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ABSTRACT

Integrating sustainable materials into energy devices, such as triboelectric nanogenerators (TENGs) and piezo-
electric nanogenerators (PENGs), offers a promising path towards renewable and eco-friendly energy solutions.
Among various sustainable materials, “bacterial cellulose” (BC) stands out for its biocompatibility, affordability,
mechanical strength, high surface area and porosity. However, its application in nanoenergy devices is hindered
by the challenge of seamlessly embedding an electrically conductive layer (electrode) within BC while preserving
its intrinsic properties. This study addresses this hurdle by developing a composite bacterial cellulose (CBC)
structure through an innovative manufacturing pathway comprising: (i) spray coating; (ii) electroless copper
(Cu) plating; and (iii) freeze drying. The electroless plating step creates a conformal, strongly bonded Cu layer
(electrode) on the spray coated surface (i.e., silver nitrate), producing the CBC (i.e., BC with an integrated Cu
sublayer). The subsequent freeze-drying step removes moisture from the CBC, while maintaining the mechanical
integrity and flexibility. The fabricated CBCs are thoroughly characterized in terms of film thickness, electrical
resistance, microstructure, mechanical properties, breathability, and biodegradability. TENG and PENG devices
incorporating CBC as the functional tribolayer exhibited 2.1- fold and 4.8-fold improvements in energy har-
vesting, respectively, compared to control devices. Notably, the TENG with CBC achieved a peak open-circuit
voltage of 128 V and a power density of 443.5 pW/cm?, while the PENG with CBC recorded 27.2 V and 13.26
pW/cm? with a promising pressure sensitivity of 0.423 V/N. Besides, both devices maintained stable energy
harvesting performance over 5000 operational cycles, underscoring their durability and reliability. This work
presents a novel CBC structure along with an innovative manufacturing strategy that can pave the way for next
generation nanoenergy devices for mechanical energy harvesting, biomotion sensing, and self-powered sensing
applications.

1. Introduction

environmental, and portable systems. [8-10].
Within the field of nanoenergy devices, the incorporation of sus-

The rapid advancement of electronic technologies—ranging from
wearable sensors and implantable medical devices to the internet of
things (IoT) and artificial intelligence (AI)—has driven a growing de-
mand for energy harvesting solutions that are lightweight, efficient, and
eco-friendly [1-3]. Conventional batteries, constrained by their limited
lifespans and recycling challenges, have thus become less appealing as
long-term power solutions [4,5]. In response, nanogenerators - partic-
ularly triboelectric nanogenerators (TENGs) and piezoelectric nano-
generators (PENGs)- have emerged as compelling technologies for
converting ambient mechanical energy into electrical power [6,7]. Their
inherent simplicity, scalability, and versatility make them well-suited
for powering next-generation electronics in  biomedical,
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tainable materials into TENGs and PENGs has emerged as a trans-
formative approach to addressing the growing demand for renewable
and eco-friendly energy solutions [11-14]. These materials not only
contribute to the eco-friendliness of energy devices but also enable
tunable properties that can be tailored to specific applications, such as
wearable electronics, bio-sensors, and implantable devices [15-17].
Notably, the integration of various sustainable materials (e.g., bio-
polymers, plant-derived carbon materials, silk fibroin, bacterial cellu-
lose) as functional layers has led to significant performance
enhancements in these devices, paving the way for their broader
adoption in renewable energy systems and next-generation smart tech-
nologies [18-22].
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“Bacterial Cellulose” (BC), among other sustainable materials, stands
out due to its to its excellent mechanical properties, high crystallinity,
intrinsic biodegradability, high surface area, and porosity [23,24]. BC
primarily has positive charge affinity, due to its abundance of hydroxyl
(-OH) groups along the cellulose chains [24]. During repeated
contact-separation cycles in TENGs, these hydroxyl groups can donate
electrons, leading to a net positive charge accumulation on the BC sur-
face [25,26]. Furthermore, the high crystallinity and well-structured
hydrogen-bond networks within BC facilitate steady and efficient
charge transfer, thereby enhancing its triboelectric output. In addition to
its application in TENGs, BC’s unique piezoelectric response—attributed
to the aligned glucan chains in its microfibrils and the extensive
hydrogen bonding that produces localized polar domains under me-
chanical deformations—significantly enhances the performance of
PENGs [27,28]. Its intrinsic piezoelectricity, coupled with excellent
mechanical strength and biocompatibility, enables efficient energy
conversion and sustainable energy harvesting, making it an ideal ma-
terial for advanced PENG applications [29,30].

However, the large-scale deployment of BC in nanoenergy devices (i.
e., TENG, PENG) faces several key challenges. A primary hurdle is
achieving the seamless integration of an electrically conductive layer
(electrode) within BC matrix while maintaining its intrinsic physical and
mechanical properties [31,32]. High-strength electrode deposition is
vital to ensure efficient charge transfer [33], while issues of adhesion
strength, durability, and scalability must be also addressed for practical
energy harvesting applications [6,33]. Existing studies have aimed to
address these challenges by incorporating functional conductive fillers
(e.g., Ag flakes, Ag nanowires, ZnO, barium titanate (BaTiO3), multiwall
carbon nanotube (MWCNT), carbon black into the pristine BC to create
Composite Bacterial Cellulose (CBC) structures [31,32,34-36]. Inte-
grating CBC structures into TENGs and PENGs has shown significant
performance gains [30,37], highlighting their promise for flexible,
eco-friendly energy harvesting and smart sensing.

Despite great promise, several key challenges remain for existing
CBC materials, including: (i) complex fabrication [29]; (ii) use of toxic
reagents [38]; (iii) weak filler-matrix bonding [23]; and (iv) limited
scalability for cost-effective production [39]. Addressing these chal-
lenges is pivotal to unlock the full potential of CBC in next-generation
energy and sensing technologies.

To tackle these challenges, this work introduces a CBC structure,
fabricated via electroless Cu plating on pristine BC. This approach
eliminates the need for adhesive-backed electrodes (Al or Cu tapes),
effectively mitigating interface delamination issues. The Cu-plated layer
serves as a durable, robust, and highly conductive electrode, establish-
ing direct contact with triboelectric or piezoelectric layers to minimize
charge-transfer losses. Notably, the approach preserves the fibrous ar-
chitecture of bacterial cellulose without aggressive chemical or physical
processing, ensuring enhanced mechanical stability and breathability.
The fabricated CBC is characterized in terms of film thickness, electrical
resistance, microstructure, mechanical properties, water vapor perme-
ability, and biodegradability. Furthermore, the TENG and PENG devices
were designed and fabricated employing CBC as the functional layer and
benchmarked against control counterparts. Comprehensive morpho-
logical and electrical characterizations reveal promising performance of
the CBC-based TENG and PENG devices over conventional copper
tape-based BC nanogenerators in terms of conductivity, durability,
sensitivity, and power density.

Collectively, this study contributes to literature by introducing the
following major innovations:

i. A novel CBC structure developed through an innovative and
facile manufacturing pathway.

ii. Durable, robust, flexible, and conductive electrode inscription on
the BC surface, serving as functional layer in nano-energy har-
vesting devices.
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iii. Insights into process-structure-property relationships, enabling
enhanced performance of nano-energy devices towards eco-
friendly sustainable-energy harvesting and biomotion sensing.

