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Environment issues calls for eco-friendly, recyclable, and biodegradable natural materials for the extensive
application of distributed energy harvesting triboelectric nanogenerators (TENGs) and wearable self-powered
interfaces. Biocompatible bacterial cellulose (BC) with high crystallinity, good mechanical properties and
distinctive porous network is ready to construct biodegradable and eco-friendly TENGs. Here, we develop an eco-
friendly and recyclable all-cellulose energy-harvesting and interactive device based on sandwich-structured BC-
TENG. It is composed of pure BC and conductive BC precipitated with conducting and reinforced nanomaterials
as friction layers and electrodes, respectively. Degradation experiments are conducted in this work to demon-
strate the active materials can be completely degraded within 8 h under the condition of cellulolytic enzyme. We
have also carefully investigated the output performances of the prepared all-cellulose TENG, which shows a
maximum open-circuit voltage of 29 V, short-circuit current of 0.6 pA, and output power at 3 yW. The all-
cellulose TENG is readily utilized to power commercial electronics and functionalize as a wearable sewing
interface to control an electronic piano. This work provides an efficient route to preparing all-cellulose energy-
harvesting and interactive device with good biodegradability, which is of great importance in eco-friendly
electronics, bio-adaptive human-machine interfaces and intelligent biomimetic functional devices.

1. Introduction qualified to be a fundamental energy source demanded for the new era

of IoTs, involving distributed micro-power suppliers for sensory nodes,

Triboelectric nanogenerator (TENG), driven by Maxwell’s displace-
ment current, delivers a killer means toward harvesting low-frequency
and high-entropy mechanical energy from surrounding environment
[1-8]. It is also readily utilized for active interactive interface based on
the TENG device itself [9-13], tribotronic transistor [14-17], triboion-
tronics [18-20] and mechanoplastic sensory neurons [21-28]. Thanks
to the facile design, simple structure, and diverse materials choice, it is

wearable self-powered systems, portable high-voltage power, and even
potential state-grid of blue energy [29-33]. Generally, non-noble metals
and plastic polymers are commonly chosen as the electrodes and friction
materials to fabricate the TENGs [34]. However, these metals (e.g.,
copper and aluminium) [35,36] are susceptible to be corroded into
Cu*/Cu?" and AI*" to contaminate water and soil, and most plastic
polymers cannot be completely degraded and have risk to release
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hazardous chemicals after decomposition. Regarding to the environ-
ment issues and electronic wastes, it is highly desired to develop
eco-friendly, recyclable, and biodegradable natural materials for the
extensive application of distributed energy harvesting TENGs and
wearable self-powered interfaces [37-43]. Relevant studies concerning
on the development of green materials with related devices have been
intensively conducted toward the worldwide emerging trend of carbon
neutrality.

A biodegradable TENG has been made of synthetic polymers to work
as a life-time designed implantable power source [44]. The replacement
rate of related power sources inevitably causes heavy financial burden,
poor experience for users, and critical physical pains to patients
[45-48]. Further considering the degradable synthetic polymers are
nonrenewable with complex composition, researchers have been
seeking for proper natural materials (e.g., alginate, rice paper, cotton,
etc.) to prepare the biodegradable and eco-friendly TENG [49-51].
Cellulose, the most abundant natural polymer on earth, has been chosen
as friction materials to achieve eco-friendly TENG with good biode-
gradability, biocompatibility and flexibility [52-54]. Specially, bacterial
cellulose (BC) is one type of natural celluloses produced by bacteria,
which possesses distinctive three dimensional porous network and
crystalline nanofibrils with diameters at 10-100 nm [55-57]. Compared
with the vegetal cellulose, BC shows the advantages of higher purity/-
crystallinity/porosity, permeability to liquid and gases, better biocom-
patibility, and more excellent mechanical robustness [58-61].
Moreover, it is facile to make chemical/physical surface modification on
BC due to the existence of widely distributed -OH groups and porous
network structures [55]. By modifying BC with conducting polymers (e.
g., polypyrrole (PPy), and polyaniline (PANI)), carbon nanotubes
(CNTs), graphene or other functional molecules/coatings, it can be
readily reinforced to work as versatile hydrogels, biosensors, super-
capactiors, and bioelectronics interface [61-64]. Thus, with only BC
derived  materials, it is  applicable to  construct a
material/structure-facile, low-cost and eco-friendly TENG, adopting
pure BC and conductive BC as friction materials and electrodes,
respectively. Sophisticated selection/preparation of BC materials sup-
plies a promisingly new way for developing eco-friendly TENGs and
potential self-powered bio-interfaces.

