papers and functionalized BC piezoelectric papers,
respectively. The raw wood CNF and BC are transparent hydrogels,
which are subjected to the corresponding functionalization process
to obtain the blended suspension and finally vacuum filtered to
form papers. The side-view SEM image of the piezoelectric paper is
shown in Fig. 1(c). The piezoelectric paper owes the rough surface
at the micro-nano scale, which means the BTO nanoparticles have
been uniformly distributed in the BC paper. Figure 1(d) shows
the X-ray diffraction (XRD) pattern of BTO nanoparticles. Six
diffraction peaks, (100), (110), (111), (200), (210), and (211) at
22.1°, 31.5°, 38.8° 45.1° 50.8°, and 55.9° can be observed, which
represent a high piezoelectric tetragonal phase of BTO. As shown in
Fig. 1(e), to further ensure the ferro-and piezo-electric properties of
the BC/BTO piezoelectric paper, polarization (P)-electric field (E)
hysteresis loop is measured,which shows remnant polarization (Pr)
of 0.13 uC-cm™ at a maximum applied electric field of 40 kV-cm™.
Fourier transform infrared spectroscopy (FTIR) characterization was
performed to analyze the chemical structure of the pristine-CNF
and Nitro-CNF papers, as shown in Fig. 1(f). The pristine-CNF
(bottom curve) shows the absorptions of C-O-C stretching within
the pyranose ring skeletal (at 1,050 cm™), O-H stretching (3,500 cm™),
and C-H stretching (2,900 cm™). Comparing to the pristine-CNFE,
the Nitro-CNF (top curve) presents three new intense peaks positioned
at 1,640, 1,275, 832 cm™, which are the corresponding asymmetric
and symmetric stretching of the -NO: group and stretching of the
N-O bonds, respectively. For Nitro-CNE, the nitration process should
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Figure 1 Schematic illustration of cellulose-based material manufacture and
characterization. (a) The flow chart of the triboelectric paper preparation.
(b) The flow chart of the piezoelectric paper preparation. (c) The SEM image of
the piezoelectric paper. (d) The X-ray diffraction pattern of BTO nanoparticle
loaded in the piezoelectric paper. (e) The P-E loop of the BC/BTO piezoelectric
paper. (f) FTIR spectrum of Nitro-CNF (top) and pristine CNF (bottom). The
inset pictures show the films fabricated from two kinds of cellulosic materials.
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render the substitution of hydroxyl groups by nitrate ester groups. CNF
is slightly tribopositive due to the intrinsic abundant oxygen atoms
in cellulose and the small amount of carboxylic groups produced
from the nanofibrillation processing of cellulose pulp. Nitro-CNF is
tribonegative since it carries strong electron-withdrawing nitro groups
[30]. Therefore we chose Nitro-CNF as the triboelectric layer.

Figure 2(a) shows the 3-D schematic image of the HTPENG,
which consists of the vertically-stacked two layers: the top layer is a
PENG consisting of a nickel-electrode-encapsulated functionalized
BC piezoelectric paper sandwich arch, and the bottom layer is the
Nitro-CNF triboelectric paper structure with a nickel electrode.
The arched shape of the PENG enhances the strength of the effective
strain applied in the BC layer and drives the shape of the HTPENG
to an initial state when the applied force is released. In order to
integrate the piezoelectric and triboelectric mechanisms simultaneously,
we use the bottom electrode of the PENG as the driving electrode
of the TENG. Figure 2(b) shows the photo of the HTPENG in which
the triboelectric and piezoelectric paper dimensions are both 1.5 cm x
1.0 cm. Note that we did not perform further surface treatments on
BC paper and Nitro-CNF paper.