2. Materials and methods

Table 1 summarizes the materials used in each process, along with
their corresponding vendors and brief descriptions. All materials were
used as received without further purification. For the BC synthesis, un-
pasteurized store-bought Kombucha (GT’s Synergy Raw Kombucha, Gin-
gerade), containing the bacteria Bacillus coagulans (GBI-306086), was
used. The silver nitrate (AgNOs) powders, diluted in ethanol, were
sprayed on the BC surface as the catalyst (seed) material for the subse-
quent Cu plating process. For the preparation of electroless Cu plating
bath, copper sulfate pentahydrate (CuSO4-5 Ho0) was used as the Cu*?
source; ethylenediaminetetraacetic acid (EDTA) as the chelating agent;
sodium hydroxide (NaOH) as the pH controller; and hydrochloric acid
(HCI) as the leaching agent. Formaldehyde (HCHO was employed as the
reducing agent to facilitate the deposition of Cu film on the AgNOs-
treated BC surface. Further details for each process are provided in
Sections 2.1-2.3.

Fig. 1a illustrates the fabrication of CBC, which involves a series of
sequential processes as described below:

1) Synthesis of pristine BC as the substrate material

2) Spray coating of AgNOs, serving as the catalyst (seed) material for
the subsequent electroless Cu deposition process

3) Electroless Cu plating to create the composite BC by embedding a
thin layer of Cu within the pristine BC matrix. This layer functions as
a critical component in nanoenergy devices, serving as an active
layer as well as back-electrode.

The resulting CBC retains its structural integrity and exhibits prom-
ising electrical conductivity, even under severe deformation conditions,
as shown in Fig. 1b. The following sub-sections provide detailed
description of each process.

2.1. Bacterial cellulose synthesis

The fabrication of bacterial cellulose (BC) follows a traditional
fermentation method based on the symbiotic culture of bacteria and
yeast according to literature [40]. First, seven cups (1 cup volume
equivalent to ~250 mL) of deionized (DI) water were boiled in a beaker.
To the boiling water (100°C), five cups of granulated sugar were added,
stirring continuously until fully dissolved. Once the sugar was dissolved,
four standard black tea bags were steeped in the solution to provide
nourishment for the bacteria. The solution was then left to cool to room

Table 1
Materials used in each process.
Process Material Vendor Description
1) BC Kombucha Lab-made Energy
synthesis harvesting layer
(substrate)
2) Spraying Silver nitrate (AgNO3) Sigma Seed (catalyst)
+ Ethanol mixture Aldrich material for the
ED process
3) Electroless Copper (II) sulfate Sigma Source of Cu*?
deposition pentahydrate (CuSO4-5 Hz0) Aldrich ions
(ED) Ethylenediaminetetraacetic Sigma Chelating agent
acid (EDTA) Aldrich
Sodium hydroxide (NaOH) Sigma PH controlling
Aldrich agent
Hydrochloric acid (HCl) Fisher Leaching agent
Scientific
Formaldehyde (HCHO) Sigma Reducing agent

Aldrich
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Fig. 1. (a) Schematic diagram of CBC synthesis (left panel) alongside representative images (right panel); (b) Demonstration of the resulting flexible CBC film under

various mechanical deformation modes.

temperature. After removing the tea bags, the tea-sugar mixture was
transferred into a sterilized glass jar. To introduce the necessary mi-
croorganisms, 1 cup of unflavored, unpasteurized store-bought Kom-
bucha (GT’s Synergy Raw Kombucha, Gingerade), containing the bacteria
Bacillus coagulans (GBI-306086) and the yeast Saccharomyces boulardii,
was added. These microorganisms were responsible for the fermentation
process, where the bacteria synthesized cellulose, and the yeast
contributed to the fermentation. The jar was then sealed with a tightly
woven cloth secured by a rubber band and stored at room temperature
for two weeks (14 days). Over this period, the SCOBY (i.e., Symbiotic
culture of bacteria and yeast) formed as a gel-like, rubbery biofilm,
which is primarily composed of BC as illustrated in Fig. 1a (top panel).
Once the SCOBY formed in the jar, it was carefully removed and cleaned
in a large beaker containing DI water. To remove any residual impurities
and fermentation by-products from the cellulose film, the SCOBY was
soaked in the warm DI water while magnetically stirred at 150 rpm for
30 minutes. After cleaning, the SCOBY was placed onto a sterile petri
dish, and circular samples with a diameter of 2.54 cm (1 in.) were
carefully cut using a sterilized knife. Each of these 2.54 cm diameter wet
samples was then transferred into a separate sterile petri dish, ready for
the spraying and electroless Cu plating process.

2.2. Spray deposition of AgNO3

The BC surface was sprayed with AgNOj3 solution for two primary
reasons: (i) to inhibit the further growth of bacterial colonies, leveraging
silver’s intrinsic antibacterial properties, and (ii) to act as a seed (cata-
lyst) material for the subsequent ED process. In this regard, the AgNO3
solution was prepared according to a published recipe [41], in which
0.5 mg of AgNOg dissolved in 2.5 mL of DI water, followed by the
addition of 35 mL of ethanol. The prepared solution was sprayed on the
target BC surface using an airbrush spray (Master Airbrush Cool Runner II)
(see Figure S1, Supporting Information). The inlet gas pressure was set
to 0.2 MPa (= 30 psi), with a nozzle distance of 70 mm, ensuring even
coverage of the BC surface with AgNO3. Noteworthy, unlike traditional
approaches where BC film is washed with NaOH for 3 to 24 hours [42]
to inhibit bacterial growth, our approach remarkably shortens this
process while simultaneously enabling the formation of an active layer
(i.e., seed layer) for the subsequent electroless Cu plating process.

2.3. Electroless Cu plating

Electroless Cu plating process was carried out by leveraging its
ability to deposit Cu uniformly without requiring external electrical
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current [41]. This well-established method offers several key advan-
tages, including: (i) high conductivity; (ii) uniform coating thickness;
(iii) consistent physical and mechanical properties; (iv) high process
throughput; and (v) cost-effectiveness [43] Furthermore, compared to
other conductive materials such as silver or carbon-based fillers, Cu
offers a favorable balance between performance and cost, particularly
for scalable and eco-friendly applications [44,45].

The plating Cu path was prepared based on the published literature
[41,46]. The bath of copper sulfate pentahydrate (CuSO4-5 H20) solu-
tion (concentration 18 gm L™!) was prepared in a 250 mL bottle. Copper
sulfate dissociated in water to provide copper ions (Cu?"), which were
essential for the plating of copper onto the BC film. To stabilize the
copper ions and prevent undesirable side reactions, 48 gm L' of EDTA
was added. EDTA acts as an acid stabilizing agent, binding to any metal
ions that may interfere with the copper plating process. To adjust the pH
of the solution, 45 gm L™} of NaOH was added; NaOH ensures that the
solution maintains an alkaline pH around 12, which is necessary for the
electroless plating reaction to proceed efficiently. The optimal value pH
range for electroless Cu deposition is reported typically between
10.8-12.5 [43], with some studies indicating that a pH of 12.5-13 may
be ideal [47]. At lower pH values, the deposition rate decreases, while
excessively high pH can lead to bath instability and precipitation issues
[47]. Potassium ferrocyanide (200 mg L’l) was included in the solution
to help control the plating rate and prevent the formation of copper
precipitates. After the addition of 18 mL L™} of HCl and 200 mL of DI
water, the solution was stirred at 400 rpm at room temperature for at
least 30 minutes, ensuring complete dissolution and mixing of all
chemicals.

