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Abstract: Triboelectric nanogenerator (TENG) is a promising technology for converting mechanical
energy into electrical energy. In the present research, a bio-TENG based on bacterial cellulose (BC)
was fabricated, and the performance was improved by surface modification. The BC films were
chemically functionalized by phosphorylation and sulfonation processes. The FTIR technique
confirmed the functional groups on the phosphorylated and sulfonated BCs. The
hydrophobic/hydrophilic properties were studied and found that the unmodified BC, as well as the
functionalized BC, were both hydrophilic. The structure and morphology of the BC nanofibers were
investigated by SEM imaging. It was shown that after phosphorylation and sulfonation, the BC
nanofiber surface became rougher, and the fibers were densely packed. The pores between the
nanofibers almost disappeared. These have resulted from the coating of the phosphate and sulfonic
functional groups on the BC nanofibers. For TENG measurement, the BC film was paired with PTFE
under a single-electrode measuring mode. The functionalized BC showed improved output performance
compared to the unmodified BC, possibly due to the rougher and denser BC surface and the change in
the BC triboelectric potential. This research demonstrated a novel but straightforward way to enhance
the output performance of the bio-TENG.
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1. Introduction

In recent years, triboelectric nanogenerator (TENG) has received much attention as a
promising technology for converting waste mechanical energy into useful electrical energy [1,
2]. In principle, it is possible to harvest almost all types of mechanical energy by using TENGs
[3, 4]. Thus, TENG is a potential candidate as an energy source for portable electronic devices.
TENG employs the energy conversion principle via the combination of electrostatic induction
and triboelectric effect [5]. More recently, biocompatible, bioinspired, or biodegradable
TENGs (bio-TENGS) have been developed using sustainable and eco-friendly biomaterials as
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their main constituents [6, 7]. They have attracted interest from many research groups since
they can be utilized for transient electronics, self-powered implantable, and wearable
electronics [8]. For example, Kim et al. fabricated the TENG from silk fibroin nanofiber and
showed the high voltage output over a large surface area [9]. A wide range of natural materials
has been successfully incorporated to form the bio-TENGs, such as egg white [10], chitin [10],
chitosan [11], potato starch [12], and other polysaccharides [13].

Cellulose is a very important natural polymer. It is abundant and cheap, making it an
almost indispensable natural raw material for sustainable industrial development [14, 15]. The
cellulose-based TENGs have been continuously researched in recent years as a part of the bio-
TENGs for green and eco-friendly energy harvesting systems. For example, cellulose
nanofibril (CNF) hydrogel prepared from the wood pulp was attached to the indium tin oxide
(ITO)/polyethylene terephthalate (PET) substrate as a positive electrode for TENGs. When
pairing with fluorinated ethylene propylene (FEP) film as a negative electrode, the open-circuit
voltage (Voc) and short-circuit current (Isc) of ~5 V and ~7 puA, were obtained [16]. In another
work, CNF was impregnated into the porous structure of the cellulose microfiber (CMF)
skeleton. The nanostructured cellulose-based paper was used as a triboelectric layer in the bio-
TENG used for self-powered healthcare products [17]. Furthermore, the bio-TENG was
fabricated from highly porous CNF aerogel [18]. The porous structure improved the contact
area and the electrostatic induction, which resulted in the enhanced TENG outputs.

Apart from natural cellulose from plants, bacterial cellulose (BC) has been used as an
electrode for bio-TENGSs. BC is grown by culturing bacteria strains under the right condition.
It exhibits several unique characteristics, such as a three-dimensional nanofiber network
structure, a high degree of polymerization, good mechanical properties, and biocompatibility
[19-21]. An example of the BC-based TENGs was reported by Kim et al. [22], which dissolved
BC hydrogel in ethyl acetate solution before regenerating it on a copper foil. The TENG output
power was 4.8 mW/m? at a matched load resistance [22]. However, the method in preparing
the BC film in this work involved the solubilization of the BC hydrogel. The major drawback
of this process is that the unique structure of BC, the porous network of three-dimensional
nanofiber, was destroyed, and the crystallinity of BC also changed from cellulose I to cellulose
11 [22]. Additionally, the regenerated BC films were attached to electrodes using adhesive tapes
[12, 23], creating an additional interface that reduced electron transfers across the interfaces.
Alternatively, Jakmuangpak et al. fabricated the BC-TENGs by gradually drying BC hydrogel
on a conductive substrate [24]. The BC film was adhesively bonded directly with the substrate
without any use of adhesive tapes. This method directly bonded BC with the substrate and
preserved the three-dimensional nanofiber network structure of BC.