Here, we develop an eco-friendly and recyclable all-cellulose energy-
harvesting and interactive device based on a BC-CNT-PPy/BC/BC-CNT-
PPy sandwich-structured TENG, which is composed of pure BC and
conductive BC precipitated with CNT/PPy as friction layers and elec-
trodes, respectively. High-purity BC membrane produced by inoculated
Gluconacetobacter hansenii is used as one of the friction layers, while
CNT/PPy incorporated and reinforced conductive BC membrane is used
as the other friction layer. Both of the BC materials are characterized and
analyzed in details. The biodegradation experiments are conducted to
demonstrate that BC and BC-CNT-PPy membranes can be degraded
within 8 h under the condition of cellulolytic enzyme and the left CNTs is
available to be collected for reuse. We also systematically investigate the
output performance of fabricated all-cellulose TENG in different pa-
rameters (e.g., resistance of the conductive BC membrane, size of the BC
friction layer, and contact-separation frequency). The all-cellulose
TENG shows a maximum open-circuit voltage of 29 V, short-circuit
current of 0.6 pA, and output power at 3 pW with paired resistance at
25 MQ. Finally, the all-cellulose TENG is successfully used to power
commercial electronic devices and functionalize as a wearable sewing
interactive interface to control an electronic piano. This work provides
an efficient route to preparing all-cellulose energy-harvesting and
interactive device with good eco-friendly properties. The biomaterials
derived TENG is believed to have great significance in eco-friendly
electronics, bio-adaptive energy harvesting devices, wearable human-
machine interface and even biomimetic functional artificial electronic
organs.
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2. Results and discussion

Fig. 1a illustrates the detailed preparation process of the pure BC
membranes and CNT/PPy reinforced conductive BC membranes (BC-
CNT-PPy). At first, Gluconacetobacter Hansenii [65] capable of producing
cellulose in high purity, good crystallinity, and excellent mechanical
stability is selected to be firstly inoculated and cultured in the culture
medium (containing disodium hydrogen phosphate dodecahydrate,
peptone, yeast extract, citric acid, and glucose). After rinsing in pure
water for three days, the obtained BC membrane (thickness, ~0.1 mm) is
treated by boiling in NaOH solution to remove any medium and
adsorbed bacteria with subsequent oven drying process for further use.
To prepare BC-CNT-PPy, CNT is firstly incorporated into the highly
swollen BC pellicle by repeated immersion/sonication/shaking in a
MWCNT dispersion and obtain the BC-CNT composite pellicle. The
successful incorporation of CNTs can be testified by the color changes
from a white to a dark color (Fig. S1). Ferric (III) ion is used as an oxidant
for in-situ oxidative polymerization of pyrrole to PPy prepare the
BC-CNT-PPy membrane. After removing the physically adsorbed water
by mechanical pressing, the obtained BC-CNT composite pellicle is
immersed in a ferric (III) ion solution under magnetic stirring for 2 h,
then immersed in the pyrrole solution and stirred at 4 °C for 60 min to
initiate the polymerization of polypyrrole and obtain BC-CNT-PPy
composite pellicles. Finally, the BC-CNT-PPy composite membranes
are prepared by hot-pressing the BC-CNT-PPy composite pellicles under
120 °C for 6 h (thickness, ~0.16 mm, more detailed fabrication process
is in the Experiment part and Fig. S2). Thus, both pure BC and CNT/PPy
reinforced conductive BC membranes are obtained to fabricate the
all-cellulose based TENG. Fig. 1b shows the schematic illustration of the
all-cellulose TENG in contact-separation mode, with BC membrane as
one friction layer and BC-CNT-PPy membranes as electrode and the
other friction layer, respectively. Fig. 1c reveals scanning electron mi-
croscopy (SEM) images of BC, BC-CNT, BC-CNT-PPy and corresponding
enlarged portion, respectively. From the image Fig. 1c (I), we can see
that the pure BCs possess exquisite three-dimensional network structure,
which facilitates its physical or chemical modification to form functional
composites. Therefore, the CNT with the cetyltrimethylammonium
bromide (CTAB) surfactant can easily infiltrate into the BC pellicles. As
is shown in Fig. 1c (II), the bright regions in the images are ascribed to
the MWCNTs due to their high conductivity, and the MWCNTs are
densely absorbed onto the surface of the BC pellicles and distributed
homogeneously without aggregation. After in-situ polymerization of
polypyrrole, the diameters of bacterial cellulose nanofibers vary from
~50 nm in pure BC membranes to 100 nm in BC-CNT-PPy membranes
(Fig. 1c (III)). This obvious change is due to that PPy deposited on the
surface of BC forms a core-shell structure. Fig. 1c (IV), (V) and (VI)
corresponds to the details of Fig. 1c (I), (II), and (III), respectively. The
interaction between hydrogen bonds of BC and -NH of pyrrole ring helps
to prevent self-aggregation of PPy nanoparticles [52]. The homogeneous
dispersion of CNTs and deposition of PPy nanoparticles in BC matrix is
one of the most important requirements for achieving a uniform con-
ductivity. Corresponding mechanical and conductive properties of
BC-CNT-PPy membrane are discussed in Fig. S3. Fig. S3a and b are the
stress-strain curve and tensile modulus of pure BC, BC-CNT, and
BC-CNT-PPy composite membrane. We can know that the incorporation
of CNT increases the mechanical strength of BC membrane, while the
in-situ polymerization of polypyrrole reduces mechanical strength of
BC-CNT composite. This is because the incorporation of CNT effectively
fills the network structure of BC, while polypyrrole forms a shell-sheath
structure on the BC nanofiber, making the BC membrane sparser.
Fig. S3c is thermogravimetric analysis (TGA) of pure BC, BC-CNT, and
BC-CNT-PPy composite membrane. With the incorporation of CNT and
polypyrrole polymerization, the thermal stability of the materials is
gradually increased, because CNTs can effectively absorb heat, and
polypyrrole forms a shell and sheath structure on the BC fiber so that the
BC fiber is expected to be less exposed to thermal shock. BC-CNT-PPy
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Fig. 1. (a) Schematic illustration of pure BC membrane and conductive BC-CNT-PPy composite membrane fabrication. (b) Schematic image of the TENG’s structure.
(c) SEM images of prepared membranes, I) pure BC membrane, II) BC-CNT membrane, III) BC-CNT-PPy membrane, and IV)-VI) enlarged images of I)-III).

