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Abstract: Developing metal-free electrodes for prototypes of bio-based devices is an essential step in
producing non-toxic components for implantable devices and wearables. In particular, the advancement
in self-powered devices is a hot topic for several applications due to the possibility of creating free-
battery devices and sensors. In this paper, the modification of bacterial cellulose by the progressive
incorporation of carbon black (a conductive filler) was explored as a prototype for bio-based electrodes
for triboelectric nanogenerators. This process was controlled by the percolation pathways’ activation
through the contact of carbon black grains with the bacterial cellulose membrane, which represents a
critical step in the overall process of optimization in the power output performance, reaching an open
circuit voltage value of 102.3 V, short circuit current of 2 µA, and power density of 4.89 µW/cm2.
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1. Introduction

Advances in the Internet of Things and wearables have been highly favored by the
initiative of producing flexible electronics and self-powered devices that harvest energy
from mechanical movement/environment to convert it into electrical energy [1,2]. When
considering the use of these devices as implantable or components [3,4] that operate in
contact with the skin, the requisites of non-toxicity and biocompatibility are critical [5],
making relevant the development of bio-based triboelectric nanogenerators (TENGs) [6–8]
with several applications in water-harvesting systems [9], sweat sensors [10], and sensors
for tactile perception [11].

Cellulose-based supports have been considered promising templates for active com-
ponents in triboelectric nanogenerators [12,13]. The high biocompatibility and biodegrad-
ability [14,15] of these polysaccharides and their abundance in nature can be considered
promising eco-friendly factors that make implementing cellulose-based devices possible.
In particular, bacterial cellulose (BC) is a kind of cellulose synthesized by microorganisms
that introduces the advantages of the high purity of the cellulose, avoiding additional
steps for removing lignin and hemicellulose [5,15–17]. A standard application for BC-based
triboelectric nanogenerators is based on its use as a friction layer [1,18] due to the possibility
of tuning in the charge density of the membrane. Strategies applied in the control of the
porous degree and the dielectric constant of the friction layers have been explored by
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doping bacterial cellulose with BaTiO3 [19], nitrogen-based and methyl groups [20], and
zinc oxide derivatives [3].

Despite these strategies to control the output performance by tuning the dielectric
properties/ surface characteristics of the frictional layers, the development of free-of-metal
electrodes represents another critical step toward the development of all-eco-friendly bio-
TENGs since the typical procedure for the production of electrodes for TENGs is based on
the deposition of metal layers on the friction-back face. The related issues of mechanical
resistance, wearability, and costs are drawbacks of metal-based components [21].

In this paper, carbon black as a conductive filler is incorporated into BC films as a
part of a strategy to produce modified BC-based films for metal-free electrodes. With
the progressive incorporation of the conductive filler in the membrane, a carbon black
concentration-dependent profile is expected to be observed in the electrical response
of the TENG. Above a critical filler concentration, the conductive grains must create
pathways along with the material, providing an adequate charge transfer. This process
can be observed not only in the electrical response of the electrodes but also in the overall
performance of the assembled TENG.

2. Materials and Methods
2.1. Materials

Carbon black was purchased from CABOT, São Paulo, SP, Brazil, while HB Biotech,
Araraquara, SP, Brazil, kindly provided bacterial cellulose membranes. Silicone rubber
Ecoflex™ 00-30 (Smooth-On Inc., Macungie, PA, USA) was used as a tribonegative layer
and was prepared through the mixing of equal parts of A (10 g) and B (10 g) of the Ecoflex
00-30 elastomer for 20 min until a homogeneous dispersion of the material was observed. A
controlled roughness surface was created by using a mold of sandpaper foil (100 × 30 mm2)
over which the resulting solution of Ecoflex was poured and cured at 25 ◦C for 24 h.

