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In this paper, an eco-friendly and biodegradable triboelectric nanogenerator (SBB-TENG) is proposed based on
bacterial cellulose (BC), sodium alginate (SA) with the introduction of barium titanate (BTO) nanoparticles.
While all the composite membranes can be fully decomposed by cellulase solution within 7 h, the electrical
properties of SBB-TENG are significantly improved due to the synergistic effect of enhanced dielectric constant
and surface roughness of the composite membrane. Compared with SA/BC-based TENG (SBC-TENG), the voltage
and current of SBB-TENGs are increased by 174 % and 193 %, respectively. In addition, the as-designed SBB

TENGs are capable of serving as sensors for biomechanical monitoring, touch sensing and signal control, which
greatly contributes to the development of high-performance, green and low-cost TENGs on the base of natural

biodegradable materials.

1. Introduction

As an innovative energy harvesting technology that was invented by
Wang et al. in 2012, triboelectric nanogenerator [1,2] (TENG) can
provide sustainable power source for long-term operation of weara-
ble/portable smart electronic devices [1-4], it can also help fullfilling
[5] the rising demand for carbon neutrality [6], by harvesting
low-frequency mechanical energy from the surrounding environment
and convert them into electricity. In this trend, environment-friendly
and biodegradable [7] TENGs that are based on green materials [8,9]
(e.g., protein, rice flour, chitosan, potato starch, cellulose) could be
more in line with the demand to green and renewable energy [10].

Alginate [8,11,12] is an important marine biological resource that
has been widely used in medical dressings, food processing and drug
carriers due to its non-toxicity, biodegradability, abundance, low cost,
etc. By co-mixing with natural polysaccharides such as sodium alginate
and thus introducing electron-absorbing groups, a series of
cellulose-based composite membranes with different polarities can be
prepared, which is expected to greatly improve the electrical properties
of TENGs. Cellulose, produced by bacteria [13,14] (e.g., bacterial cel-
lulose, BC), is an abundant natural polymer and has a three-dimensional
network structure consisting of nanofibers [15,16]. The
three-dimensional structure endows BC with excellent mechanical
properties, good biocompatibility, biodegradability [7,17], high
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porosity and high purity. More importantly, the widely distributed -OH
groups and porous network structure in BC can be easily modified
chemically/physically [18,19], thus serving as a workable material base
for the development of TENG-based wearable energy harvesting devices
and self-powered sensing systems with natural degradability, recycla-
bility and biocompatibility [13]. For example, Zhong et al. [10]. pre-
pared BC and chitosan (CS) semi-interpenetrating network (semi-IPN)
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hydrogels, the hydrogel has flexibility, high thermal stability and high
mechanical properties. Zhang et al. [12]. fabricated cellulose II
aerogel-based TENG, the prepared cellulose II aerogel has an inter-
connected open-pore three-dimensional network structure, high flexi-
bility, high porosity, and a high surface area of 221.3 m?g™!. Yu et al.
[17]. used a simple and effective method to improve bacteria cellulose
(BC) based TENG, combining the enhanced dielectric constant and the
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Fig. 1. (a) Schematic illustration of the preparation procedure of flexible SA/BC films. (b) Molecular structure formula of sodium alginate and bacterial cellulose. (c)
The physical images of SA/BC composite films. (d)The schematic structure of TENG based on SA/BC composite films. (e)Diagram of triboelectric power generation
process of SA/BC composite films. (f)Schematic diagram of the simulated evolution of the electrostatic field during TENG operation. The effect of drying conditions of
SA/BC films over the output performance of SBC-TENG: (g)voltage, (h)current, (i) transferred charge.
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improved surface structure of the BC composite film, the TENG has a
short-circuit current of 7.1 pA, an open-circuit voltage of 87 V, and a
transferred charge of 35 nC at a frequency of 3 Hz. A wide range of
cellulose nanocrystal-based TENGs [12,14] as well as cellulose
nanofiber-based TENGs have been reported previously, which are usu-
ally brittle and less flexible, with weaker physical strength and poorer
biodegradability, which may greatly contribute to affecting the prepa-
ration and performance of TENGs.