membrane shows good electrical conductivity compared with BC and
BC-CNT samples (Fig. S3d).

Material properties related with chemical modification are critical to
the output performance of TENG devices. To verify the changes in the
surface chemical bonding, the prepared different BC membranes are
firstly characterized by Fourier-transform infrared (FT-IR) spectroscopy.
The FT-IR spectra of pure BC, BC-CNT and BC-CNT-PPy are shown in
Fig. 2a. Pure BC has three absorption peaks: two peaks located at
~3345 cm ™! and ~2887 cm ! are attributed to the stretching vibration
of O-H and C-H. The peaks at 1642 cm ™! and 1045 cm ™ are attributed
to the deformation vibration of O-H and C-O, respectively. After the
incorporation of CNTs, the decreased intensity for all the characteristic
peaks is observed. A newly introduced peak at 798 cm ™! corresponds to
an enhanced C-H stretching vibration, further confirming the fact of
CNTs incorporation. With pyrrole further polymerized on BC-CNT
membrane, the characteristic adsorption peak of C=C stretching vi-
bration of pyrrole ring is observed at 1550 cm ™! [58,66]. Besides, the
curve of BC-CNT-PPy shows the characteristic peaks belong to poly-
pyrrole at around 1550 cm™' and 1455 cm ™, corresponding to C-N

stretching vibration and C-C stretching vibrations in the pyrrole ring,
respectively [66]. Compared with the absorption bands of BC-CNT and
BC-CNT-PPy (Fig. 2b), we find that the peak intensity is also signifi-
cantly reduced in the wavenumber ranged from ~1300 to ~700 cm ™},
indicating that there is a strong interaction between CNT-PPy and BC. To
further corroborate the chemical modification process of CNT/PPy
incorporation, X-ray photoelectron spectroscopy (XPS) for pure BC,
BC-CNT and BC-CNT-PPy membranes are conducted. The contrast wide
scans showed in Fig. 2c display that all membranes have binding en-
ergies (BE) consistent with carbon 1s (C 1s) and oxygen 1s (O 1s)
core-shells, exhibiting an obvious increment in carbon after CNT loading
along with an expected escalating difference in C 1s/0 1s, as duly
marked in the spectrum. The existence of a nitrogen 1s core-shell (N 1s)
in BC-CNT-PPy membrane reflects the efficient polymerization of the
PPy on BC-CNT composites due to that only PPy is nitrogen-containing
composition [66]. High-resolution scans of the N 1s is shown in Fig. 2d.
In BC-CNT-PPy composite membranes, the N 1s core-level peak can be
curve-fit into two peak components at 400.1 and 401.1 eV (ascribed to
positively charged nitrogen -NH?*- and -NH*-), from which it can be
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Fig. 2. (a) and (b) FTIR spectra of pure BC, BC-CNT, BC-CNT-PPy membranes. (c¢) and (d) XPS spectra of pure BC, BC-CNT, BC-CNT-PPy membranes. (e) Schematic
illustration of the contact electrification mechanism between the pure BC and BC-CNT-PPy membrane.

inferred that the polymerization level of PPy measured on the surface is
approximately 68%.