To prepare BC/carbon black films, moist BC membranes were cut into squares with
an area of 25 cm2 and then immersed into 40 mL of the aqueous dispersion of carbon
black in a 250 mL Erlenmeyer glass. In an orbital shaker, the solution was kept under
constant stirring (120 rpm) for 24 h at room temperature (25 ◦C). The impregnation with an
increasing amount of the filler (carbon black) was conducted according to [22], with the
specific amounts of 1 mg, 3 mg, 6 mg, 9 mg, and 12 mg resulting from the dry mass of the
BC in the samples BC-1 wt%, BC-3 wt%, BC-6 wt%, BC-9 wt%, and BC-12 wt%, respectively.
The dried BC membranes impregnated with carbon black were then cut into 4 cm × 4 cm
squares in triplicate for each concentration.

The TENG was assembled according to a single-electrode configuration in which a
polylactic acid (PLA) layer was used as the tribopositive layer, the Ecoflex was used as the
tribonegative component, and a modified bacterial cellulose as the electrode. The complete
scheme for the assembled TENG is shown in Figure 1, in which a 3D-printed layer of PLA
with 16 cm2 is connected to the arm of a reciprocating linear motor that operates in the
range of 1 Hz–7 Hz, providing contact–separation for the friction layers of PLA and Ecoflex
deposited on a BC membrane prepared with different contents of the carbon black (from
1 wt% to 12 wt%). The general mechanism of contact electrification was established from
the first contact of the tribopairs, inducing a layer of positive charges of PLA and negative
ones on the Ecoflex membrane. As observed in the scheme of Figure 1, no electrode was
connected to the tribopositive layer, while the unique electrode was applied on the back of
the tribonegative layer (Ecoflex).

In the initial configuration (before the contact of the tribopairs), there is no electric
output nor accumulated charge at the interfaces. Once the PLA comes into contact with the
Ecoflex layer, electrons are transferred to the Ecoflex surface, while the positive charge mi-
grates to the PLA surface. With the release of the force applied on the TENG, the tribopairs
tend to separate, increasing the potential difference and driving a flow of electrons in the
direction of the ground along with the resistance load. The current tends to zero after the
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complete release of the force and returns in the opposite direction under compressive forces
that approach the tribolayers, generating an alternate current in the output component.
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Figure 1. General scheme for the disposition of the mechanical exciter systems and the assembled
TENG, composed by a 3D-printed plate of polylactic acid (PLA) used as a tribopositive layer and
a tribonegative layer of Ecoflex applied on a 4 cm × 4 cm membrane of bacterial cellulose with
different contents of the conductive filler. The working mechanism is illustrated in a complete cycle
of contact–separation of tribopairs.

2.2. Characterization

The thermal properties of the bacterial cellulose membranes were determined by
thermogravimetric analysis (TGA) with curves acquired using a TA Instruments (New
Castle, DE, USA) SDT Q600 in an atmosphere of O2 flowing at 100 mL min−1 and at a
heating rate of 10 ◦C min−1 over a range of 30–850 ◦C, with 5 mg of the samples and
an alumina pan as the reference. The vibrational spectroscopy technique in the infrared
region was used to structurally characterize the BC membranes in the attenuated total
reflectance (FTIR-ATR) mode (diamond crystal). The spectra were acquired in a Bruker
spectrometer (VERTEX 70) in the transmission module at a resolution of 2 cm−1 and the
range of 4000–400 cm−1. The morphology of the pure and modified bacterial cellulose by
the impregnation of carbon black was evaluated by scanning electron microscopy (Vega
3XM Tescan, Brno – Kohoutovice, Czech Republic). For the evaluation of the electrical
performance of the TENG, the open-circuit voltage was determined by a digital oscilloscope
(MSO1104Z, Rigol, Portland, OR, USA) using a 100 MΩ probe LF-250S (Minipa, São Paulo,
SP, Brazil). For short-circuit current determination, the oscilloscope was connected to a
circuit with an LMC6001 current preamplifier, following the steps reported in Ref. [23].