In this study, an environmentally friendly SBC-TENG is proposed of
bio degradable BC, based on which BTO nanoparticles [20,21] with high
dielectric constant and low dielectric loss are incorporated for perfor-
mance optimization. Due to the interaction between the BC nanofibers
with high specific surface area and BTO nanoparticles, the BTO particles
are uniformly dispersed and completely encapsulated in the BC nano-
fibers, forming a uniform and contiguous three-dimensional cellulose--
based network structure. The as-designed SBB-TENGs have good
mechanical response sensitivity and relatively high electrical output,
with a short-circuit current, open-circuit voltage, and transmitted
charge of 0.62 pA/cm? 530.1 V, and 350.2 nC, respectively. In addition,
it takes only 60 s for the as-designed TENG to bring 47 pF@ 2.6 V by
finger tapping, which is able to effectively lights potable electronics such
as watch, calculator, hygrometer. The output of the SBB-TENG is
significantly different when monitoring various movements. For
example, the current can be generated up to 8.1pA or 15.3pA during
normal mouse clicks and during high intensity operation, respectively,
or during walking and running s, the output voltage is also significantly
different, 101.3 V and 114.1 V, respectively. The output of SBB-TENG is
significantly different when monitoring various sports, showing good
sensing performance and having great application in human fatigue
level, athletes’ training, and patients’ physical rehabilitation. Consid-
ering that all the composite membranes can be completely decomposed
by cellulase solution within 7 h, this work significantly contributes to the
application of natural biomaterials in high-performance, green and
low-cost TENGs and other green miniature electronic sensor devices.

2. Results and discussion

Fig. 1a shows the schematic preparation of the SA/BC films by a
vacuum drying method that is very convenient and eco-friendly because
the whole forming procedure of SA/BC films functions without vapor-
ized organic solution or high temperature. Fig. 1b displays the schematic
chemical structure of bacterial cellulose (BC) and sodium alginate (SA),
where these two components are dynamically interacting through
hydrogen bonding, which is later confirmed by FTIR analysis. The
physical photographs in Fig. 1c¢ shows the transparency and flexibility of
the SA/BC composite films.

The SBC-TENG in this work consists of two triboelectric layers and
two electrodes. The SA/BC composite films are directly used as the
positive triboelectric layer of the SBC-TENG, while the FEP films and the
aluminum foils are used as the negative triboelectric layer and the top
electrode respectively according to the vertical contact separation mode,
as shown in Fig. 1d. The structure and working mechanism of the SBC-
TENG adopting this mode are shown in Fig. le. In the initial state, the
triboelectric material is not yet in contact and there is no transfer of
charge between the two electrodes. Subsequently, the SA/BC films and
FEP films are pressed into contact with each other under the action of an
external force, where electrons are injected from the SA/BC films into
the FEP films due to their different ability to attract electrons, resulting
in positive charges on the SA/BC films surface and negative charges on
the FEP films. Here, the surfaces of two films are filled with the same
amount of tribological charge and are in electrical equilibrium, with no
current flow or potential. The opposite charges on the surface are no
longer in equilibrium when the tribological layer is gradually sepa-
rating. Owing to electrostatic induction, the positive charges on the
surface of the SA/BC films and the negative charges on the FEP films
induce opposite induced charges at the AL electrodes, respectively, and
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an induced potential difference is formed between the two electrodes,
driving the transfer of free electrons from the FEP electrodes to the SA/
BC electrodes, generating a current in the process. The two tribological
layers are in electrostatic equilibrium when they are completely sepa-
rated to the maximum gap distance. Subsequently, these two tribolog-
ical layers approach again, causing electrons to move in opposite ways,
creating a reverse current signal. Electrons continue to flow until SA/BC
is again in full contact with FEP to obtain a new electrostatic equilib-
rium. In this way, the two frictional electric layers are in continuous
contact, and the output electric signal is generated periodically. Thus,
the output of the SBC-TENG provides an AC electrical pulse signal
during this periodic contact and separation process, thereby generating
an electrical output to the outside. A theoretical study of the SBC-TNEG
with vertical contact separation is carried out. The COMSOL Multi-
physics simulation data shows the potential distribution between the
upper and lower electrodes with different gaps, as shown in Fig. 1 f.