As is know, contact electrification (CE) in TENG is mainly dominated
by electron transfer [67,68]. As the barrier height at the interface be-
tween two friction materials is a crucial factor for CE, the surface state
models for the barrier height regulations are adopted to explain the CE
mechanism between pristine BC and conductive BC. It is important to
note that the barrier heights of materials correlate with their contacting
materials and chemical compositions. The incorporation of CNTs and
PPy in BC facilitates the ionic diffusion to significantly decrease the
resistance. Meanwhile, CNTs with remarkable charge storage capacity,
large aspect ratio and surface area act as conducting bridges between the
pyrrole domains to enhance the electrical conductivity. CNTs can
strongly interact with the aromatic rings in PPy chains to establish
n-stacking and CH-r interactions and boost the overall electrical prop-
erties of the nanocomposite membrane. Therefore, the surface state (E,)
of BC-CNT-PPy is higher than that of pure BC (Fig. 2e (I)). Once there is a
physical contact between the pure BC and BC-CNT-PPy, some electrons
will cross a potential barrier and transfer from the conductive
BC-CNT-PPy to the dielectric pure BC. Meanwhile, the potential barrier
will be decreased by A\E when the electrons transfer process is finished
and enters an electric equilibrium state (Fig. 2e (II)). When the two

friction layers are separated, the BC-CNT-PPy is positively charged,
while the pure BC is negatively charged (Fig. 2e (III)). The electric
equilibrium state is changed and electrons will be driven by the potential
difference to flow through external circuit. The illustrated surface state
models can help to clarify the CE mechanism from the aspect of potential
barrier heights modulation in the conductive and dielectric BCs and
corresponding electron transfer process (Fig. 54).

Prior to the electrical characterization of the all-cellulose TENG
outputs, corresponding simulations (finite element analysis) of the
triboelectric potential distributions of the BC membranes in different
resistances (100, 10, 2, and 0.3 kQ) by COMSOL Multiphysics are shown
in Fig. 3a to demonstrate the triboelectrification properties of different
BC membranes. With more CNT and PPy incorporated in the BC mem-
brane, it shows an enhanced conductivity and exhibits more electro-
positive properties to lose electrons. In the simulated results, BC-CNT-
PPy membrane with lower resistance shows more tendency to induce
positive electrostatic field (or positive charges) upon contact-separation
with pristine BC. Accordingly, the constructed TENG based on BC-CNT-
PPy membrane in lower resistance (0.3 kQ2) shows an open circuit
voltage (Voc) of 19 V (contact-separation distance at ~5 cm, frequency
at ~3 Hz). The V¢ gradually decreases to 4 V with the resistance of BC-
CNT-PPy friction layer increased to 100 kQ (Fig. 3b). Similarly, the short
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Fig. 3. (a) Schematic diagram of the simulation evolution of the electrostatic field when TENG works. (b) Voltage and (c) current output of the TENG with different
resistance of the BC-CNT-PPy membrane. (d) Voltage and (e) current output of the TENG with different contact distance between frication layers. (f) Voltage and (g)
current output of the TENG with different contact frequency. (h) Voltage and current output as a function of the load resistance. (i) Calculated output power as a
function of the load resistance. (j) TENG output under periodic test for 10,000 cycles at 3 Hz.

circuit current (Isc) decreases from 420 to 100 nA with the BC-CNT-PPy
resistance decreased from 0.3 to 100 kQ (Fig. 3c). Because the TENG
with BC-CNT-PPy resistance at 0.3 kQ shows the highest output, it is
reasonably selected as the test sample in the following characterizations.