The mechanical properties of the bacterial cellulose and the modified bacterial cellulose
were analyzed using an electromechanical universal machine (EMIC model DL 10000) with
the data processed using the TESC software. The Raman spectra of the carbon black
samples and the BC_cb films (1, 3, 6, 9, and 12 wt%) were obtained using a dispersive
Raman equipment of the Bruker model Senterra with an excitation line at 532 nm, an
average of 10 scans and 5 s of time acquisition, a laser power of 2 mW at the sample, and a
spectral resolution of 3 cm−1. The BC film sample was analyzed using an interferometric
Raman instrument from Bruker model RFS-100, with an excitation line at 1064 nm of a
Ne/YAG solid-state laser, using 100 mW of laser power at the sample surface, an average
of 512 scans, and 4 cm−1 of resolution. All spectra were obtained at least twice to avoid
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any thermal decomposition/chemical degradation at the sample surface, comparing the
intensity and position of each main band on the spectra.

3. Results
3.1. Thermal and Structural Characterization of CB and CB-Modified Membranes

The thermal behavior of the BC/carbon black films was evaluated and the results are
shown in Figure S1. As it can be seen, comparing the pristine BC and pristine carbon black,
three weight loss events were observed for BC, namely: (1) from room temperature to ca.
150 ◦C, indicating that there was dehydration below 100 ◦C; (2) from ca. 150 to 465 ◦C,
associated with the main thermal degradation of BC (~350 ◦C), as the depolymerization and
decomposition of glucosyl units; and (3) above 465 ◦C, assigned to the carbonization of the
degradation products, resulting in no residues [24]. On the other hand, the pristine carbon
black presented a main weight loss event, referring to the degradation of the material
between 600 ◦C and 720 ◦C [25]. The residue observed at 850 ◦C was approximately 4%.
The main thermal event for the carbon-black-containing films was observed at similar
temperatures (ca. 350 ◦C), due mostly to the decomposition of the BC molecules. The
addition of carbon black particles showed a slight increase in Tonset and Toffset for all the
composites (ca. 312–320 ◦C and 525 ◦C, respectively) compared to the pristine BC (ca.
300 ◦C and 480 ◦C, respectively); see Figure S2. For the carbon-black-containing samples,
the residue at 850 ◦C can be associated with the ash from the carbon black added to the
BC matrix. The significant increase in the residue was limited to 3%, even for the samples
containing more than this concentration of carbon black. The slight increase in the Tonset and
Toffset of the functionalized films suggests good interactions between the BC membranes
and their particle counterparts.

A structural characterization was performed by FTIR and Raman spectroscopy.
Figure S1b shows the FTIR spectra of the pristine BC and BC with varying concentra-
tions of carbon black (1, 3, 6, 9, and 12 wt%). All samples present uniform spectral profiles,
indicating similar absorption band patterns. The observed uniformity in response sug-
gests that the introduction of carbon black (cb) minimally affects the chemical structure of
cellulose. The observed infrared spectra indicate the characteristic group frequencies for
BC: the band at approximately 3340 cm−1 corresponds to intra- and inter-O–H stretching
in cellulose I; the weak band at around 2900 cm−1 is associated with the C–H stretching
of CH2 and CH3 groups or CH2 asymmetric stretching; that at 1640 cm−1 corresponds to
the H–O–H bending of absorbed water; that at 1425 cm−1 is attributed to CH2 symmetric
bending or O–H in-plane bending; that at 1320 cm−1 corresponds to C–H deformation,
O–H in-plane bending, and the out-of-plane wagging of CH2 groups; the absorption band
at 1160 cm−1 suggests the presence of the C–O–C antisymmetric bridge stretching of
1,4-β-D-glucoside in BC; the bands at 1000–1110 cm−1 are hypothesized to be related to
C–O stretching vibration in primary alcohol and C–O–C skeletal vibration; and the bands
at 400–1000 cm−1, particularly around 900 cm−1, correspond to the antisymmetric out-of-
phase ring stretching of β-glucosidic linkages, indicating the presence of cellulose II [26–30].