Next, the reducing agent (formaldehyde) is added to the prepared
bath, and the Cu sulfate-formaldehyde mixture is then poured into a
petri dish containing the AgNO3-coated BC sample. This process initiates
autocatalytic electroless deposition, in which the Cu®** ions are reduced
on the AgNOs-sprayed surface, leading to the formation of a Cu film
within the pristine BC matrix, thereby creating the CBC (see Fig. 1a,
middle panel). Once the Cu plating is completed, the CBC is then rinsed
with DI water to clean off any residual chemicals.

Lastly, the CBC undergoes a freeze-drying (Labconco, Kansas City,
MO, USA) process to remove the water content while preserving the
structural integrity and porosity of the BC (Fig. 1a, bottom panel). The
freeze-drying process involves freezing the CBC samples in a dry ice bath
to ensure uniform freezing, followed by sublimation under vacuum
conditions (0.02 mbar) at —82°C for 24 hours. This process prevents the
collapse of the BC structure by directly transitioning water from the solid
to the vapor phase, bypassing the liquid state. The low temperature and
pressure conditions are critical for maintaining the material’s micro-
structure, which is essential for its subsequent properties, such as
porosity, mechanical strength, and surface area [48,49]. To ensure
consistency across trials, the experimental setup was standardized by
using identical sample preparation methods, freeze-drying parameters,
and equipment calibration. Each configuration was tested with three
replicates to validate the reproducibility of the results. The freeze-drying
process was monitored to confirm the completion of sublimation and
desorption phases, ensuring uniform drying across all samples [50,51].

2.4. Characterization

The microstructure of the BC films (i.e., pristine BC and CBC) were
analyzed using a Field Emission Scanning Electron Microscopy (FESEM)
(Carl Zeiss supra-55) with an acceleration voltage of 3-5 kVs. Energy
Dispersive X-ray Spectroscopy (EDS) was used with an acceleration
voltage of 15 kV. The areal surface roughness (S,) was measured using
an optical profilometer (Zeta-20). The attenuated Total Reflectance
Fourier Transform Infrared (ATR-FTIR) spectra of the baseline BC and
CBC were performed by using a spectrometer (Bruker, VERTEX 70) over
the 500 cm™ ! to 4000 cm™ ! wavenumber range. Mechanical properties
of the films (viz., elastic modulus (E), ultimate tensile strength (UTS),
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toughness (Ur), and failure strain (¢f)) were measured using a Universal
Tensile Testing (UTS) machine (Instron 3345). Samples (10 mm X
1.2 mm cross-section, 40 mm length) were tested with n = 5 to obtain
average values and standard deviations.

For the electrical performance characterization, the resistance of the
CBC was measured in static conditions and during bending cycles using a
digital multimeter (Agilent 34405 A). The open-circuit voltage (V,.) of
the nanoenergy devices (TENG, PENG) was obtained using an oscillo-
scope (Agilent Technologies DSO1014A), while the short-circuit current
(Isc) was recorded with a current amplifier (Edmund Optics) interfaced
with the oscilloscope. The load was applied to the energy devices using a
programmable pneumatic actuator operating at various frequencies (i.
e., 1 Hz, 2 Hz, 3 Hz). Representative image of the pneumatic actuator
setup is provided in Figure S2, Supporting Information.

3. Results and discussion
3.1. Film thickness

The thickness of the synthesized pristine BC films was measured over
a 21-day period, both before and after freeze-drying (Fig. 2a). The wet
films reached an average thickness of 5.48 + 0.2 mm, which decreased
to 1.28 + 0.07 mm following freeze-drying. A marked slowing of growth
emerged after 14 days, at which point the wet films reached 5.17
4+ 0.3mm (1.16 + 0.06 mm post-freeze-drying). This deceleration is
attributed to nutrient depletion (as the bacteria exhaust available
sugars) and the accumulation of metabolic by-products, such as organic
acids, which can inhibit bacterial metabolism and lower the pH [52,53].
In addition, the thickening film restricts oxygen diffusion into the cul-
ture, limiting the aerobic conditions needed for cellulose biosynthesis
[54,55]. Furthermore, environmental factors such as temperature vari-
ations and ambient microbial competition may reduce bacterial viability
over extended cultivation times [56]. These convergent factors collec-
tively account for the observed plateau in BC film thickness beyond the
14-day period. Besides, the freeze dryer and petri dishes utilized in this
study allowed for wet BC films up to 5 mm in thickness to ensure effi-
ciently freeze-drying. Based on these observations, wet BC film culti-
vated for 14 days was selected for all subsequent experiments and
characterization studies.

3.2. Electrical performance

The influence of Cu plating duration (ranging from 1 to 48 hours) on
the electrical resistance of BC film, both before and after freeze-drying,
was examined (Fig. 2b). The initial resistance was relatively high but
decreased exponentially with increasing plating time. The lowest resis-
tance values were measured as 0.98 & 0.22 Q for wet BCand 32 + 5.2 Q
for dry BC. It is important to note that these resistance values were
obtained using the two-point measurement method, which includes the
contact resistance of the measurement electrodes. Following 24 hours of
Cu plating, the resistance values for both wet and dry BC appeared to
saturation, reaching 1.2 + 0.36 Q and 55 + 11.7 Q, respectively, before
and after the freeze-drying process. To balance plating time and con-
ductivity for electrode fabrication, a 14-day-grown BC film plated with
Cu for 24 hours was chosen to create CBC for nanogenerator
applications.

The electrical conductivity of the CBC was calculated using Eq. 1,
where p is the bulk resistivity, L is the gauge length of the sample, w is
the width, t is the thickness, and R is the measured resistance obtained
via the two-point probe method. After 24-hours of electroless Cu plating,
the average electrical conductivity (¢) values were obtained as 378
S-m™ for wet CBC and 38.5 S-m™ for dry CBC, respectively. Although
the electrical conductivity of CBC is lower than that of bulk Cu, it holds a
moderate position among studies where BC has been modified to acquire
electrical conductivity [57-64].
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Fig. 2. Comparison of baseline (pristine) BC and CBC: (a) Thickness of wet and dry pristine BC films across varying growth durations; (b) Bulk resistance and
conductivity of the wet and dry BCs over the duration of Cu plating; (c) Surface profilometry of baseline BC (left panel) and CBC (right panel) [Scale bar = 15 pm]; (d)
ATR-FTIR spectra of baseline BC and CBC; (e) Change of AR/R, in CBC over 2000 bending and compression cycles; (f) Summary of mechanical properties of baseline
BC and CBC; (g) Water vapor permeability of baseline BC and CBC over a period of 20 days; (f) Biodegradability of baseline BC and CBC specimens over a period of
10 days.
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The FESEM micrographs in Fig. 3 compare the microstructures of the
baseline (pristine) BC and CBC. As shown in Fig. 3a, the synthesized BC
exhibits a dense fibrous surface morphology. Following Cu plating to
form CBC, a uniformly distributed Cu layer with Cu particles ranging
from approximately 0.3 to 1.0 um was achieved on the surface (Fig. 3b).
In the cross-sectional views (Fig. 3c, d), both the baseline and CBC show
similarly fibrous yet dense structures. However, a key feature of the CBC
is the presence of a pronounced Cu layer that extends from the surface to
sub-surface with a depth of about 20-40 um, thereby confirming the
formation of a Cu-BC composite architecture within the BC matrix.
Notably, the presence of Cu layer penetrating the BC matrix facilitates
electron transport and contributes to both the stable and durable elec-
trical performance observed. Elemental mapping via EDS further sup-
ports these findings (Fig. 3e, f); while the baseline BC contains only
carbon and oxygen with no trace of Cu. In contrast, the surface of the
CBC is predominantly composed of Cu, confirming successful deposition
of Cu within the BC matrix. Besides, as shown in Fig. 2c, the areal surface
roughness (S,) was measured for baseline BC and Cu-plated CBC was
0.98 + 0.05 pm and 1.46 + 0.07 pm, respectively, indicating a 49 %
increase in the CBC’s roughness. Such elevated roughness introduces
additional contact points and asperities, thereby potentially enhancing
triboelectrification efficiency in TENGs [15,65].