The output performance of SBC-TENG with different drying condi-
tions of SA/BC films and different frequencies are characterized, as
shown in Fig. 1g-i. The results show that the output performance of SBC-
TENG assembled with the SA/BC films with vacuum drying is better
than that of SBC-TENG assembled with the SA/BC films with natural
drying (Fig. 1g-i). Some studies [10,12] have shown a broadening of the
-OH peak in films under vacuum drying, suggesting that -OH association
increases with vacuum drying, which requires more energy to destroy
the -OH and therefore increases the dielectric constant, thus increasing
the output performance of TENG.

The dependence of the various friction materials of SBC-TENG with
an excitation frequency of 3 Hz on the current and transferred charge is
further investigated. The results are shown in Fig. 2a-b. The transferred
charges, short-circuit currents of SBC-TENG fabricated in polyvinyl
chloride (PVC), polytetrafluoroethylene (PTFE), polyethylene tere-
phthalate (PET), polyimide (Kapton), and fluorinated ethylene propyl-
ene (FEP) are 0.14, 0.083, 0.03, 0.14, and 0.31 pC, 8.7, 9.8, 3.7 16.4, and
26.7 pA, respectively. Obviously, higher output performance is achieved
by using FEP films as another friction layer. The output performance of
SBC-TENG based on different SA content at different frequencies is
investigated by using FEP film as negative layer of friction. Fig. 2c-
d graphically depicts that adding a certain amount of SA leads to
improved output performance, and the SA/BC films with different SA
contents present various voltages and currents at different frequencies,
and the voltages and currents of the samples present a trend of first
increase and then decrease along with the increase of SA contents. The
SA/BC films with a SA content of 16.7 wt% shows the highest voltage of
302.9 V compared to other samples. This phenomenon can be explained
as follows. A moderate amount of SA can increase the roughness of the
SA/BC film surface [13], thus increasing the contact area of the two
friction layers. In contrast, the agglomeration caused by an excessive
amount of SA reduces its effect on improving the output performance.
The same trend is observed for the current, with the maximum current
reaching 27 pA when the SA content is 16.7 wt%.

In practical applications, the electrical output performance of the
TENG under external load is of great importance. Therefore, the effec-
tive output power of the SBC-TENG (composite films containing 16.7 %
SA) at different external loads (0 Q-100 MQ) is further investigated
(Fig. 4e). The voltage tends to increase gradually as the load resistance
increased, while the current tends to be reversed. The peak output
voltage is up to about 313.5 V at an external load resistance of 100 MQ.
The output power (P) under different load resistance is calculated ac-
cording to the formula P = UxI. The results display that the output
power of the SBC-TENG first increases and then decreases as the load
resistance increased, ultimately the maximum instantaneous power was
1.81 mW at a load resistance of about 10 MQ.

Fig. 2 f investigates the effect of capacitance (3.3-47uF) and drying
conditions of the films (vacuum drying, natural drying) on the charging
performance of the SBC-TENG. It is shown that the voltage of the
charging capacitor increases with the increasing of the charging time.
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Fig. 2. The influence of five triboelectric materials on the output performance of SBC-TENG: Current(a), Transferred charge(b). Output voltage(c) and current(d) of
SA/BC composite films with different sodium alginate contents at different frequencies. (e) Output voltage, current and power at different external load resistance
conditions. (f) Charging capability of the SBC-TENG using capacitors with different capacitance values (3.3-47 pF).

Overall, the charging capacity of SBC-TENG assembled by SA/BC films
with vacuum drying is significantly superior to that of SBC-TENG
assembled by SA/BC films with natural drying. A 3.3 pF capacitor can
be charged to 17.8 V in 60 s. In comparison, a 4.7 pF, 10 pF and 47 pF

capacitor is able to reach 8.9V, 7.8 V and 2.7 V at the same time.