Figure S3 shows the Raman spectra for each one of the investigated samples. The
bands at 1344 and 1578 cm−1 refer to the D (disorder band) and G (graphite band) bands of
carbon [31,32]; it is important to notice that the relationship between the overall intensities
on the Raman spectra are not the same, strongly suggesting a significant heterogeneity on
the obtained samples. Table 1 shows some of the characteristic bands of cellulose, with the
most intense modes at 2980 cm−1, characteristic of the C–H stretching vibration, and at
1380 cm−1 attributed to the C–O–H vibration; in the range of 1000–1300 cm−1, the intense
bands at 1122 and 1097 cm−1 are included, assigned to the C–C stretching and C–O–H and
C–C–H deformation modes, respectively. The Raman spectroscopy analysis of the BC_cb
samples with different percentages, 1%, 3%, 6%, 9%, and 12%, was carried out at three
different points of each of these samples. The laser was focused on darker, lighter, and
intermediate points. It was observed that, in the five samples, the spectra differed according
to the analyzed point. When focusing on the darker points, the carbon black bands D and
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G were straightforward but with different intensity ratios (ID/IG). When analyzing the
intermediate and lighter points, in addition to the D and G bands being less intense, it
was observed that the bands referring to the BC film appeared to have a greater or lesser
predominance. In the lighter points, they were more evident, and in the darker points, they
were less evident. Furthermore, the variability in the intensity ratio of the G and D bands,
both in the carbon black and for the films with different CB concentrations, showed that
there was a lesser or greater interaction between the carbon black and the matrix (bacterial
cellulose film) and how it reflected the heterogeneity of the material [33–35]. All intensity
relationships are shown in Table S1 in the Supplementary Materials.

Table 1. Vibrational assignment (Raman and infrared spectra) for the investigated chemical systems.

IR (cm−1) Raman (cm−1) Assignments

3340 3339 νs (O–H)
2900 2896 νs (C–H)
1640 - ν (C=C)

- 1481 δ (C–O–H)
1425 1460 δ (CH)

- 1411 δ (C–O–H) and (C–C–H)
- 1380 δ (CH)

1320 1339 δ (CH2) and (C–O–H)
- 1293 δ (CC)

1160 1152 νas (C–O–C)
1110 1122 δ (C–O–H)

- 1098 νs (C–C) and δ (C–O–H), δ (C–C–H)
1050 1061 δ (C–C–H)
1030 1036 δ (C–O–H)

3.2. Morphology Evaluation

The morphology of the bacterial cellulose (pure and modified) membranes was eval-
uated using scanning electron microscopy, in which the surface of the membranes was
analyzed as a function of the concentration of the conductive filler. As seen in Figure 2a,
for the samples prepared without the conductive filler (negative control), it is possible to
identify a network of structures composed of long nanofibers with typical morphology, as
reported in the literature [36–38].
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At increasing concentrations of the filler, it can be observed, for samples BC-1
wt%—Figure 2b, BC-3 wt%—Figure 2c, BC-6 wt%—Figure 2d, BC-9 wt%—Figure 2e,
and BC-12 wt%—Figure 2f, that an increase in the density of grains (and aggregates) is
established between the fibers and superposed on those structures, a critical condition
that affects the morphology and mechanical and electrical properties of the modified
cellulose-based support.