We characterize the output performances of the all-cellulose TENG
upon different contact-separation distances and frequencies. As shown
in Fig. 3d and 3e, both the V¢ and Is¢ represent increment tendency
with the contact-separation distance increased from 2 to 5 cm (contact
frequency at 3 Hz). When the contact-separation distance is fixed at
6 cm, the output performance is similar with that of 5 cm. This may be
attributed to that the TENG separation at 6 cm cannot efficiently lead to
more significant electrostatic induction compared with the 5 cm sepa-
ration case. For different contact-separation frequencies (increasing
from 1 to 5 Hz with a separation distance at 5 cm), the V¢ and Igc in-
crease from 4 to 29 V and from 0.1 to 0.6 pA, respectively. The achieved
results above are consistent with the output evaluation equations of the
TENG [10],

ox(t)
&9

Voc =

In this equation, & is permittivity of vacuum, x is the relative
distance between the two friction layers. The output Vo is determined
by x(t) and static charges density (o), thereby proportional to the sep-
aration distance. When the separation distance dominates the output
compared with the device size, the voltage Voc may also deviate from
the linear relationship.

Fig. 3f and g represent the Voc and Igc of the all-cellulose TENG at
different contact frequencies (internal resistance is 300 Q, contact-

separation distance is 5 cm), respectively. When the contact frequency
is applied as 1 Hz, the Vp¢ and Isc are 4 V and 0.1 pA, respectively.
When the frequency is increased to 2 Hz, both V¢ and Isc have obvious
increments. As the frequency continues to increase from 1 to 5 Hz, the
Voc also increases from 4 to 29 V and Is¢ increases from 0.1 to 0.6 pA. To
evaluate Isc, we can extract it from the equation as follows [69]:

d0sc _

Jo — Sod, dx SGdoV([)
SC — dt -

(do +x(0)° di (dy +x(1))"

Here, Q is the transferred charge, S is the area size of the electrode, and ¢
is the density of the triboelectric charges. This equation means Isc will be
increased with the increment of static charge density ¢ and the contact-
separation speed v(t) between the two dielectrics. The output power of
the all-cellulose TENG is also evaluated based on the output perfor-
mances at different load resistances (contact distance is selected to be
5 cm and contact frequency is fixed at 3 Hz to get stable characteristics
of the all-cellulose TENG). According to Ohm’s law, as the load resis-
tance increases, the potential drop (i.e., the output voltage) increases
and the current flowing through the external circuit decreases (Fig. 3h).
The output power (P) is calculated at different load resistances accord-
ing to the equation of P = U x I. The maximum output power is eval-
uated to be 3 pW with the load resistance at 25 MQ (Fig. 3i). As long-
term stable output of TENG device is critical for practical and sustain-
able applications, the stability test of the all-cellulose TENG is shown in
Fig. 3j. The output voltage can be maintained at a stable level for over
10,000 cycles of contact-separation. Insets of Fig. 3j further confirm the
stable V¢ of ~20 V with almost no changes at the beginning and the
end of the durability test. Considering it is the durability test, we
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increase the contact frequency at 3 Hz and keep the separation distance
at 5 cm. The input force is applied from 0.5 to 6 N in the whole exper-
iment, and the details of the applied forces are shown in Fig. S5. The
measured force increases with the increased contact frequency. This can
be attributed to that the traction force in linear motor increases with the
instrument settings according to the contact-separation frequency and is
transmitted to the TENG device.