In the present paper, we followed the fabrication method proposed by Jakmuangpak et
al. [24], but we further enhanced the TENG output performance by functionalizing the surface
of BC. The chemical functionalization of BC has been proved to enhance the output voltage of
TENGS. Yao et al. reported the fabrication of bio-TENGs made of CNF fibers and chemically
functionalized with nitro and methyl groups [25]. Upon contact, the nitro-CNF, with excellent
electron-withdrawing property, acquired a negative charge, whereas the positive charge was
induced in the methyl-CNF due to an electron-donating functionality. As a result, the output
voltage was enhanced due to the change in the tribopolarities of functionalized CNF. Therefore,
in this work, we performed surface functionalization of BC using two processes:
phosphorylation and sulfonation. Both processes are well known for significantly altering the
surface properties of the original cellulose, such as surface hydrophobicity or dispersibility in
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specific solvents [26]. We found the enhancement of the output performance of our BC-TENGs
after treatments. The chemical functional groups, morphology, and properties as well as the
TENG performance were analyzed and discussed.

2. Materials and Methods

2.1. BC cultivation.

The process for cultivating BC was adapted from [24]. The bacterial strain
Komagataiebacter nataicola (strain TISTR 975) was cultivated in a medium consisting of 100
g of anhydrous D-glucose (Ajax Finechem) and 10 g of yeast extract powder (HiMedia) in 1 L
of de-ionized (DI) water. After cultivation at 30 °C for 24 h in a shaker incubator, 1 mL of the
cell suspension was transferred into a new container of a fresh liquid culture medium. The static
cultivation at 30 °C was then performed for 3 days. After that, the BC pellicle with 2 mm thick
and 70 mm wide, was harvested. It was purified by boiling in DI water and soaking in NaOH
solution. Then, pH was neutralized by rinsing with DI water several times. The purified BC
hydrogel was kept in a refrigerator (<4 °C) before further use.

2.2. Surface functionalization.

For the phosphorylation of BC [27], 80 g of urea was mixed with 200 cm?®
dimethylformamide (DMF) solution. The BC hydrogel was immersed in the prepared solution
for 1 h with continuous stirring. Then, the solution was heated to 70, 100, or 130 °C, and 40 g
of phosphoric acid (HsPO4) (80% v/v) was gradually dropped into the solution. The reaction
was continued for 4 h. After cooling down to room temperature, the BC hydrogel was washed
with the diluted 1-propanol solution, following by the 0.1M hydrochloric (HCI) solution. It was
finally rinsed in DI water several times until the pH of 7 was reached and kept in DI water
before further use.

The sulfonation of BC [28] was done as follows. The BC hydrogel was immersed in
the sodium periodate (NalOs) solution (0.02M and 0.04M) with gentle stirring at room
temperature. After 24 and 48 h, it was removed from the solution and rinsed with DI water.
Then, it was further soaked in 5 wt.% sodium bisulfate (NaHSO3) solution at 50 °C for 5 h.
Finally, the BC hydrogel was cleaned with DI water several times until the pH of 7 was reached.

The chemical functionalizations of BC are schematically illustrated, as shown in Fig 1.