3.3. Electrical Characterization of the Electrodes

It is worth mentioning that a significant modification in the electrical response of
the bacterial cellulose for use as electrodes is required since a high conductivity of the
current collectors is desirable for corresponding applications and an intrinsic poor electrical
conductivity is observed in the pristine bacterial cellulose. The electrical characterization of
the bacterial cellulose electrodes with different concentrations of the conductive fillers was
evaluated by the electrical impedance spectroscopy of the electrodes (across the transversal
direction) in the range of frequency from 0.1 Hz to 1 MHz (see Figure 3a)—allowing for the
process of transport and polarization to be conveniently addressed. As expected, at the limit
of low concentration of carbon black in the membranes, the high values for the real part of
the impedance at a low frequency confirm that the low density of the conductive fillers is
not sufficient to create current pathways along the sample—with direct consequences on the
electrical response of the material. With the increase in the concentrations of carbon black,
a strong decrease in the low-frequency impedance level of the membranes (from 107 Ω to
105 Ω) confirms that the contact with conductive grains favors the reduction in the overall
electrical resistance. These results are also observed in the Nyquist plot (see Figure 3b), in
which it can be confirmed that the characteristic semicircle for the samples is progressively
reduced with the increase in the additive concentrations. The inset confirms that lower
values for the characteristic diameter in a semicircle are obtained with the increase in
concentrations of the conductive filler. As a standard evaluation of the percolation-type
process, the calculation of the conductance level (G) versus the amount of additive is
provided from the plot of the real part of the admittance at 1 kHz (low-frequency region in
which the real part of the impedance is constant) versus the concentration of carbon black,
expressed by G = Z′

Z′2+Z′′ 2 .
As reported in the literature [39], the behavior of the conductance (G) versus the

content of conductive filler in composites is expressed by a first process (a non-ohmic
response at region I in Figure 3c) due to the barrier-tunneling effect in the gap between the
carbon black aggregates and the bacterial cellulose structure. At ohmic conditions (region
II in Figure 3c), the linked particles of the conductive filler form a network that favors the
total current along the structure—with the transition between the non-ohmic and ohmic
region determined by the percolation threshold in which the conductance of the composite
jumps up 10× as a consequence of the formation of an electron pathway in the bacterial
cellulose composite.

The influence of the conductive filler on the overall response of the modified BC
membrane was also evaluated using standard mechanical assays, in which the stress–strain
response of the samples was tested with the progressive incorporation of the carbon black,
with the results being shown in Figure S4. As can be seen, the progressive incorporation of
the conductive filler minimally affects the maximum value for the tensile strength at the
condition of the ultimate strength (negligible variations relative to the value of samples
prepared with different content amounts of carbon black). On the other hand, differences
are observed for the absorbed energy—an indication of a noticeable change in the rate of
elongation that shifts from a maximum strain of 9 wt% for the pure BC to values in the
range of 12–27% for the doped membranes as a consequence of the incorporation of carbon
black, with a maximum elongation for the sample with 9 wt%.
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3.4. TENG Evaluation Performance

The influence of the electrical properties of the modified electrodes on the overall
electrical output performance of the TENGs can be observed in the electrical generation
(voltage and current) output of the assembled TENGs at different frequencies of operation
and with the increase in the concentrations of the conductive filler. According to Figure 4a,
it is possible to observe that a low open-circuit voltage is observed (20 V) for the samples
prepared with a lower concentration of carbon black (C < 3 wt%) with a maximum voltage
value of 90 V for the samples prepared with 12 wt% of the additive. Similarly, this behavior
is observed for samples excited at increasing frequencies of operation (3 Hz—Figure 4a,
5 Hz—Figure 4b, and 7 Hz—Figure 4c) with higher values of the voltage output obtained
at a higher frequency of operation due to the increase in the energy transfer rate from the
mechanical exciter (a slight variation in this behavior is observed for the sample with 3 wt%,
which can be attributed to a non-homogeneous distribution of carbon black for samples
prepared with a low concentration of the conductive filler).

To evaluate the mutual dependence of the electrical output response of the TENGs
on the concentration of carbon black and the frequency of operation, the average of the
generated peaks for the voltage output was calculated, and the dependence of the open-
circuit voltage (Voc) on both parameters was plotted, as shown in Figure 4d. As it can be
seen, a general increase in the voltage was observed with the increase in the amounts of the
additive at a low frequency of operation. As observed, the slope of the curve increased,
and a stronger dependence on the voltage output was observed with the increase in the
conductive filler content. Based on this condition, the voltage output reached an optimized
operation condition at 7 Hz and above the percolation threshold condition.
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On the other hand, the response of the short-circuit current shows a well-defined
behavior that agrees with the percolation threshold curve in Figure 3c. As can be seen in
Figure S5a (f = 3 Hz), Figure S5b (f = 5 Hz), and Figure S5c (f = 7 Hz), a significant increase
in the resulting current is observed above the percolation threshold zone and followed by
saturation in the current at the ohmic zone (region II), indicating that current pathways
are effectively created and affect the charge transfer in the device, as observed from the
values of the average of the peaks shown in Figure S5d (the corresponding value for charge
transferred per cycle is shown in Figure S6a–e for different frequencies of operation and
content). Based on these results, the most adequate combination of parameters to be
considered for high-performance TENGs is the use of electrodes with 12 wt% of carbon
black operating at 7 Hz.