Due to the intrinsic hydrogel nature of BC with 3D crystalline
network of macromolecular polysaccharide, BC and the precipitated
conductive composites are ready to be biodegradable. And the left CNTs
is available to be collected for reuse. The degradation experiments for
pure BC membranes and BC-CNT-PPy composite membranes are con-
ducted with enzymatic degradation method in cellulase solution, which
is a type of basic and classical method to degrade bacterial cellulose
[70]. The components of cellulase include cellobiohydrolase, endoglu-
canase, and f-glucanase. Cellobiohydrolase mainly acts on the surface of
the nanofiber to crack the long cellulose molecular chain and free the
end of the long chain molecule, thereby making the cellulose easy to
hydrate; endoglucanase acts on cellulose activated by cellobiohydrolase
to decompose its -1, 4 glycosidic bonds to produce cellobiose, cello-
triose and other short-chain oligosaccharides; the role of -glucosidase is
to decompose cellobiose and cellotriose into glucose [71]. Photo images
of the real-time degradation process are in Fig. 4a and b. In the first two
hours, the appearance of BC and BC-CNT-PPy films does not change
significantly (Fig. S6). For the pure BC membrane (Fig. 4a), it starts to
show a crimped shape combined with partial broken points after three
hours. The color changes from white to translucent due to the decrease
of crystallinity. At the fourth hour, the pure BC membrane is almost fully
broken, at which stage the reinforced chains of BC are mostly depoly-
merized. In the subsequent four hours, the size of BC fragments
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gradually decreases until almost complete disappearance at the eighth
hour. Only some impurities and the corpse of Acetobacter xylinum are
left, indicating the BC are fully depolymerized into soluble saccharide
molecules. For the conductive BC-CNT-PPy membrane (Fig. 4b), the
degradation takes place from all the edges and faster on the four corners,
nearly maintaining the initial square shape but in a smaller size after
three hours. This is because the network structure of the BC substrate is
filled with CNT and PPy, which makes it difficult for cellulase molecules
to penetrate into the interior and can only contact from the edge part of
composite membrane. From the fourth hour, cracks start to show up at
the edges and the BC-CNT-PPy membrane gets to be gradually degraded
until all the BC composition is depolymerized in the subsequent four
hours. Sugar concentration is an important index of degradation ex-
periments [51]. To further indicate the degradation status, Fig. 4c and
d present the curves of total sugar concentration and reducing sugar
concentration during the degradation process for pure BC and
BC-CNT-PPy composite membranes. The reducing sugar is glucose, and
total sugars contain glucose and oligosaccharides (e.g., cellobiose and
cellotriose). From the curve of reducing sugar concentration, the
reducing sugar concentration values are almost the same in BC and
BC-CNT-PPy during the measurement. From the curve of total sugar
concentration, the concentration of total sugars in the degradation so-
lution does not increase after the seventh hour, we can know that the
pure BC and BC-CNT-PPy composite membranes are almost degraded
within seven hours. The degradation rate of pure BC membranes is faster
than the BC-CNT-PPy composite membranes in the first two hours from
the curve of total sugar concentration in Fig. 4c. This is because that the
BC-CNT-PPy composite membranes have tighter structure after incor-
porating CNT and coating PPy, which leads the cellulase more difficult
to penetrate into the membrane at the beginning of degradation process.
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Fig. 4. (a) The digital photo of the degradation process of (a) pure BC and (b) BC-CNT-PPy membrane under cellulase. (c) Total sugar content and (d) reducing sugar

content in the cellulase solution during degradation.
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However, at the fourth hour of degradation process, the total sugar
concentration and reducing sugar concentration for both BC and
BC-CNT-PPy membranes are ~3.453 and 2.137 mg/mL, respectively.
This means the pure BC membranes and BC-CNT-PPy composite mem-
branes have the same degradation efficiency at the fourth hour. Judging
from the reducing sugar and total sugar content, their degradation de-
gree of BC and BC-CNT-PPy is almost the same. However, as observed in
Fig. 4c, the total sugar content for BC degradation is lower than that for
BC-CNT-PPy, which may be attributed to that the initial total sugar
content of BC is lower than that for BC-CNT-PPy. This is generally caused
by the systematic errors during measurement, which is consistent with
previous literatures [72]. Interestingly, from Fig. 4a and 4b, the
BC-CNT-PPy composite membranes maintain more integrity structure
compared with the pure BC membranes at the fourth hour of degrada-
tion. This is attributed to the formation of core-shell structure after
coating PPy onto BC nanofiber, which can help to maintain the structure
after the partial degradation of BC nanofibers. With further degradation
process, the membrane tends to be fully cracked and left with only CNT
and PPy particles in the end (Fig. 4b). Corresponding standard curves of
total sugar and reducing sugar are shown in Fig. S7.

Based on the stability and high-output properties of the all-cellulose
TENG, the TENG constructed from two different BC components can be
used to drive low-power commercial electronics and work as a wearable
cellulose interface. Fig. 5a and Movie S1 shows that the all-cellulose-
TENG (based on BC-CNT-PPy with resistance of 0.3 kQ2) with a com-
mercial bridge rectifier can easily light up seven light-emitting diodes in
series (contact frequency at 3 Hz separation distance at 5 cm). External

1 TENG'

o VSuTo
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IN2  OUT2
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IN5 C OUTS|
IN6  OUT6
IN7  OUT?
IN8  OuT§
IN9PUTY