Additionally, the FTIR spectrum analysis of both baseline BC and
CBC confirmed the characteristics absorption bands associated with
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their molecular structures (see Fig. 2d). For BC, prominent absorption
bands at 3344 cm™ and 2894 cm™ correspond to O-H and C-H
stretching vibrations, respectively [66]. Peaks at 1565cm™,
1427 cm™, and 1361 cm™ signify O-H deformation, HCH/OCH
bending, and C-H deformation vibrations, while bands at 1159 ¢cm™ and
1107 cm™ highlight asymmetric C-O-C stretching and C-O stretching
linked to B-1,4-glycosidic linkages [67,68]. Additionally, vibrations at
1054 cm™ and 1032 cm™ reflect C-OH and C-O-C stretching [69]. In
CBC, broad bands between 2800-4000 cm™ , including two new peaks
at 2916 cm™ , and 2850 cm™ , indicate O-H and C-H stretching vibra-
tions influenced by Cu nanoparticle integration in BC matrix [70]. A
blue shift and reduced intensity of peaks in the 900-1700 cm™ range,
except for the strong band at 1571 cm™ (C=O stretching), suggest
interfacial bonding between Cu (filler) and the BC matrix. Peaks at
1400 cm™ and 1261 cm™ correspond to C=C stretching in aromatic
rings and C-O stretching of esters, while those at 1101, 1054, and
1027 ecm™ are attributed to C2-02, C3-03, and C6-06 bond vibrations
[71,72].

The effect of Cu-plating temperature on the resulting electrical
resistance was also investigated, as shown in Figure S3 (Supporting In-
formation). Elevated temperatures (i.e., 50°C and 75°C) during elec-
troless Cu plating yielded comparable low resistance values with
reduced plating times. At 50°C, a resistance of 32.3 + 4.4 Q was ach-
ieved within 16 hours, whereas at 75°C, a similar resistance of 33 + 3.6
Q was recorded in just 8 hours. These results indicate that higher tem-
peratures accelerate the deposition rate, consistent with trends reported
in the literature [43]. Moreover, to assess mechanical durability, CBC

Composite BC

10 pm

Elecnon Image 1

OKat Cu Kat

Fig. 3. FESEM micrographs of the top surface of (a) baseline BC and (b) 24 hours Cu plated CBC; Cross- section of (c) baseline BC and (d) 24 hours Cu plated CBC;
EDS mapping of the top surface of (e) baseline BC and (f) 24 hours Cu plated CBC.
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samples were subjected to 2000 bending cycles (Fig. 2e and
Figure S4a-b, Supporting Information). The resistance increased by
approximately 2.4-fold relative to the initial value, likely due to the
formation of microcracks on the electrode surface, which could disrupt
contact within Cu layer. Notably, cyclic tensile loading represents one of
the most severe deformation modes, especially considering that TENGs
and PENGs typically operate under compressive loading conditions. It is
important to highlight that nanoenergy devices primarily experience
compressive or sliding deformations—both involving shear
stress—rather than bending. However, it should be noted that the
developed CBC may experience performance degradation under bending
stress—particularly in applications such as flexible electronics and
wearable devices, where repeated bending is common.

Under pure compression cycling (Fig. 2e and Figures S4c-d, Sup-
porting Information), the relative resistance change (AR/Rg) remained
stable (see Video S1), with a maximum recorded value of ~ 0.1

+ 0.005, which is substantially lower than the values observed under

tensile loading. This discrepancy can be attributed to the fact that during
the 2000 compression cycles, the peak resistance reached only ~3.5Q,
markedly below the typical 55 + 11.7 Q resistance of 24-hour Cu-plated
dry BC. The reduced resistance is presumably due to compressive forces
promoting particle-to-particle contact among the Cu particles, thereby
minimizing contact resistance.

Supplementary material related to this article can be found online at
d0i:10.1016/j.nanoen.2025.111123.

3.3. Mechanical performance

The mechanical properties of both baseline BC and CBC were char-
acterized via tensile testing (see Figure S5, Supporting Information)
based on the previous study [53]. As summarized in Fig. 2f, the BC
exhibited an elastic modulus (E), ultimate tensile strength (UTS),
toughness (Uy), and failure strain (¢f) are obtained as 35.43 + 2.54 MPa,
6.13 + 0.18 MPa, 0.78 + 0.31 MJ/m3, and 24.15 + 0.26 %, respec-
tively. In contrast, the CBC exhibited E, UTS, Ur, and & values of 63.17
+ 4.25 MPa, 14.08 +0.17 MPa, 2.24 +0.11 MJ/m3 and 26.68
+ 0.23 %, respectively. The tensile test revealed that the CBC demon-
strated approximately 1.8-times higher elastic modulus, 2.3-times
higher UTS, 2.8-fold higher toughness, and 1.1 times greater failure
strain compared to the baseline BC. This enhancement in mechanical
performance can be attributed to multiple factors. First, the Cu plating
process likely reinforces the BC matrix, thereby providing additional
structural support and reducing the presence of defects, which increases
both elastic modulus and ultimate tensile strength [73]. Furthermore,
the Cu coating likely to facilitate a more uniform load distribution across
the BC surface, mitigating stress concentrations and enhancing overall
toughness and failure strain [74,75]. Besides, strong interfacial bonding
between the Cu layer and BC fibers was confirmed by the SEM analysis
(Figure S6a, Supporting Information), which revealed seamless adhe-
sion of Cu particles across the BC fibers, which is an essential factor for
enhanced load-transfer efficiency [73,75].

3.4. Breathability

To assess the breathability of the CBC, water vapor permeability tests
were conducted for both baseline and CBC over a 20 days period, in
accordance with ASTM E96 standard [76]. Both baseline and CBC, each
with a diameter of 2.54 cm, were used to cover a 50 mL centrifuge tube
(diameter 2.167 cm) containing water. The initial mass of each
BC-covered tube was recorded, and the daily mass loss was measured
and converted to water vapor loss per unit exposed area to determine the
water vapor permeability. As shown in Fig. 2g, both baseline BC and
CBC exhibit similar permeability trend over the course of experiment,
illustrating favorable breathability, which is an essential property for
applications such as wearable electronics biomedical devices, and air
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filtration [77,78]. The difference in breathability between the baseline
and CBC samples can be attributed to the reduced porosity observed
along the sub-surface region of the CBC, as compared to the baseline
control group (see Figures S6b-c, Supporting Information). This
decreased porosity likely results from the conformal coverage of Cu
particles, which partially occludes the microchannels within the BC
structure, thereby affecting air permeability.