The microscopic morphology of the surface of the prepared films is

investigated using SEM, as shown in Fig. 3a-c. Fig. (3a, b, c¢) show the
surface-section images for 11.1 wt%SA/BC films, 16.7 wt%SA/BC films,
and 20 wt%SA/BC films at various magnifications. It is apparent from
these figures that there are a large number of nanofibers on the surface

of all BC composite membranes, which are tightly wound with each

other to form a relatively flat and dense membrane, presenting a stable
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Fig. 3. Surface morphology SEM images of BC composite film, (a) 11.1 wt%SA/BC films, (b) 16.7 wt%SA/BC films, (c) 20 wt%SA/BC films. (d) Dielectric constant
values of BC composite membranes with different SA contents. (e) XRD patterns and (f) FTIR spectra of pure BC, SA/BC membranes.

porous three-dimensional structure. The surface of the films become
rough to different degrees when the content of SA increases
(Figures Sla, b and c), showing a layered surface morphology. The
transfer charge density [22] also plays a critical role in the output per-
formance of the TENG. Increasing the dielectric constant of friction
materials is an essential path to increase the charge density. Herein,
sodium alginate is introduced into the BC matrix, and the dielectric
properties of SA/BC composite membranes with different mass ratios of
SA is compared. Fig. 3d exhibits the dielectric constant of SA/BC com-
posite films as a function of SA content. The introduction of a certain
amount of SA leads to an improvement in the dielectric constant of the
SA/BC composite films compared to the pure BC films over the whole
measurement frequency range. According to Equation (1) [20]:

dao-O
0 = 8ap

T d/etdg, M

In which ¢ is dielectric constant, the enhancement of the dielectric
constant boosts the output performance of TENG.

XRD patterns of pure BC films and SA/BC composite films are shown
in Fig. 3e. The BC films present two broad peaks [11] at around 26
= 14.50and 22.70, corresponding to the (1 0 0) and (002) sides of the
BC. There are diffraction peaks of BC shown in the composite films,
indicating the successful incorporation of BC and SA.

To verify the changes of chemical bonding on the surface, the pre-
pared SA/BC composite films (vacuum dried, naturally dried) are
characterized first by Fourier transform infrared spectroscopy (FTIR), as
shown in Fig. 3f. The peaks of pure BC membranes located at

~3342 cm’l, ~2937 cm ! and ~2883 cm ™! are attributed to the O-H
stretching vibration [23,24], C-H asymmetric stretching vibration and
C-H symmetric stretching vibration. The peaks at 1641 cm™! and
1029 cm™! are the deformation vibrations of O-H and G-O, respectively.
After the addition of SA, a new peak appeared at 2356 cm ™, which is
the O-H vibrational peak caused by the hydrogen bonding formed by the
interaction between SA and BC and the conjoining occurred, further
confirming the successful doping of SA. The shift of the peaks of the
stretching and deformation vibrations of O-H to lower wave numbers is
probably caused by the formation of hydrogen bonds in the SA/BC
composite membranes.

The preparation procedure of SA/BC/BTO composites is illustrated
in Fig. 4a. The membranes are obtained by adding BaTiOs to the mixed
solution of SA/BC with a vacuum drying process. The microscopic
morphology of the surface of the fabricated SA/BC/BTO membranes is
investigated using scanning electron microscopy, as shown in Fig. 4b.
From these images, the SA/BC/BTO composite film forms a stable layer
structure. The surfaces of films form a "flower bone" structure with
significantly increased roughness when BTO particles are incorporated,
and show a layered surface morphology. Interestingly, the BTO particles
are well encapsulated in the substrate by BC, which avoids the exposure
of particles. The surface of the film sample without the addition of BTO
particles consists of many nanofibers, and these fibers are closely con-
nected to each other to form a relatively flat film, and the root mean
square roughness (RMS) of the pure BC film is about 16.8 nm (Fig. 4c).
The roughness of SA/BC/BTO films increased due to the introduction of
dielectric particles, into which, the RMS of SA/BC/BTO films increased
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to 44.6 nm, which is far superior to that of pure BC films, SA/BC com-
posite films (e.g., 11.1 wt% SA/BC, 16.7 wt% SA/BC, 20 wt% SA/BC
composite films with roughness of 18.8 nm, 34.8 nm, 26.5 nm).

The XRD image of pure BC, SA/BC/BTO films is shown in Fig. 4d. The
diffraction peaks observed at 22.2, 31.6, 38.8and 45.2° are in good
agreement with the crystal face of the (100), (110), (111) and (200) of
BaTiO3 (JCPDS #05-0626), respectively, which indicates the presence
of BaTiOs. The XRD peak split at 20 = 45.2°indicate that BaTiO3 has a
tetragonal phase, suggesting that it had good ferroelectricity [21]. The
pure BC films exhibit a typical diffraction peak at 20 = 14.4, 18.7, 22.7,
31.9and 34.1°. The SA/BC/BTO composite films display the sequential
diffraction peaks of BC and BaTiOs, signifying the successfully integra-
tion of SA, BC and BaTiOs3.