Using these parameters, the voltage and current response were evaluated for different
load resistances. As shown in Figure S7a, the general behavior of inverse variation in the
voltage output and current is observed with the increase in the load resistance of the output.
A complete variation in the voltage output from ~3 to 84 V is observed for a complete
variation in the current from 2.1 µA to 0.8 µA for a range of loading resistance values from
1 MΩ to 100 MΩ. As a consequence, the resulting power output tends to be a function with
a well-defined maximum (78 µW)—as it can be seen in Figure S7b.

The performance of the bio-TENG was compared with the data reported in the litera-
ture for bacterial cellulose-based TENGs (see Table 2)—with the bacterial cellulose applied
as an electrode and also as a friction layer (active tribopair). As can be seen, the most
common strategy applied in the production of bio-based TENGs uses metal electrodes with
the active layer of BC prepared under modifications based on incorporating additives (such
as BaTiO3) in the tribopositive layers. By comparing the performance of BC-based TENGs,
it is possible to observe a high voltage for the TENG based on the electrode-modified BC
with cb, which is associated with a good conductivity level of the electrode that produces
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current values in the order of 2 µA and a power density of 48.9 µW/m2, characterizing a
good electrical response for the proposed metal-free TENG.

Table 2. Comparison of the output voltage, short-circuit current, and power density for the TENG
reported in this work and related values for bacterial cellulose-based TENGs reported in the literature.

BC-Based Active Layer Electrode Configuration Voltage Current Power Ref.

BC Cu Vertical
contact–separation 13 V 3 µA 4.8 mW/m2 [40]

Silver nanowires and
BaTiO3 in BC Cu Vertical

contact–separation 87 V 7.1 µA 75 µW/cm 2 [1]

Dip-coated
hydroxyethyl cellulose Cu Vertical

contact–separation 76.6 V 8.68 µA 290.7 µW [16]

BC BC/CNT/PPy Single electrode 29 V 0.6 µA 3 µW [41]

BC/ZnO ITO Single electrode 57.6 V 5.78 µA 42 mW/m2 [3]

BaTiO3-doped BC Cu Vertical
contact–separation 181 V 21 µA 4.8 W/m2 [19]

Bacterial
cellulose/chitosan Cu Vertical

contact–separation 23 V 500 nA 3.3 mW/m2 [42]

Polydopamine-coated
bacterial cellulose MWCNT/BC Single electrode 1010 V - 8.7 W/m2 [43]

Nitrocellulose/
BaTiO3/MWCNT Cu Vertical

contact–separation 37 V 1.23 µA 10.6 µW/cm2 [44]

Nylon BC/CNT/PPy Single electrode 170 V 7.5 µA 352 µW [45]

Polylactic acid BC/carbon black Single electrode 102.3 V 2 µA 48.9 mW/m2 This work

In addition to the electrical output performance for the produced bio-TENGs, the re-
tention of the output parameters after cycles of operation and the ability to operate external
devices are desirable properties to be considered in the prepared device. To evaluate these
properties, the TENG (with 12 wt% of cb in BC) was operated at a frequency of 7 Hz under
successive cycles of excitation. The results in Figure 5a indicate that a negligible variation
in the output voltage is observed after 6000 cycles of operation, confirming the long-term
retention in the performance of the TENG.
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Another important property to be considered is the ability of the TENG to transfer
energy to conventional energy storage devices, such as capacitors. The pumping of energy
to a capacitor was evaluated for three different capacitors with the capacitance values of
1 µF, 4.7 µF, and 10 µF, respectively, as shown in Figure 5b. As can be seen, a faster charge
rate was observed for lower capacitance devices, as a consequence of the lower charge
(Q = CV) required to be separated between plates. Consequently, an accumulated voltage
level above 4 V was reached after 90 s of operation of the TENG on the plates of a capacitor
of 1 µF.