3.5. Biodegradability

An invitro biodegradability test was performed following the method
described in the referenced study [79]. Both baseline BC and CBC dry
film were immersed in phosphate-buffered saline (PBS, pH 7.4) at 37 °C
to simulate physiological conditions [80]. The dried scaffolds were cut
into 20 mm x 20 mm specimens, weighed (wo), and placed in sealed
glass containers containing 20 mL of PBS for up to 10 days. To accelerate
the degradation process, 1 % cellulose enzyme was added to the me-
dium. At specified time points (i.e., 1, 2, 4, 6, 8, 10 days), the specimens
were removed, washed with distilled water, freeze-dried under vacuum
(0.02 mbar) at —82 °C for 24 hours to remove any moisture, and then
reweighed (w). The degree of degradation was calculated from the
weight loss using the following equation [79]:

Wo

Wo —W. 100 @

Weight loss(%) w
(]

Fig. 2h presents the comparative analysis of the baseline BC and CBC.
Both the baseline BC and CBC exhibited similar trends, showing a
gradual increase in weight loss (%) over time, as illustrated in Fig. 2h.
The maximum weight loss of baseline BC was calculated to be 4.26
+ 0.46 %, while CBC exhibited a slightly higher value of 5.45 + 0.43 %,
indicating enhanced biodegradability. This result can be attributed to
the enzymatic degradation of cellulose fibers. In the case of baseline BC,
the cellulose enzyme effectively hydrolyzes the cellulose structure,
leading to gradual weight loss [81]. However, for the CBC, the presence
of the Cu thin layer adds complexity to the degradation process. The
enzymatic reaction likely targets the cellulose fibers beneath the Cu
layer, weakening the structural integrity of the composite layer. As the
cellulose fibers degrade, the Cu layer loses its support and subsequently
deplates, further contributing to the overall weight loss. This mechanism
accounts for the relatively higher biodegradability of CBC compared to
baseline BC, as the concealed degradation beneath the Cu layer accel-
erates the breakdown of the material. Collectively, the biodegradability
analysis confirmed the high level of biodegradability of the developed
CBC, thereby demonstrating its promise for environmentally sustainable
and recyclable applications.

3.6. Performance evaluation of the nanoenergy devices

3.6.1. Design and fabrication of nanoenergy devices

Triboelectric nanogenerators (TENGs): In this study, as shown in
Fig. 4a,various material systems were evaluated for TENG character-
ization, focusing on contact-separation mode due to its efficient charge
transfer and versatility in energy harvesting applications [6,15] In this
configuration, the tribo-positive CBC layer repeatedly contacts and
separates from a tribo-negative layer (PVDF in Designs I and II, PTFE in
Designs III and IV). Upon compression, charges accumulate on the
contacting surfaces, when the layers separate, the generated potential
difference drives electron flow through the external circuit [82]. Four
different TENG configurations (Designs I-IV) were designed and fabri-
cated to examine the performance of electrode materials: in Designs I
and III, both electrodes utilize conventional Cu tape, whereas in Designs
Il and IV, the CBC—with its integral Cu plating—serves as both the
tribo-positive layer and its own electrode.

Piezoelectric nanogenerators (PENGs): In parallel, three PENG
designs, as presented in Fig. 4b, were investigated to benchmark the
performance of CBC based PENGs under compression and release cycles,
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Fig. 4. Schematic of the designed (a) TENGs and (b) PENGs with various ma-
terial configurations; Representative images of the fabricated (c) TENG (Design
IV) and (d) PENG (Design III) featuring the CBC as the functional
layer/electrode.

comparing them to PENGs made of BC with conventional Cu tape
electrodes. All BC based PENGs showed piezoelectric response: (i) upon
compression, a piezo-potential is established across the BC surfaces,
leading to charge accumulation; (ii) during release, charges flows back
through the external circuit, producing alternating current signals [37].
For comparison, Design I features Cu tape on both sides of the BC layer,
Design II applies Cu tape on one side while CBC the other side, and
Design III employs CBC on both faces. These TENG and PENG configu-
rations (Fig. 4a-d) collectively illustrate how variations in structural
modifications (e.g., CBC versus Cu tape) and material selections (e.g.,
PVDF versus PTFE) were explored.

3.6.2. TENG performance

The resultant energy harvesting performance of the TENG devices is
presented in Fig. 5. Initially, all four TENG designs were evaluated in
terms of open-circuit voltage (Vo) to compare their electrical perfor-
mance. The triboelectric behavior of both PTFE and PVDF is signifi-
cantly influenced by their chemical bonds and crystalline phases [83].
PTFE, containing highly electronegative fluorine atoms, demonstrates a
strong electron affinity and robust dipole moments [84], thereby
enhancing its capacity to capture and retain electrons during tribo-
electric interactions and resulting in higher charge density [85].
Conversely, PVDF can exist in multiple crystalline phases, among which
the p-phase is critically important for its piezoelectric and triboelectric
attributes [15]. The p-phase is highly polar, enabling the generation of
substantial electrical charges under mechanical stress [86].

As shown in Fig. 5a, the control TENG devices (Designs I and III),
which utilize adhesive-based Cu tape electrodes, exhibit maximum V.
of 42 Vand 72 V, respectively. This lower performance can be attributed
to the inherent drawbacks of adhesive-based copper tape, including
inconsistent electrical conductivity and reduced mechanical stability,
which arise from the adhesive layer potentially acting as an insulator
and disrupting the efficient charge transfer [87,88]. In contrast,
CBC-based TENGs—Design II (PVDF) and Design IV (PTFE)—demon-
strate markedly enhanced energy harvesting capabilities, achieving
maximum V. values of 88 V and 128 V, respectively, at 3 Hz, corre-
sponding to 2.1-fold and 1.8-fold improvements compared to the control
devices. The superior performance of CBC-based TENGs can be attrib-
uted to their well-integrated Cu-BC composite architecture, as revealed
by FESEM micrographs (Fig. 3b,d), which show a uniformly distributed
Cu particle morphology (approximately 0.3-1.0 pym in size) and a pro-
nounced Cu layer extending 20-40 um into the BC matrix, thereby
ensuring greater mechanical stability and more consistent electrical
properties.

Recognizing that harsh operating conditions can significantly
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influence TENG performance, we additionally evaluated the CBC-based
device at elevated temperatures (i.e., 50 °C, 80 °C), (see Figure S7,
Supporting Information). Notably, the maximum V,. (~128V)
remained comparable to room-temperature values. Although the out-
puts at 80 °C exhibited moderate fluctuations in peak amplitude, 50 °C
measurements remained highly stable, and the overall maximum
voltage was effectively maintained. These results confirm that the CBC-
based TENG can deliver consistently high electrical outputs under
thermal stress, highlighting its potential suitability for long-term
deployment in challenging environments. Consequently among these
CBC-based devices, the PTFE-based Design IV outperforms its PVDF-
based counterpart (Design II), primarily due to PTFE’s intrinsically
high charge density, favorable surface morphology, and roughness, all of
which increase the effective contact area [84,89,90]. Additionally,
PTFE’s chemical stability and low dielectric loss reduce energy dissi-
pation during charge transfer, thus maximizing energy conversion effi-
ciency [91]. These attributes collectively afford PTFE-based TENGs a
distinct advantage, establishing Design IV as the most efficient energy
harvester in this investigation.