Fig. 4e shows the variation of dielectric constants of SA/BC com-
posite membrane and SA/BC/BTO composite membrane with different
mass ratios of SA. The results demonstrate that the dielectric constant of

FEP
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Voltage (V)
Current (HA)
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SA/BC composite film increases firstly and then decreases with the in-
crease of SA content. After doping with BTO dielectric particles, the
dielectric constant of SA/BC/BTO composite film is shown to be a huge
enhancement. That increase in dielectric constant is attributed to the
spontaneous polarization of BTO particles with ferroelectric nature. The
dielectric constant of SA/BC/BTO composite films is higher than other
samples, which helps to increase the voltage of these devices.

The contact electrification (CE) of TENG originates from the transfer
of electrons, and the barrier height of the surface of the friction material
is the key factor affecting the occurrence of CE [22,25]. A model of
surface states with modulated potential barrier heights is presented to
explain the CE mechanism of SA/BC/BTO films versus FEP films
(Fig. 4 f). It is noteworthy that the potential barrier height of the ma-
terials is related to their contact materials and chemical composition.
The hydroxyl group in SA can react with the hydroxyl group in BC and
the generated hydrogen bonding interacts, as well as the addition of the
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Fig. 5. Overview of (a)peak-to-peak voltages, (b) current and (c) transferred charge of the SBB-TENG under different excitations. (d) voltages, (e) currents and (f)
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dielectric particle BaTiOs, which makes the surface state (En) of
SA/BC/BTO films higher than that of FEP films. Once physical contact is
generated between the SA/BC/BTO films and the FEP films, a few
electrons cross the potential barrier and are transferred from the
SA/BC/BTO films into the FEP films. The potential barrier decreases
when the electron transfer process is completed and enters electrical
equilibrium. There are positive charges on the SA/BC/BTO films and
negative charges on the FEP films when the two friction layers are
separated. The electrical equilibrium state is changed and electrons are
driven by the potential difference through the external circuit.

Figure S2 shows the physical picture of the SBB-TENG. The output
performance of SBB-TENG with different friction materials is shown in
Fig. 5a-c. It is observed that the type of frictional electric material has a
significant effect on the output. The FEP film exhibits the highest output
performance (e.g., Q=350.2 nC, I=62.4 pA, V=530.1 V at a frequency of
4 Hz).

Fig. 5d-f shows the voltage, current and transferred charge of SBB
-TENG under different contact frequencies. The output voltage of the
SBB -TENG remains quite stable with only a slight increase (Fig. 5d). One
possible reason for this result is that the charged state on the friction
surface is not easily neutralized under high frequency conditions,
leading to a large degree of electrostatic induction [5]. The current and
the transferred charge increase with the increasing frequency (Fig. Se-f).
As the frequency continues to increase from 1 Hz to 4 Hz, V ranges from
406 V to 530.1 V, [ ranges from 14.1 pA to 62.4 pA, and Q ranges from
284.1 nC to 350.2 nC. The electrical output of TENG is generally intu-
itively dependent on the physical size of the composite films. For the
preparation of composite membranes, the size and shape of the mem-
branes can be easily customized (Fig. 5 g). As can be seen from Fig. 5 h,
the output voltage and current of SBB-TENGs decrease significantly
when the diameter of SA/BC/BTO samples is reduced from 10 cm to
3 cm. Specifically, the SBB-TENGs with diameters of 10, 6 and 3 cm
(frequency of 3 Hz) generates voltage values of 528.5, 312.5 and 173 V
and current values of 52.3, 28.7 and 17.3 pA, respectively.