BC-CNT-PPy =

Nano Energy 89 (2021) 106354

mechanical energy can be readily converted into electrical energy by the
all-cellulose TENG. To power various electronic devices, the harvested
electrical energy needs to be stored for more efficient usage. Considering
the pulse output characters of TENG, commercial capacitors with
different capacitances are used for energy storage on demand in this
work [7]. Fig. 5b depicts the charging process of the all-cellulose TENG
to different capacitors through a bridge rectifier. It requires 4, 10, 52,
and 137 s to charge the capacitor of 2.2, 10, 47, and 100 pF to 8 V,
respectively. Smaller capacitor is easier and faster to be charged, while
the larger capacitor can be used to drive high power electronics. For
instance, the electronic watch (DFYJ.CO, NT-62, 3 pW) can be easily
powered by the all-cellulose TENG charged 2.2 pF capacitor as shown in
Fig. 5¢ and Movie S2. Capacitor (2.2 pF) charge and discharge curve
when the all-cellulose TENG powers the electronic watch shown in
Fig. S8. To drive a stopwatch with relatively higher power (M.Air,
A-189, 10 uW), a paired capacitor of 47 pF charged by the all-cellulose
TENG is needed (Fig. 5d). The stopwatch can be turned on at the 60th
seconds (8 V) by the harvested mechanical energy through the BC TENG
(Fig. S9 and Movie S3). The all-cellulose TENG is demonstrated to be
fully capable of powering commercial electronic devices with different
power consumptions.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106354.

The harvested mechanical energy can also be used as a switch signal
recognized by single-chip microcomputer to trigger a processing circuit
and embedded software program. In this way, the all-cellulose TENG can
be used as a eco-friendly wearable interface to control/trigger some
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Fig. 5. The developed applications of the designed all cellulose TENG. (a) All cellulose TENG is successfully used as a direct current power source to light up 7 LEDs
connected in series. All cellulose TENG powers the (b) capacitors, (c) watch, (d) stopwatch. (e) Schematic diagram of wearable electronic piano based on the all

cellulose TENG.
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software-level (or hardware-level) applications. As a proof of concept,
we try to use eight BC-CNT-PPy TENGs in single electrode mode
(Fig. S10) to functionalize as eight piano keys to play a simulated
electronic piano and demonstrate the virtual keys in computer. As
shown in Fig. 5e, eight BC-CNT-PPy TENGsS are connected to the PIN 1 to
PIN 8 through eight pull-down resistors, respectively. When the cellu-
lose piano keys (i.e., BC-CNT-PPy TENGs) are touched by the fingers,
electrons will flow from the ground to BC-CNT-PPy friction layer due to
electrostatic induction to form a current flow, which will induce effec-
tive trigger signals to implement corresponding program to activate the
music notes of Do, Re, Mi, Fa, Sol, La, Si and higher-tune Do, respec-
tively. In details, the BC-CNT-PPy TENGs induce the analog triboelectric
signals with an average voltage of ~0.5V (Fig. S11), which can be
recognized by the single-chip microcomputer (Arduino, available
reading threshold voltage ranged from 0.005 to 5 V) and converted into
digital signals. The digitals signals are transmitted by the Bluetooth
module (BT1) to another Bluetooth module (BT2) and received by the
embedded program in computer to drive the corresponding music notes.
The eight BC-CNT-PPy TENGs can also be readily sewed on the gusset
and used as a wearable interface to play the music notes (Movie S4) and
a melody of “Tinkerbell” (Movie S5). In addition, we have also tried to
play a cyber game of “Greedy Snake” controlled by the all-cellulose
TENG (Fig. 6a). We firstly mount pure BC membrane on thumb and
BC-CNT-PPy membrane on index, middle, ring, and little fingers,
respectively. The index, middle, ring, and little fingers control the
“Greedy Snake” movement to the right, up, down and left, respectively.
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i
1
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The basic working process of TENG controlling “Greedy Snake” is shown
in Fig. 6b. The TENG can generate an electrical signal by fingers touch,
which can be received by Arduino and implement corresponding action
order for the “Greedy Snake” to move toward target directions. Fig. 6¢
shows the detail of the movement process of the “Greedy Snake” trig-
gered by finger touch via the all-cellulose TENG. Relevant experiment
videos are shown in Movie S6. Furthermore, to satisfy more practical
applications, we have also added the stability tests for the ordinary
motions in the frequency of most cases in daily life, e.g., finger and all-
cellulose TENG in touch frequency of once, twice, and three times within
1 s. The results are shown in Fig. S12, all the collected peak signals show
a relatively stable situation and locate within the available reading
threshold voltage range of Arduino (from 0.005 to 5 V). The demon-
strated all-cellulose TENG is ready to drive commercial electronics and
functionalize as wearable interfaces, which is also promising to be used
for potential applications with biodegradable requirements.
Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106354.