Given the superior performance of Design IV, it was chosen for
further testing. The device was subsequently assessed at three different
impact frequencies (1, 2, and 3 Hz) under a 20 psi pressure (Fig. 5b,c).
With increasing frequency, both V,. and I exhibited similar upward
trends; the V. reached 48V, 96 V, and 128 V, while the Iy current
increased to 9.2 pA, 16 pA, and 22.4 pA at 1, 2, and 3 Hz, respectively.
The durability of the device was then examined over 5000 cycles of
contact-separation at 3 Hz and 20 psi, demonstrating stable electrical
output throughout the test (Fig. 5d,e). In detail, the V. patterns
remained consistant over throughout the test, confirming the device’s
durability for long-term use. Next, the TENG was connected to a full-
bridge rectifier to measure its DC voltage, current density, and power
density under varying load resistances ranging from 10 kQ to 100 MQ at
3 Hz and 20 psi (Fig. 5f). As predicted by Ohm’s law [92], the instan-
taneous average voltage output gradually increases, whereas the
average current density decreased with larger resistive loads. According
to the maximum power transfer theorem, the internal impedance of the
TENG should match the external load for optimal power output [93].
Indeed, a sharp increase in voltage was observed for load resistances
from 1.0 to 5.0 MQ. Consequently, the power output (P = V?/R) initially
rose (Fig. 5g), attaining a peak power density of 443.5 pW/cm? at 5.0
MQ, before subsequently declining at higher resistances. From the
Fig. 5i, it can be interpreted that, the power density of 443.5 pW/cm?
clearly outperofroms the result listed from the literature for BC based
TENG devices. To the best of our knowledge, this is of the highest power
density achieved by employing BC in TENG applications (see Fig. 5i).

Beyond its electrical performance, the charging capability of the
Design IV TENG was also assessed to explore potential applications in
energy storage and low-power electronics (Fig. 5h). Using a full-wave
bridge rectifier, capacitors of 1.0, 2.2, 3.3, 4.4, and 10.0 pF were
charged for 30 s at 3 Hz. The results revealed that as the capacitance
increased, the rate of charging gradually decreased. Specifically, the
respective maximum voltages reached 2.93, 2.51, 1.64, 1.22, and 0.68 V
for the listed capacitances. These findings highlight the practical
viability of integrating the Design IV TENG into future energy-
harvesting systems aimed at charging and powering small electronic
devices.

3.6.3. PENG performance

Similar to the TENG investigations, three different PENG configu-
rations (see Fig. 4b) were evaluated in terms of their V.. As illustrated in
Fig. 6a, the PENG device employing a double-sided CBC layer (Design
I1I) exhibited superior performance, generating a V,. of 27.2 V, while
control Designs I and II led toonly 5.8 V and 13.7 V, respectively. This
indicates that the PENG with CBC remarkbly outperforms the control
PENGs, demonstrating ~4.8 and ~2 folds higher performance compared
to control configurations.
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Fig. 5. Energy harvesting performance of the fabricated TENG devices: (a) Open circuit voltage (V,.) of BC with Cu foil as back electrode (control) and CBC (tribo-
positive layer) with PVDF and PTFE as tribo-negative layers under ~20 PSI pressure and ~3 Hz load frequency; (b) V,. and (c) short circuit current (I,.) at ~20 PSI
and 1-3 Hz load frequency; (d) Durability test and (e) magnified image after 5000 cycles; (f) Average DC voltage, areal current density; and (g) areal power density
for various resistive loads (pressure: ~20 PSI; load frequency: ~3.0 Hz); (h) Capacitor charging for 30 seconds using 1.0, 2.2, 3.3, 4.4, and 10 pF capacitors connected
to a full bridge rectifier; (i) Comparison of power density of CBC with PTFE TENG and available literature [3,23,31,32,34,35,39].

On account of this enhanced performance, Design III PENG was
selected for further characterization. Subsequently, the V. of the Design
III PENG device was measured at varying frequencies (Fig. 6b) and
loading pressures (Fig. 6¢). At 1, 2, and 3 Hz under a 20 psi load, the
maximum recorded V. values were 10 V, 18.8 V, and 27.2 V, respec-
tively; at 3 Hz with 10, 20, and 30 psi, the V,. progressively rose to
27.2V, 33.7V, and 44.4V, underscoring the device’s potential for
pressure-sensing applications. In parallel, the short-circuit current (Ig)
was also tested at different frequencies under a constant 20 psi load,
yielding 1.58, 2.28, and 3.6 pA at 1.0, 2.0, and 3.0 Hz, respectively
(Fig. 6d).

To assess the device’s durability and repeatability, the PENG output
was monitored over 5000 cycles at 3 Hz and 20 psi (Fig. 6e). The
magnified view presented in Fig. 6f demonstrates that the V. remained
stable throughout the cycling period. Analogous to the TENG devices,
the Design Il PENG was also investigated under varying load resistances

(10 kQ to 100 MQ) at 3 Hz and 20 psi to measure its DC voltage, current
density, and power density (Fig. 6g). A trend similar to that observed in
the TENG systems emerged, with the notable distinction that the Design
III PENG achieved a peak power density of 13.26 pW/cm? at a 3.0 MQ
load. Notably, this performance surpasses previously reported BC-based
PENG devices, as highlighted in Fig. 6h. To our best knowledge, this
presents the highest output performance achieved for a BC-based PENG
to date (see Fig. 6h), demonstrating the effectiveness of CBC architecture
in enhanced piezoelectric energy harvesting. These findings underscore
the promising potential of CBC structure for high performance energy
harvesting applications.

Finally, the sensitivity of the proposed PENG was evaluated, and the
device demonstrated a sensitivity of 0.423 V/N (Fig. 6i). Along with
these advancements in both energy harvesting and sensitivity perfor-
mance, the results confirm the potential of Design III featuring the CBC
for high-performance energy harvesting and sensing applications. Taken



S.S.H. Abir et al.

Nano Energy 141 (2025) 111123

(a) (b) ©
50 30 0
—1.0Hz 2.0 Hz 3.0 Hz ——20 PSI——25 PSI——30 PSI
; 404 Designl Design II Design 111 . .
S ] 2 21 2 40-
S / 3 8
> 201 > 104 > 2.
- / o Iy
® 10 4 o)) )
= © 04 ©
— e b
O 0 — = 0
> o o
10 - 10 >
-20
20 r T T T T
0 2 4 6 8 10 12 -20 T T T T T i 1 r r r r r
Time (sec) 0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (sec) Time (sec)
(d). (e) @,
1.0 Hz 2.0 Hz 3.0 Hz 30| — 5000 Cycles —"‘3: —— 5000 Cycles
2 4 < <
3 = e
~ o 20 - o 20
22 >° >°
= 10 4 . 101
- -
c o g
O 0 (=)} ©
b © w— 04
- = 0 3
3 S >
-24 > o -10 4
4 o 2 A H M 10 12 204 T : . . r 801 802 803 804 805
0 300 600 900 1200 1500 Ti
Time (sec) . ime (sec)
(g Time (sec) (i
: (h) )
—=—Volatge (V) , s | [This Work]| CuPlated BC IB'ZG v Luetal,(2022) o Wangetal, (2024)
—a— Current Density (nAcm™) — 4 Shietal, (2019) = Zhangetal., (2016) *
40{—°— Power Density(uWem3) ‘E ~044 ¢ Lietal,(2019) % This Work
& 11206 [30] I2.95 BaTiO,-Cellulose Paper| Z A
— gl "= > I
330. g 2 [361] 11.21 BaTiO,;NP-MWCNT-BC Paper| =% i
[ 3 <3_-9 2> ) ’ ’z,‘ !
S =l @ > 02 |
=] Sl 5 [37] ]0.64 BaTiO; NP-BC Paper| %5 .
E) 2 te A n !
> = .
= - < 0.1 /
o g [94] |o.06 V-ZnO Microflowers BC Paper] @ % o v
10+ it 3 (2] X4
s
e [29] |4.28E-4 Zinc Ferrite (ZnFe,0,) BC Film 004 v . A Ly o
0 o Lo = bt