Figure 2(c) shows the working mechanism of the HTPENG in a
contact-separation cycle. At the initial state, neither the triboelectric
nor the piezoelectric potential exists before the contact of the
two layers. When an external force is applied to the top layer, the
functionalized BC paper has tensile stress, and the positive
piezoelectric potential is generated by the deformation between the
upper and lower nickel electrodes. As shown in Fig. 2(c)-(I), the
electrons flow from the lower nickel electrode to the upper nickel
electrode driven by the piezoelectric potential. Once the top layer
contacts the bottom layer (full contact state), the physical contact
between the nickel electrode and the Nitro-CNF paper induces the
charge transfer. Since the Nitro-CNF obtains electrons more easily
than the nickel electrode, the electrons are transferred and held as
shown in Fig. 2(c)-(II). Both of the triboelectric and piezoelectric
outputs reach a maximum at the moment of full contact. When the
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Figure 2 The structure and working mechanism of HTPENG. (a) The 3-D

schematic view of the arch-shaped HTPENG. (b) The photo of the HTPENG.

(c) The working mechanism of the HTPENG in a contact-separation cycle.

D
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(I) Piezoelectric effect charge distribution when the external force applied.
(II) Piezoelectric and triboelectric charge distribution at full-contact state.
(IIT) Negative PENG and TENG at separating state. (IV) The maximum negative
piezoelectric potential under full- separation state.
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applied force is released (separated state) as shown in Fig. 2(c)-(III),
the electrons of the triboelectric layer return to nickel. Due to the
compressive force of the functionalized BC (MWCNT/BTO) paper,
the HTPENG produces both the negative triboelectric and the
positive piezoelectric outputs, thus the electrons flow from Cu and
the lower nickel electrode to the upper nickel electrode. When
two layers are completely separated, the triboelectric layer has no
triboelectric potential because of the electron neutralization as
shown in Fig. 2(c)-(IV). Meanwhile, the functionalized BC paper
produces a maximum piezoelectric output owing to the maximum
strain in the initial state, and the piezoelectric charge slowly decreases.
Finally, a full cycle is completed, and it will go back to the balance
state. Therefore, we obtained both the triboelectric and piezoelectric
output signals in a contact-separation cycle.