2.3. Characterization.

Before subjecting to any characterization techniques, the BC hydrogel was freeze-dried
to obtain the BC aerogel to preserve its structure. The crystalline structure of the pure BC
sample was examined using X-ray diffraction (XRD) with a diffractometer employing Cu-Ka.
radiation (PANalytical, Empyrean, USA). The functional groups of the pure BC and treated
BC sheets were investigated using Fourier transform infrared (FTIR) spectroscopy (Bruker,
TENSOR27, Germany) within a wavenumber range of 4000 to 600 cm™. A field emission
scanning electron microscope (FESEM) (FEI, Helios, USA) was used to observe the surface
morphology of the samples. The samples were gold-coated before imaging with the SEM to
improve conductivity. To test the hydrophilicity/hydrophobicity of the samples before and after
chemical functionalization, the samples were subjected to the water contact angle (WCA)
measurement using a specialized instrument (FTA1000 Drop Shape Analysis System, UK).
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Figure 1. The schematic illustration of the phosphorylation and sulfonation of BC.

2.4. Fabrication of BC-TENG and TENG measurement.

To make the electrode for TENG measurement, the pure BC hydrogel, the
phosphorylated BC hydrogel, or the sulfonated BC hydrogel was placed on a conductive glass
substrate made from indium tin oxide (ITO). The hydrogel was allowed to gradually dried on
the substrate. To speed up the process, it was put in an oven set at 60 °C. Once dried, the flat
thin BC film was formed on the ITO glass with very strong bonding. The TENG measurement
was tested under a vertical contact-separation mode with a single-electrode [29]. The BC film
and a Teflon plate were used as friction materials in the lower and upper parts. The substrate
of the BC film (the ITO glass) in the lower section was only connected to the ground. An
oscilloscope (RIGOL DS1054) and a digital multimeter (KEITHLEY DMMG6500) were used
for the voltage and current output measurement. The TENG voltage and current outputs were
measured at room temperature with 35 — 40 % humidity.

3. Results and Discussion

3.1. XRD analysis.

The XRD pattern of the untreated BC is shown in Fig. 2. The characteristic peaks of
BC are observed at 20 of 14.8°, 17.2° and 23.1° corresponding to the Miller indices of (110)

(110) and (200), respectively [30, 31]. No other peaks can be found indicating that the
biosynthesized BC is in its single-phase without any impurity. The XRD of the phosphorylated
BC and the sulfonated BC did not show any difference from the pure BC, which is
understandable since the XRD only examined the crystal structure but not the surface
functionality. It indicates that phosphorylation and sulfonation do not change the BC crystal
structure.
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Figure 2. The XRD pattern of the oven-dried BC sheet.

3.2. FTIR analysis.

The FTIR spectra of the pure BC and the phosphorylated BC (PBC) are shown in Fig.
3. The samples PBC-70, PBC-100, and PBC-130 represent the phosphorylated BC (PBC)
treated at 70 °C, 100 °C and 130 °C, respectively. The broadband is observed at the
wavenumber of 3600 — 3000 cm* which is assigned to the stretching of the hydroxyl group (-
OH) of the glucose molecules [31]. This band is partially overlapped with the asymmetrical
stretching of the methyl group (-CH) at the wavenumber of 2900-2800 cm™ [32]. After
phosphorylation, the band of the hydroxyl group stretching is reduced, which is due to the
reaction with phosphoric acid (HsPOQa), resulting in new bands at 1230 cm™, 900-940 cm*and
834 cm™, which are corresponding to P=0, P-OH, and P-O-C vibrations, respectively [27],
indicating the formation of the phosphate group. However, these bands may be difficult to
observe because they are in the same range as the C=0 and C-H bands of the pristine BC.
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Figure 3. The FTIR spectra of the BC and the phosphorylated BC (PBC) treated at 70 °C (PBC-130), 100 °C
(PBC-100), and 130 °C (PBC-130).