10° 107

Resistance (Q)

Power Density (chm'z)

Fig. 6. Energy harvesting performance of the fabricated PENG devices: (a) Open circuit voltage (V,.) of BC with Cu foil as back electrode (control) (Design I), one
side CBC (Design II) and both side Cu plated CBC (Design III) PENGs under ~20 PSI pressure and ~3 Hz load frequency; (b) V,. and (d) I, at ~20 PSI and 1-3 Hz load
frequency; (c) Vo at ~20, 25 and 30 PSI and 3 Hz load frequency. (e) Durability test and (f) magnified image after 5000 cycles; (g) Average DC voltage, areal current
density, and areal power density for various resistive loads (pressure: ~20 PSI; load frequency: ~3.0 Hz); Comparison of (h) power density and (i) piezoelectric load

sensitivity of both side Cu-plated CBC PENG and available literature [29,30,36,

all together, the findings highlight the promising performance of the
developed CBC in nanoenergy harvesting and sensing applications.

Table 2 presents a comprehensive benchmark comparison of CBC-
based TENGs and PENGs, highlighting their key performance metrics.
Notably, the CBC-based TENG and PENG developed in this study
demonstrate some of the most promising performance characteristics
among reported nanoenergy devices in the literature. These results un-
derscore the potential of CBC-based nanoenergy devices for practical
applications and their integration into next-generation energy-harvest-
ing and sensing systems.

Table 3 further provides a detailed benchmarking of cellulose
derivative-based TENGs and PENGs, highlighting their key performance
metrics. Notably, the nanoenergy devices incorporating the CBC devel-
oped in this study exhibit strong potential for energy harvesting, posi-
tioning them among the most promising nano-energy devices reported
in recent years.

37,94,95].
3.7. Applications and prospects

To evaluate the sensing and energy harvesting capabilities of the
fabricated devices, we tested the piezoelectric nanogenerator (PENG;
design III) and the triboelectric nanogenerator (TENG; design IV), each
incorporating CBC. Fig. 7a—c presents the V,. responses of the PENG
device under single-finger tapping, hand tapping, and hammering at a
load frequency of 1 Hz, yielding maximum voltages of 5.5 V, 13 V, and
26.5V, respectively. The representative images of these tests are pro-
vided in Figure S8 (Supporting Information), with corresponding real-
time videos provided in Video S2. The low-intensity single-finger tap-
ping generated a modest 5.5 V, indicating that even minimal mechanical
force and deformation can effectively activate the piezoelectric effect,
making it suitable for high-sensitivity applications. On the one hand,
hand tapping with intermediate force produced a higher output of 13 V,
demonstrating the device’s ability to amplify energy output propor-
tionally with the applied mechanical load and suggesting its potential
use where moderate motion is common. Furthermore, high intensity
hammering yielded 26.5V, highlighting the device’s capability to

10
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Table 2
Benchmark comparison of BC-based TENGs and PENGs.
Contact materials Fabrication Pressure Freq. Contract Voc (V) Isc (nA/ Voo/ Is./Pressure Ref.
method (kPa) (Hz) aera (cm?) cm?) Pressure (nA/kPa)
(V/kPa)
TENG  CBC and PTFE Electroless Cu 137.9 3 5.07 128 4.42 0.93 0.16 This
plating study
Bacterial nanocellulose (BNC) Film casting 20.48 10 25 13 0.14 0.63 0.17 [36]
and Cu foil/polyoxymethylene
(POM)
BC/ZnO and Teflon Hydrogel 5 6 20 49.6 0.25 9.92 0.98 [34]
BC/ hydroxyethyl cellulose Dip coating NA 5 4 76.61 2.17 NA NA [39]
(HEC) and PVDF
BC/HEC and PVDF Aerogel 44.44 1 2.25 21 0.17 0.47 .01 [3]
BC/Carbon black/ and PLA Mold casting NA 7 16 102.3 0.13 NA NA [35]
BC/BC-Ag nanoflakes double Mold casting 274.44 3 9 122 0.91 0.44 0.03 [32]
layer and PTFE
BC/AgNWs/BTO and PDMA Vacuum drying NA 3 4 87 1.78 NA NA [31]
BC/sodium alginate/BTO and Vacuum drying ~ NA 4 78.5 530.1 0.62 NA NA [96]
Kapton
PENG CBC Electroless Cu 206.8 3 5.07 44.4 0.71 0.21 0.03 This
plating study
BC/Imidazolium perchlorate Hydrogel 31.25 NA 4 0.125 NA 0.004 NA [95]
(ImClO4)
BC/BaTiO3/MWCNT Hydrogel 20 5 1.5 22 0.22 1.1 0.02 [36]
Cellulose/BaTiO3 Aerogel 80 3 4 15.5 0.83 .19 0.04 [30]
BC/BaTiO3 Vacuum drying ~ NA 1 6 14 0.19 NA NA [37]
BC/V-ZnO Press drying NA 0.5 NA 1.5 0.08 NA NA [94]
BC/ZnFe204 Hydrogel 3.06 5 49 0.53 3.67 x10™° 017 5.88 x 1074 [29]
Table 3
Benchmark comparison of cellulose derivative-based TENGs and PENGs.
Substrate Functional material/ Pressure Freq. Contract Voc (V) Ise Power Ref.
Functionalization (kPa) (Hz) aera (cm?) (nA/ density
cmz) (pW/cmZ)
TENG  Bacterial cellulose Cu 137.9 3 5.07 128 4.42 443.5 This
study
Cellulose nanofiber Black phosphorus and phytic acid NA 2 NA 116 0.302 1.67 [97]
Cellulose nanofibrils 2,2,6,6-Tetramethylpiperidine 1-oxyl 44.44 1 9 104 0.93 15.6 [98]
(TEMPO)-oxidization
Cellulose powder Carbon nanotube (CNT) 25.46 19.64 200.4 0.93 123.7 [99]
Blend of Cellulose pulp, Blend of Carbon black, carbon 11.11 10 9 39 0.3 6.0 [100]
microcrystalline cellulose and nanotubes and graphene nanoplatelets
cellulose nanofiber
Furan functionalized Sisal Maleimide modified CaCu 3Ti4012 (D- NA 1 4 85 0.8 261 [101]
microcrystalline cellulose fiber ~ CCTO)
Cellulose/graphene oxide Grafting with trimethoxy NA 2 NA 180 NA 41.32 [102]
aerogel (1H,1H,2H,2H-heptadecafluorodecyl)
silane
Cellulose nanofiber MXene NA 3.5 0.79 1120 2.23 625 [103]
Natural wood as Cellulose 3-chloro—2-hydroxypropyl NA 5 4 335 2.435 380 [104]
material trimethylammonium chloride
(CHPTAC)
PENG  Bacterial cellulose Cu 206.8 3 5.07 44.4 0.71 13.26 This
study
Cellulose nanofiber MXene 70 1.5 10 30.8 0.05 0.13 [105]
Regenerated cellulose ZnO 85.7 3 7.04 6.98 0.11 0.73 [106]
Cotton cellulose BaTiO3 22.22 3 2.25 3.2 0.11 1.72 [107]
Cellulose PLLA 53.67 10 6 10.3 0.04 0.07 [108]
Cellulose nanofibrils 2,2,6,6-Tetramethylpiperidine 1-oxyl NA 0.3 4.5 4.1 0.05 NA [109]
(TEMPO)-oxidization/molybdenum
disulfide (MoS2)
Cellulose nanofiber ZnO 122.28 2.5 3.68 31.2 0.09 1.43 [110]
Cellulose nanofibrils MoS2/BaTiO3 NA NA 4.5 8.2 0.11 NA [111]