3. Conclusion

In summary, we have developed an eco-friendly energy-harvesting
and interactive device based on all-cellulose composites. Energy-
harvesting relies on the all-cellulose TENG, which exhibits the
maximum open-circuit voltage of 29 V, short-circuit current of 0.6 pA,
and output power at 3 pW. The demonstrated output power enables to
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Fig. 6. Fingertip control “Greedy Snake” based on the all-cellulose TENG. (a) The index, middle, ring and little fingers control the “Greedy Snake” movement to right,
up, down and left, respectively. (b) the basic working process of TENG controlling the “Greedy Snake”. (c) “Greedy Snake” cyber game triggered by the fingers via all-

cellulose TENG.
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drive commercial electronics, and the output signals can be directly used
as the trigger signal for human-computer interaction to control a sew-
able electronic piano. The biodegradation experiments are also con-
ducted to demonstrate that BC and BC-CNT-PPy membranes can be
degraded within 8 h and the left CNTs can be cycled to use. As BC is a
typical biopolymer produced by bacteria, it also shows advantage of
high purity, high porosity, permeability to liquid/gas, good biocom-
patibility, mechanical robustness and facile to be doped with conductive
materials. Combining BC with efficient energy-harvesting TENG shows
huge potential in implanted electronics, transient energy devices, bio-
logical safety human-machine interface and bio-adaptable electronic
devices for artificial tissues/organs.

4. Experiments
4.1. Materials

The bacterial cellulose (BC) pellicles purchased from Hainan Yide
Foods Co. Ltd. (China). The short multi-walled carbon nanotubes
(MWCNTs, purity >98 wt%, length = 0.5-2 pm) were purchased from
Chengdu Organic Chemicals Co. Ltd. The rest of materials such as cetyl
trimethyl-ammonium bromide (CTAB), FeCl3'6H>0, Pyrrole with 98%
of purity, P-toluenesulfonic acid (PTSA) were supplied by Aladdin and
used without further purification.

4.2. Characterizations

The morphologies of membranes were observed using S-4800 field
emission scanning electron microscope (FE-SEM). Thermal gravimetric
analysis (TGA) was carried out under nitrogen atmosphere with by using
the thermogravimetric analyzer (Pyrisl, China) in the temperature range
of 5-700 °C at a heating rate of 10 °C/min. The Fourier transform-
infrared (FT-IR) spectra were recorded on a FTIR spectrometer (VER-
TEX80v, Bruker) using the pressing potassium bromide troche method
[73]. The Voc, Isc, and Qsc were measured by an electrometer (Keithley
6514 system). A custom LabVIEW program was used to record the
electrical output.

4.3. Preparation of BC-CNT-PPy composite membranes

The BC-CNT-PPy composite membranes were prepared in a two-step
reaction, first grafting reinforcement with CNT with a doping process
(BC-CNT), followed by in-situ oxidative polymerization of pyrrole (BC-
CNT-PPy). The BC pellicles were cut into a size of 6 cm x 6 cm, then
washed thoroughly with distilled water until PH = 7 and changed into a
swollen state. The CNT were dispersed in pure water (0.2 wt%) with a
cationic CTAB (0.4 wt% in water) to obtain the MWCNT dispersion.
Ultrasonication was then applied to the MWCNT dispersion with a
nominal frequency of 28 kHz and a power of 600 W for 1 h at 25 °C to
stabilize them against van der Waals attraction. The highly swollen BC
was immersed in the MWCNTs dispersion, ultrasonication for 1 h at
room temperature, then oscillation at 150 rpm/sec for 23 h, and this
procedure is repeated for three times. In this way, the MWCNTs could be
well-dispersed in the bacterial cellulose to obtain the BC-CNT composite
pellicles. The BC-CNT composite pellicles were rinsed several times in
distilled water to remove surfactants. After mechanical pressing to
remove the physically adsorbed water, the MWCNT-doped BC pellicles
were immersed in the aqueous solution of iron (III) chloride hexahydrate
(FeCl3.6H0) with concentration 0.1 mol/L under magnetic stirring for
2 h, then withdrew and immersed in the pyrrole solution with PTSA, the
molar ratio of FeCls.6 HyO:PPy:PTSA was 2.6:1:1. Here, iron (III) chlo-
ride hexahydrate is an oxidant for the in-situ oxidative polymerization of
pyrrole to PPy. The mixture was placed inside the refrigerator at
4 +1 °C for 60 min to initiate the polymerization of polypyrrole and
obtain BC-CNT-PPy composite pellicles. After the reaction completed,
the obtained composite pellicles were washed with distilled water to

Nano Energy 89 (2021) 106354

remove excess agents. Finally, the BC-CNT-PPy composite membranes
were prepared by hot-pressing the composite pellicles under 120 °C for
6 h. The pure BC membranes were also prepared with the hot-pressing
method.
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