For the sulfonated BC (SBC), the FTIR spectra are shown in Fig. 4. The samples were
immersed in NalOgs solution for 24 or 48 h, with a concentration of 0.02M or 0.04M. Like
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phosphorylation, the sulfonated BC showed the -OH stretching reduction since it is bonded
with the sulfonic acid group. The new band evidence this at 1360 cm™, 1062 cm™, and 613 cm’
! associated with the S=0 and S-O vibrations of the sulfonic group [28]. However, these bands
also overlap with the existing band of the pure BC, such as the C-O vibration at 1062 cm™™.
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Figure 4. The FTIR spectra of the BC and the sulfonated BC (SBC) immersed in NalOs solution for 24 and 48 h
with the concentration of 0.02M and 0.04M.

3.3. Water contact angle measurement.

To determine hydrophobic/hydrophilic properties of the BC and the surface modified
BC, the BC membranes were subjected to the water contact angle measurement as shown in
Fig. 5 and Fig. 6 for the phosphorylated BC (PBC) and the sulfonated BC (SBC), respectively.
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Figure 5. The water contact angle measurement of the BC and the phosphorylated BC (PBC) treated at 70 °C
(PBC-130), 100 °C (PBC-100) and 130 °C (PBC-130).
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The pure BC shows the hydrophilic properties as expected since many hydroxyl groups
are on the cellulose chains. As soon as a water droplet was dropped on the BC surface, it was
absorbed completely. A similar observation was found in the case of the PBC and SBC
surfaces, indicating the hydrophilic properties of both PBC and SBC. Altering the
phosphorylation conditions, i.e., changing heat treatment temperature in the phosphorylation
process, did not affect the hydrophilicity.

Similarly, changing the sulfonation concentration did not show any effect on the
hydrophilic properties. The water droplet was absorbed almost immediately upon contact with
the surface. The reasons for the hydrophilic properties of the PBC and SBC samples are due to
the presence of phosphate and the sulfonic groups on the cellulose chains. These groups are
polar functional groups, making electrostatic interaction with water molecules, resulting in
hydrophilic properties.

SBC24-0.02M

SBC24-0.04M

SBC48-0.04M

Figure 6. The water contact angle measurement of the BC and the sulfonated BC (SBC) immersed in NalO,
solution for 24 and 48 h with the concentration of 0.02M and 0.04M.

3.4. SEM images.

The surface morphology of the samples was investigated by using SEM imaging. Fig.

7 shows the SEM micrographs of the BC and phosphorylated BC (PBC). The surface of the
pure BC consists of the interwoven nanofibers in a three-dimensional structure. High porosity
can be observed. The average nanofiber diameter is about 50 nm. When the BC was treated by
phosphorylation, the phosphate functional groups were coated on the fiber surface. This is
evidenced by the larger nanofiber diameters of the phosphorylated samples. Increasing the
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treatment temperature led to the larger fiber sizes of 110 nm, 120 nm, and 150 nm for PBC-70,
PBC-100, PBC-130, respectively. Moreover, the nanofibers were densely packed together with
the obvious decrease of the porosity after phosphorylation. Particularly, for PBC-130, the
nanofibers were so densely packed that the porous structure between the nanofibers was
completely filled. This is due to the relatively high temperature at 130 °C, which can kinetically
drive the phosphorylation process, resulting in a thick coating of the phosphate groups on the
BC nanofibers.

The SEM images of the BC and the sulfonated BC (SBC) are illustrated in Fig. 8.
Similar to the PBC, the SBC shows the increase in the fiber diameters and the decrease in
porosity after sulfonation compared to the pure BC. The average fiber diameter increased from
50 nm for the pure BC to 70 nm, 80 nm, 90 nm, and 90 nm for SBC24-0.02, SBC48-0.02,
SBC24-0.04, and SBC48-0.04, respectively. This is due to the coating of the sulfonic group on
the surface of the cellulose nanofibers. The changes in the surface morphology have an

% PBC70°C
LR

Figure 7. The SEM micrographs of the BC and the phosphorylated BC (PBC) treated at 70 °C (PBC-130), 100
°C (PBC-100), and 130 °C (PBC-130). Magnification: 15,000x (lef) and 30,000 (right).
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Figure 8. The SEM micrographs of the BC and the sulfonated BC (SBC) immersed in NalO, solution for 24 and
48 h with the concentration of 0.02M and 0.04M.