efficiently convert substantial mechanical energy into electrical energy,
which is ideal for scenarios involving strong, rapid impacts. This pro-
gressive increase in Vo with the rising mechanical input not only reflects
the device’s dynamic range and adaptability but also highlights its
beneficial role in enhancing charge generation efficiency and mechan-
ical resilience.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2025.111123.
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Similarly, to explore its potential in biomotion sensing, the TENG
device was evaluated under various conditions, including hand clap-
ping, walking, and running (see Fig. 7d-f). When attached to the palm
(Fig. 7d), the device recorded a maximum V. of 59.2 V during regular
human clapping. Furthermore, when the device was placed on the shoe
sole, it successfully enabled monitoring of human walking (Fig. 7e) and
running (Fig. 7f), with maximum recorded voltages of 65.6 Vand 108 V,
respectively. In each case, distinct voltage signals corresponding to
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Fig. 7. Demonstration of biomotion sensing using the fabricated nanoenergy devices: Response generated by design III PENG device by (a) single finger tapping; (b)
hand tapping; and (c) hand hammering at 1 Hz load frequency. Response generated by design IV TENG device for regular human (d) clapping; (e) walking; and

(f) running.

different types of biomotion were generated. These unique signal pat-
terns enable precise biomotion classification, advancing applications in
bioelectronics, motion tracking, and wearable sensing. Leveraging these
variations enhances the accuracy and responsiveness of smart systems
for real-time monitoring, human-computer interaction, and biomedical
diagnostics.

Besides, the CBC-based TENG device was connected to full-bridge
rectifier, as shown in Fig. 8a (left panel) and Figure S9 (Supporting In-
formation), illuminating a personalized LED circuit consisting of 35
light-emitting diodes (LEDs, each 3 V) arranged to display the initials of
Rensselaer Polytechnic Institute (see Video S3). Similarly, a commercial
calculator (Casio, Model: fx-991 ES) was successfully powered using the
CBC-based TENG under hand-tapping mode, as shown in Fig. 8b, and
further illustrated in the accompanying Video S3. These demonstrations
highlight the potential of CBC-TENG for energy harvesting and charging
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small electronic devices. Taken all together, both the PENG and TENG
devices integrated with CBC demonstrate significant potential for en-
ergy harvesting and wearable biomotion sensing applications. Their
ability to generate distinct voltage signals in response to various me-
chanical and biomotion inputs not only underscores their dynamic range
and adaptability but also highlights their promise for powering next-
generation wearable electronics and smart sensing devices.
Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2025.111123.

4. Conclusion
In this work, we developed a novel CBC structure through an inno-

vative manufacturing pathway that sequentially involves: (i) BC syn-
thesis; (ii) spraying the catalyst material (AgNOs3) onto the BC; and (iii)
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Fig. 8. Demonstration of powering small electronics using the fabricated nanoenergy devices: (a) Schematic of the full bridge rectifier connected to a capacitor for
LED illumination (left panel), along with a proof-of-concept demonstration showcasing the LEDs lighting up (right panel); (b) Circuitry image for calculator powering

(left panel) and powering a commercial calculator (right panel).

electroless Cu plating to create the CBC. The fabricated CBC was utilized
as functional layers in nanoenergy devices, such as TENG and PENG. The
following conclusions can be drawn:

e The electroless Cu plating process led the formation of a conductive
layer (55 + 11.7 Q) within the BC fibrous matrix while preserving its
structural morphology and maintaining consistent water vapor
permeability.

The fabricated CBC demonstrated up to a 2.3-fold increase in ulti-
mate tensile strength and a 2.8-fold improvement in toughness
compared to baseline BC, highlighting the dual role of Cu layer as
both a conductive coating and a reinforcing matrix.

Among the all tested TENG configurations, configuration IV, which
combined CBC and polytetrafluoroethylene (PTFE), yielded the
highest V. of 128 V—1.8 times greater than the control device—and
a power density of 443.5 pW/cm?, surpassing previously reported
BC-based TENG performance metrics.

Simultaneously, the PENG in Configuration III, featuring double-
sided Cu-plated BC, achieved a V,. of up to 44.4 V—4.8 times
higher than the control PENG—alongside a power density of 13.26
uW/cm? and a high sensitivity of 0.423 V/N. These results under-
score its strong potential for pressure-sensing applications.

Both the TENG and PENG devices maintained stable performance
over 5000 mechanical cycles, confirming their durability and suit-
ability for practical implementation.

Biomotion sensing tests confirmed the ability and adaptability of the
CBC-based nanonergy devices to effectively convert biomechanical
energy into stable electrical signals across a wide range of motions
conditions

Overall, this study underlines the promise of the developed CBC as a
key enabler for the next generation of sustainable, high-performance
energy-harvesting and sensing devices.

Future research may focus on enhancing the performance of CBC-
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based nanoenergy devices by incorporating dopants or functional ma-
terials into the CBC matrix. Integrating high-electronegativity elements
(e.g., fluorinated compounds, metal oxide nanoparticles) could improve
charge trapping and surface potential. Additionally, embedding
conductive nanomaterials (e.g., graphene, MXene, carbon nanotubes)
within CBC matrix may enhance electron transport and mechanical
durability. Furthermore, evaluating the long-term stability of these
modified structures under varying environmental conditions will be
critical for their deployment in energy harvesting and self-powered
sensing applications

CRediT authorship contribution statement

Samuel Johnson: Supervision, Resources, Funding acquisition,
Conceptualization. Akin Semih: Writing - review & editing, Writing —
original draft, Validation, Supervision, Resources, Project administra-
tion, Methodology, Funding acquisition, Formal analysis, Conceptuali-
zation. Abir Sk Shamim Hasan: Writing — original draft, Visualization,
Validation, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. Smith Charli: Methodology, Data curation. Zornit-
zer Jared: Methodology, Data curation.

Supporting information
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S1-S3 present real-time recordings of: resistance cycle tests under
compressive loading; energy harvesting and biomotion sensing using the
developed nanoenergy devices; and powering small electronic devices
with the nanoenergy devices.
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