Energy storage devices, like capacitors, can be used to store the
electrical energy obtained from the SBB-TENG for following use. During
power storage, a rectifier bridge is introduced into the circuit to adjust
the direction of the output current, as shown in Fig. 6a. Four capacitors
of 3.3pF, 4.7uF, 10pF and 47pF are applied as accumulators. The
charging curves all show a gradual increase in capacitor voltage when
SBB-TENG is periodically contacted and separated (Fig. 6b). The effects
of capacitance (4.7-47pF) and operating frequency (1-3 Hz) on the
charging performance of the SBB-TENG have also been investigated
(Fig. 6¢). The data results show that capacitors with smaller capacitance
or at higher operating frequencies are charged much faster. To demon-
strate the high-power output of the TENG and its availability as a sus-
tainable and clean power source for practical applications, we have
evaluated the SBB-TENG as a power source by driving different external
electronic devices. Some of the applications of SBB-TENG for real sce-
narios are demonstrated as follows. The equivalent circuit of the SBB-
TENG for powering the hygrometer is shown in Fig. 6d. The capacitor
is first charged by the SBB-TENG, and the charging circuit is switched to
an operating circuit to connect the capacitor and the hygrometer when
the voltage of the capacitor reaches 1.9 V (Fig. 6e). The hygrometer
screen lights up, indicating that the hygrometer has been successfully
powered up (Fig. 6 f, Video S1). In addition, the electrical energy
collected and stored in the capacitor by the SBB-TENG is available to
power a commercial watch (Fig. 6 g, Video S2) and a calculator (Fig. 6 h,
Video S3).

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2023.109068.

Supplementary material related to this article can be found online at
d0i:10.1016/j.nanoen.2023.109068.

Supplementary material related to this article can be found online at
d0i:10.1016/j.nanoen.2023.109068.

The photographic images of the real-time degradation of the films
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over 7 h are shown in Fig. 6i-k. It can see that the pure BC film, the SA/
BC film and the SA/BC/BTO composite film are progressively degraded
in the cellulase solution. Regarding the pure BC membranes (Fig. 6i) and
the SA/BC composite membranes (Fig. 6j), the films are totally fractured
in just one hour. Moreover, the size of the ruptured films gradually
decreased over the next 2 h until they almost completely disappeared by
the 5th hour. For SA/BC/BTO composite membranes, the degradation
process becomes slower because the BTO nanoparticles and SA cover the
BC substrate, making the cellulase molecules difficult to enter its inte-
rior. After 1 h, the film starts to take a curled shape and some breaks
appear on the surface of the film. Starting from the 2nd hour, the SA/BC/
BTO composite membranes are further degraded until they are
completely depolymerized in the following 7 h.

Due to the excellent flexibility and dexterity of the BC composite
film, the SBB-TENG is especially suitable for energy harvesting, motion
monitoring, touch sensing and signal control because of its high sensi-
tivity response to various mechanical stimuli, light weight, flexibility
and ductility, and easy integration with heel, finger, and elbow joints.
The flexible SBB-TENG is attached to the heel to collect the body’s en-
ergy during walking and running. Different amplitudes and different
signal styles of voltage and current outputs are obtained, as shown in
Fig. 7a, b. The peak output VOC for walking and running is 101.3 and
114.1 V respectively. Such a gradual increase in voltage may be caused
by an increase in the pressure exerted on the SBB-TENG as a result of the
change in locomotion from walking to running.

In addition to strenuous movements, some relatively gentle move-
ments (e.g., finger tapping, hand clapping, arm swinging) are also
important biomechanical information for healthcare or human-
computer interaction applications. The SBB-TENG is attached to the
index finger to achieve simultaneous real-time voltage and current
response to different frequencies of finger taps. Notably, the responses of
voltage and current are synchronized with both low and high fre-
quencies. During the normal mouse clicking and door knocking, the
microcurrent of 8.1 pA, 4.5 pA are generated (Fig. 7d, e) In high-
intensity operating conditions and emergency knocking, microcurrents
of up to 15.3 pA or 8.9 pA can be generated (Fig. 7d, e). Electrical signals
of different frequencies are available to remind office workers who are
clicking the mouse and keyboard rapidly for long periods of time to have
a proper rest. Because individuals knock on doors at different speeds, we
wish to identify the characteristics of individuals knocking on doors by
different characteristic electrical signal waveforms at different fre-
quencies. In addition, the SBB-TENG can be glued to the glove (inset of
Fig. 7f). Fig. 7f shows the variation of the output as a function of time
when clapping the hand at different frequencies. Both the voltage and
current present a stable, repeatable and recoverable signal while
continuously clapping the hand. Furthermore, the SBB-TENG is affixed
to the inner side of the lower arm to collect the swing arm motion en-
ergy. As the arm swings back and forth up and down, the intensity of the
output signal increases and reaches a peak when the swing is completed
(e.g., voltage and up to 127.6 V, 3.0 pA), as shown in Fig. 7 g. The output
of SBB-TENG is significantly different as monitoring various sports and
shows good sensing performance, which has potential application value
in athletes’ training, physical exercise and patients’ physical
rehabilitation.