3.5. TENG output performance.

After fabrication of PBC and SBC as the friction layer for TENG, the output signals
were measured, and the results are shown in Fig. 9. The voltage and current outputs of the pure
BC were 54.4 V and 4.96 pA. These values are comparable to other previous reports [22, 24].
After surface modification, the TENG output performances are clearly changed. For the
phosphorylated samples, the output voltages were 48.8 V, 72.8 V, and 76.7 V for PBC-70,
PBC-100, and PBC-130, respectively, whereas the output currents were 4.32 uA, 5.90 pA, and
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6.35 pA, for PBC-70, PBC-100, and PBC-130, respectively. There is a trend that increasing
the phosphorylation temperature led to the improved TENG performance. Similarly, the
sulfonated samples also show the improvement of the TENG performance. From Fig. 9, the
output voltages of the SBC were found to be 50.4 V, 55.2 V, 59.4 V, and 64 V for SBC24-
0.02, SBC48-0.02, SBC24-0.04, and SBC48-0.04, respectively. The output current was also
increased with sulfonation with the values of 4.44 A, 4.49 pA, 5.56 pA, 5.94 A for SBC24-
0.02, SBC48-0.02, SBC24-0.04, and SBC48-0.04, respectively. Thus, it can be concluded that
the surface modification of BC by either phosphorylation or sulfonation can improve the TENG
performance (both voltage and current outputs) in comparison to the unmodified BC.

The output performance of the TENG depends on several parameters, such as the pair
of friction materials, frequency, forces, mode of contacts, environments, etc. However, if all
other parameters are controlled, and only the friction materials are changed, the enhanced
voltage and current output can be attributed to a few factors. Firstly, surface roughness can play
a crucial role.
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Figure 9. The TENG voltage and current output of (a,b) the BC and phosphorylated BC (SBC) and (c,d) the BC
and sulfonated BC (SBC).

The rougher surface means the better contact area between the pair of friction materials
for enhancing charge transfer upon the pressing/releasing process [33]. Moreover, the denser
film with fewer pores would result in better contact, which improves electrostatic induction
and charge transfer [34]. As shown in the SEM images, in Fig. 7 and 8, the BC films are
obviously denser after phosphorylation and sulfonation. Moreover, the BC surfaces became
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rougher as a result of phosphate and sulfonic groups' coating. Thus, the phosphorylated and
sulfonated films, which were densely packed with more roughness, contribute to the enhanced
TENG voltage and current output. The other cause could be attributed to the change in
triboelectric potential of the BC surface after surface modification. In this work, the BC film
was paired with PTFE, which is the most negatively charged in the triboelectric series [35].
When the BC surfaces were phosphorylated or sulfonated, the surface charges could be altered
to become more positive than the unmodified BC [36, 37]. This factor also contributed to the
enhanced voltage and current outputs.

4. Conclusions

In this work, we have successfully functionalized the BC film by phosphorylation and
sulfonation processes. The characteristic functional groups on BC nanofibers were identified
by using the FTIR analysis technique. The functionalization did not change the BC crystal
structure nor the hydrophilic properties. However, it did change the surface morphology as well
as the TENG output performance. The SEM images showed that phosphorylation and
sulfonation resulted in more surface roughness as the functional groups coated on BC
nanofibers. The BC fibers became more densely packed, and the pores between fibers were
reduced. Consequently, when using the phosphorylated BC and the sulfonated BC pairing with
PTFE in TENG test, the output performance (both voltage and current) was improved
compared to the unmodified BC. The improved performance was believed to be due to the
rougher and denser BC surface and the change in the BC triboelectric potential. Our work
illustrated a simple way to improve the performance of the cellulose-based biocompatible
TENG, which has potential use for harvesting environmental energy for self-powered
implantable and wearable electronics.
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