4. Conclusions

Developing metal-free electrodes for TENGs depends on the percolation threshold
condition for conductive fillers incorporated into support. In particular, the production
of bacterial cellulose membranes impregnated with carbon black reached an adequate
condition for use at the relative concentration of 12 wt%; above this level, a saturation in the
short-circuit current was observed for the produced TENG. The assembled devices in the
single-electrode configuration using Ecoflex as the tribonegative friction layer and PLA as
the tribopositive support presented the best performance in terms of energy harvesting with
an open-circuit voltage value of 102.3 V, short-circuit current of 2 µA, and power density of
4.89 µW/cm2. A negligible variation in the output generation after 6000 cycles of operation
and the ability to charge conventional capacitors are some of the critical properties of this
free-of-metal bio-TENG.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nanoenergyadv4010006/s1. Figure S1. (a) TGA curves and (b) FTIR
spectrum for the pristine BC and BC/carbon black with relative carbon black content amounts of 1, 3,
6, 9, and 12 wt%; Figure S2. DTG curves of the pristine BC and with the increase in the concentrations
of the conductive filler (carbon black) BC-1 wt%, BC-3 wt%, BC-6 wt%, BC-9 wt%, and BC-12
wt%; Figure S3. Raman spectra of (a) carbon black (black), BC (blue), (b) BC_cb 1%, (c) BC_cb 3%,
(d) BC_cb 6%, (e) BC_cb 9%, and BC_cb 12%. (b–f) are depicted at three different positions over the
sample surface; Table S1. Intensity ratio between the carbon D and G bands; Figure S4. Stress–strain
curves for the electrodes of the bacterial cellulose prepared with increasing content amounts of
carbon black; Figure S5 Short-circuit current for the bio-TENG with the modified bacterial cellulose
produced with increasing content amounts of the additive filler and excited at 3 Hz (a), 5 Hz (b),
and 7 Hz (c) and the average of the peaks as a function of the additive content and frequency of
operation (d); Figure S6. Transferred charge per cycle calculated using the short-circuit current of the
different devices ((a) 1 wt%, (b) 3 wt%, (c) 6 wt%, (d) 9 wt%, and (e) 12 wt%) at different frequencies
of operation; Figure S7. (a) Overall dependence of the voltage output and current as a function of the
loading resistance and (b) the corresponding variation in the power output for the bio-TENG.
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Study of Hydrothermally Degradated Cellulose. J. Mol. Struct. 2001, 596, 163–169. [CrossRef]

35. Satha, H.; Kouadri, I.; Benachour, D. Thermal, Structural and Morphological Studies of Cellulose and Cellulose Nanofibers
Extracted from Bitter Watermelon of the Cucurbitaceae Family. J. Polym. Environ. 2020, 28, 1914–1920. [CrossRef]

36. Stanisławska, A. Bacterial Nanocellulose as a Microbiological Derived Nanomaterial. Adv. Mater. Sci. 2016, 16, 45–57. [CrossRef]
37. Yu, K.; Balasubramanian, S.; Pahlavani, H.; Mirzaali, M.J.; Zadpoor, A.A.; Aubin-Tam, M.-E. Spiral Honeycomb Microstructured

Bacterial Cellulose for Increased Strength and Toughness. ACS Appl. Mater. Interfaces 2020, 12, 50748–50755. [CrossRef]
38. Petersen, N.; Gatenholm, P. Bacterial Cellulose-Based Materials and Medical Devices: Current State and Perspectives. Appl.