In this experiment, the dynamic pressure was applied to the
device by a shaker motor, which provides a steady, continuous, and
periodically variable force. The output performance of the device
was investigated by measuring the open-circuit voltage and the
short-circuit current when the HTPENG was subjected to a cyclic
vertical external force at the frequency of 5 Hz and the dynamic
pressure of 2 N-cm™. Like the corresponding working mechanism,
the short-circuit current density exhibits AC behavior, with an equal
amount of electrons flowing in opposite directions within one cycle.
The open-circuit voltage switched between zero and a plateau value,
respectively, corresponding to the original position and the contact
position. The open-circuit voltage increases until reaching the
maximum peak value when a full contact is made again between
the two triboelectric layers. The open-circult voltage drops from
the maximum peak value to zero when the Nitro-CNF paper fully
reverts to the original position. As shown in Figs. 3(a) and 3(b), the
open-circuit voltage and short-circuit current density of the triboelectric
part can reach to as high as 37 V and 1.23 pA-cm™, respectively. In
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Figure 3 Output characterization of the triboelectric part and piezoelectric
part. (a) The short-circuit current density of triboelectric part. The inset shows a
cycle of an enlarged current curve. (b) The open-circuit voltage of triboelectric
part. (c) The short-circuit current density of piezoelectric part. The inset shows a
cycle of an enlarged current curve. (d) The open-circuit voltage of piezoelectric
part. (e) The short-circuit current density of FEP and Ni as the triboelectric layer
under the same area. (f) The open-circuit voltage of FEP and Ni as the tricoelectric
layer under the same area.
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addition, disordered dipoles in ferroelectric BTO domains need to
be aligned by an external electric field. In order to enhance the
piezoelectric potential in a specific direction to better measure the
output of the piezoelectric part, electrical poling process is an
indispensable step for the BTO/BC piezoelectric paper. Therefore,
we detected the output signal of the BC/BTO piezoelectric paper
when the poling electric field is 200 kV-cm™. Figures 3(c) and 3(d)
shows the open-circuit voltage and short-circuit current density of
the piezoelectric part are up to 22 V and 220 nA-cm, respectively. It
is higher than the output of the same type of BC/BTO piezoelectric
paper without the added MWCNT (14 V and 190 nA-cm™) [31].
This demonstrates that the added MWCNT helps to realize
the entangled network structure and enhance the piezoelectric
characteristics. Comparing with the output performance of the FEP
film and Ni with the same area, the output of the triboelectric part
of HTPENG is still considerable, as shown in Figs. 3(e) and 3(f).
Figures 4(a) and 4(b) illustrates the dependence of the piezoelectric
and triboelectric output characteristic on the external load resistance.
With the increment of the load resistance from 1 MQ to 1 GQ, the
open-circuit voltage of the piezoelectric part increases gradually
from 0.15 to 20 V, and the short-circuit current density decreases
from 185 to 19 nA-cm™. Simultaneously, the open-circuit voltage
of the triboelectric part increases gradually from about 0.50 to
37V, and the short-circuit current density decreases from 1.21 to
0.05 pA-cm™. As plotted in Figs. 4(d), the corresponding piezoelectric
part maximum power density is 1.21 pW-cm™ at a matched resistance
value of 60 MQ) and the triboelectric part maximum power density is
10.6 pW-cm™ at a matched resistance value of 80 MQ), respectively.
After connecting a full-wave bridge diode to the HTPENG, the
open-circuit output voltage and current density of HTPENG are 18 V
and 1.6 pA-cm™ as shown in Figs. 5(a) and 5(b), respectively. With
the bridge diode, there is no significant loss in the resulting output
voltage, and the rectified output effectively combines the TENG
and PENG outputs. To demonstrate the potential application of the
HTPENG devices, three capacitors with different capacitance values
have been charged. Figure 5(c) shows the circuit diagram of the
HTPENG for charging the capacitor. As shown in Fig. 5(d), we
found that 1 uF capacitor can be charged to 2.5 V by the HTPENG
within 80 s, while 3.3 and 10 pF capacitors can be charged to 1.0 and
0.25 V within 80 s, respectively. Figure 5(e) shows that the rectified
HTPENG can directly drive three LED bulbs without any storage
unit. Therefore, when we enlarge the surface area of the HTPENG
to obtain more output, we can use it as a powerful mechanical
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Figure 4 The output power of the triboelectric part and the piezoelectric part.
(a) The short-circuit current density and open-circuit voltage of the piezoelectric
part under the varied external load resistances. (b) The short-circuit current
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energy harvesting unit. In addition, the flexible HTPENG can also
function as a pressure sensor that could output electrical signals
without external power supply. Figure 5(f) shows the influence of
contact-separation dynamic pressure on the performance of the
HTPENG. It can be observed that the output peak voltage increases
with the increase of the dynamic pressure. There is a linear relationship
between the output voltage peak and the input dynamic pressure.
The linear range of the dynamic pressure is from to 3 N-cm™ with a
high sensitivity of 8.276 V-cm>N™" and a detection limit of 0.2 N-cm™.

4 Conclusions

In summary, we demonstrate the novel HTPENG with a simple,
prototypical structure using functionalized BC paper and Nitro-CNF
paper. Both triboelectric paper and piezoelectric paper with an area
of 1.5 cm x 1.0 cm are produced by vacuum filtration without the
additional surface modification. With the 5 Hz and 2 N-cm™, periodic
varied external force in the open-circuit, the PENG and TENG
output peak voltages are 22 and 37 V. And in the short-circuit, the
PENG and TENG output peak current density are 220 nA-cm™ and
1.23 pA-cm™ The piezoelectric output power density is 1.21 pW-cm™
under the matched resistance of 60 MQ, and the triboelectric
output power density is 10.6 pW-cm™ under the matched resistance
of 80 MQ. After rectification by a full wave bridge diode, the
open-circuit voltage and the short-circuit current density of the
HTPENG are 18 V and 1.6 pA-cm, respectively. The rectified output
power is enough to light three LED bulbs and charge a 1 uF capacitor
to 2.5 V in the 80 s. In addition, the linear correlation pulse voltage
signal generated by the HTPENG in contact-separation mode
can be used for dynamic pressure detection. The linear range of
dynamic pressure is from 0.5 to 3 N-cm™* with a high sensitivity
of 8.276 V-cm>N™" and a detection limit of 0.2 N-cm™. The green
and lightweight HTPENG can open up a new path for the design
and application of hybrid nanogenerators with high flexibility and
simple structure.
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