Durability and stability are two important characteristics that affect
the practical application of TENG. The long-term operating capability of
the SBB-TENG is examined by testing its output current at 3HZ for over
600 cycles. Fig. 7 h displays that the current remains essentially constant
after continuous operation and the output is not degraded. This implies
that both the electrodes and the frictional electric material are of good
durability and reliability. The output of SBB-TENG is also investigated
after 2 months of standing in air to characterize the environmental
stability of the SA/BC/BTO composite films, as shown in Fig. 7i. Sur-
prisingly, the SBB-TENG still maintains good and stable output perfor-
mance without degradation after being stored in air for 2 months.
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3. Conclusion

We propose an eco-friendly TENGs based on BC nanofibers and SA.
There is a significant improvement in the output properties of SA/BC/
BTO-based TENGs after the introduction of nano-BTO particles due to
the synergistic effect of the increase in dielectric constant and surface

roughness of the composite films. Compared to pure SA/BC membranes,
the voltage and current are increased by 174 % and 193 %, respectively.

10

In addition, cellulose-based-TENGs show good biodegradability and
excellent flexibility, which promote their application and also enhance
their performance in mechanical energy harvesting, biomechanical
monitoring, touch sensing and signal control. This work contributes to
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the application of natural biomaterials in the field of TENGs and other

electronic sensor devices.
4. Experimental section
4.1. Materials

BC membranes were supplied by LaiDe Chemical Fiber Group Ltd.
(HaiNan, China). SA and BTO nanoparticles were purchased from
Shanghai Maclean Biochemical Technology Co. Polyvinylidene fluoride
was obtained from Shanghai Aladdin Biochemical Technology Co.

4.2. Preparation of SA/BC composites

First, the BC membranes were purified by the previously reported
method. Then mechanical homogenization was performed by using a
soymilk machine and a dispersion of BC nanofibers (0.1 g/ml) was ob-
tained. A certain amount of sodium alginate (11.1 wt%,16.7 wt%,20 wt
% by mass of sodium alginate) was added to the BC solution, followed by
1 g of glycerol and 0.625 g of sodium carboxymethyl cellulose, and the
mixed solution was allowed to stir at 75 °C for 3 h. The BC/SA composite
films were prepared by pouring the well-mixed solution inside the Petri
dishes and under vacuum at 60 °C as well as natural conditions,
respectively.

4.3. Preparation of SA/BC/BTO composites

SA/BC/BTO composites were prepared under the optimized SA re-
action conditions. A certain amount of barium titanate and poly-
vinylidene fluoride was added to the SA/BC mixture and stirred at 75 °C
for 3 h. The solution was then poured into Petri dishes and dried over-
night at 60 °C in a vacuum oven.

4.4. Fabrication of triboelectric nanogenerator (TENG)

Circles with diameters of 10 cm, 6 cm, and 3 cm were cut from SA/
BC composite film and SA/BC/BTO composite film, respectively, and
then aluminum foil was pasted as the frictional electric positive layer,
and aluminum foil was used as the electrode. FEP was used as the fric-
tion electronegative layer. The frictional electric positive and negative
layers were arranged face-to-face with polyimide film to prepare vertical
contact TENG.

4.5. Characterization and measurement

The surface morphology of SA/BC composite films and SA/BC/BTO
composite films was characterized by AFM atomic force microscopy
(MFP-3D-SA). Morphology of composite films was characterized by
Nova Field Emission Scanning Electron Microscope (Nova Nano SEM
450). The crystal and infrared spectra of the composite films were
measured by XRD powder (Xpert3 Powder) and Fourier transform
infrared spectroscopy (FTIR), respectively. The TENG was connected to
a linear motor, an electronic measuring instrument (Keithley 6514) and
an oscilloscope were used to measure open circuit voltage, short circuit
current and transferred charge.
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