Microbiol. Biotechnol. 2011, 91, 1277–1286. [CrossRef] [PubMed]
39. Choi, H.-J.; Kim, M.S.; Ahn, D.; Yeo, S.Y.; Lee, S. Electrical Percolation Threshold of Carbon Black in a Polymer Matrix and Its

Application to Antistatic Fibre. Sci. Rep. 2019, 9, 6338. [CrossRef] [PubMed]
40. Kim, H.-J.; Yim, E.-C.; Kim, J.-H.; Kim, S.-J.; Park, J.-Y.; Oh, I.-K. Bacterial Nano-Cellulose Triboelectric Nanogenerator. Nano

Energy 2017, 33, 130–137. [CrossRef]
41. Zhang, J.; Hu, S.; Shi, Z.; Wang, Y.; Lei, Y.; Han, J.; Xiong, Y.; Sun, J.; Zheng, L.; Sun, Q.; et al. Eco-Friendly and Recyclable All

Cellulose Triboelectric Nanogenerator and Self-Powered Interactive Interface. Nano Energy 2021, 89, 106354. [CrossRef]
42. Huang, J.; Hao, Y.; Zhao, M.; Qiao, H.; Huang, F.; Li, D.; Wei, Q. Biomass-Based Wearable and Self-Powered Pressure Sensor for

Human Motion Detection. Compos. Part A Appl. Sci. Manuf. 2021, 146, 106412. [CrossRef]
43. Fatma, B.; Andrabi, S.M.; Gupta, S.; Verma, V.; Kumar, A.; Pitsalidis, C.; Garg, A. Biocompatible, Breathable and Degradable

Microbial Cellulose Based Triboelectric Nanogenerator for Wearable Transient Electronics. Nano Energy 2023, 114, 108628.
[CrossRef]

44. Li, M.; Jie, Y.; Shao, L.H.; Guo, Y.; Cao, X.; Wang, N.; Wang, Z.L. All-in-One Cellulose Based Hybrid Tribo/Piezoelectric
Nanogenerator. Nano Res. 2019, 12, 1831–1835. [CrossRef]

45. Hu, S.; Han, J.; Shi, Z.; Chen, K.; Xu, N.; Wang, Y.; Zheng, R.; Tao, Y.; Sun, Q.; Wang, Z.L.; et al. Biodegradable, Super-Strong,
and Conductive Cellulose Macrofibers for Fabric-Based Triboelectric Nanogenerator. Nano-Micro Lett. 2022, 14, 115. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.carbpol.2010.09.049
https://doi.org/10.1021/acsapm.1c01437
https://doi.org/10.1007/s12010-022-04013-4
https://doi.org/10.1039/C7RA08391B
https://doi.org/10.1177/00405175231158821
https://doi.org/10.1016/0008-6223(94)90125-2
https://doi.org/10.1021/nl201432g
https://doi.org/10.1016/S0022-2860(01)00706-2
https://doi.org/10.1007/s10924-020-01735-6
https://doi.org/10.1515/adms-2016-0022
https://doi.org/10.1021/acsami.0c15886
https://doi.org/10.1007/s00253-011-3432-y
https://www.ncbi.nlm.nih.gov/pubmed/21744133
https://doi.org/10.1038/s41598-019-42495-1
https://www.ncbi.nlm.nih.gov/pubmed/31004091
https://doi.org/10.1016/j.nanoen.2017.01.035
https://doi.org/10.1016/j.nanoen.2021.106354
https://doi.org/10.1016/j.compositesa.2021.106412
https://doi.org/10.1016/j.nanoen.2023.108628
https://doi.org/10.1007/s12274-019-2443-3
https://doi.org/10.1007/s40820-022-00858-w
https://www.ncbi.nlm.nih.gov/pubmed/35482231

	Introduction 
	Materials and Methods 
	Materials 
	Characterization 

	Results 
	Thermal and Structural Characterization of CB and CB-Modified Membranes 
	Morphology Evaluation 
	Electrical Characterization of the Electrodes 
	TENG Evaluation Performance 

	Conclusions 
	References

