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ABSTRACT: Self-powered wearable electronic products have rapidly
advanced in the fields of sensing and health monitoring, presenting
greater challenges for triboelectric materials. The limited surface
polarity and structural defects in wood fibers restrict their potential as
substitutes for petroleum-based materials. This study used bagasse
fiber as the raw material and explored various methods, including
functionalizing cellulose nanofibrils (CNFs) with polydopamine
(PDA), in situ embedding of silver particles, filtration, and freeze-
drying. These methods aimed to enhance the triboelectric output,
antibacterial properties, and filtration properties of lignocellulosic
materials. The Ag/PDA/CNF-based triboelectric nanogenerator
(TENG) demonstrated an open-circuit voltage of 211 V and a
short-circuit current of 18.1 μA. An aerogel prepared by freeze-drying
the Ag/PDA/CNF material, combined with a polyvinylidene fluoride nanofiber structure fabricated by electrospinning, constitutes
the TENG unit. A self-powered respiratory detection mask was created using this combination, achieving a filtration efficiency of
94.23% for 0.3 μm particles and an antibacterial rate exceeding 99%. In addition, it effectively responded to respiratory frequency
signals of slow breathing, normal breathing, and shortness of breath, with the output electrical signal correlating with the respiratory
frequency. This study considerably contributes to advancing wood fiber-based triboelectric materials as alternatives to petroleum-
derived materials in self-powered wearable electronic products for medical applications.

■ INTRODUCTION
With the rapid development of our energy-driven society, the
harm caused to human health by solid particulate matter (PM)
pollution has garnered widespread concern.1−3 This is
attributed to increased pollutant emissions from human
activities such as transportation,4,5 heating,6 power plants,
and industrial processes. Among PM pollutants, fine particles
(PM2.5, solid particles with a diameter of 2.5 μm or less) are
primarily responsible for PM-related allergies and the spread of
respiratory diseases.7−10 Filtering micron and submicron PM is
time-consuming, and designing filters with ideal porous
nanostructures is complex.11,12 Masks, serving as close-fitting
respiratory filtering medical protection equipment, isolate dust,
waste gas, pathogenic microorganisms, and viruses. However,
these masks, typically made from various plastic polymers and
designed for single use, can release microplastics more easily
and rapidly than plastic bottles. The emergence of nanomasks
may exacerbate this effect on the nanometer scale. Although
consumers may wear them for only a few hours, discarded
masks can take up to 500 years to degrade. Consequently,
there is growing interest in exploring environmentally friendly
natural materials as substitutes for petroleum-based plastics to

enhance sustainability and reduce the environmental impact.
Lignocellulose, one of the most abundant renewable resources
globally, is renewable, easily degradable, and low cost.13 In
addition, the abundance of hydroxyl groups14 on the cellulose
surface facilitates functionalization and modification, making it
a viable green alternative to petroleum products.
The triboelectric nanogenerator (TENG), an energy-

harvesting device, generates electrical signals corresponding
to human respiration and can function as a self-powered health
sensor without external power.15,16 However, compared with
synthetic polymers, cellulose materials exhibit weaker tribo-
electricity and a limited ability to generate induced charges,
restricting their application in TENGs. Researchers have
enhanced the frictional polarity of cellulose materials through
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chemical grafting or doping with materials possessing strong
conductivity and high dielectric properties17 to improve
conductivity and charge transfer.18−22 Luo et al.23 prepared a
low-cost cellulose aerogel TENG for self-powered smart door
panels; Song et al.24 prepared a flexible cellulose TENG
material with high electrical output by grafting allicin. Ding et
al.25 prepared an integrated array structure TENG from
cellulose to collect water wave energy. Polydopamine (PDA)
can self-polymerize on various substrates and is widely used as
a coating material.26−28 Researchers have noted that PDA-
coated surfaces contain functional groups such as hydroxyl,
amino, and imine groups, which can serve as bridges for
secondary modifications.29,30 At present, metal nanoparticles
functionalized with dopamine are being explored in numerous
fields.31 Silver nanoparticles (AgNPs) have a large specific
surface area, small volume, excellent optical properties, and
unique physical (e.g., high thermal and electrical conductivity)
and chemical properties (e.g., catalytic activity), making them
extensively used in optics, catalysis, biomedicine, and other
fields.32−34 Combining TENGs with particle filtration and
antibacterial functions offers substantial potential for health
monitoring.
In this study, we prepared a wood fiber-based triboelectric

material and a self-powered respiratory detection mask,
providing filtration and antibacterial capabilities. We modified
nanocellulose with nontoxic, degradable, and highly biocom-
patible PDA and then implanted Ag nanoparticles into wood
fibers via in situ reduction of Ag+ with PDA, creating Ag/PDA/
cellulose nanofibril (CNF) composites. This method enhances
the triboelectric output and antibacterial properties of wood
fiber. Furthermore, we used an aerogel prepared by the freeze-

drying Ag/PDA/CNF material and a polyvinylidene fluoride
(PVDF) nanofiber structure made via electrospinning to form
a TENG unit. The resulting self-powered respiratory detection
mask achieves a 94.23% filtering ability for 0.3 μm particles and
responds well to respiratory frequency signals, ensuring that
the output electrical signal is consistent with the respiratory
frequency. This underscores the potential of self-powered
wearable electronic products made from wood fiber-based
triboelectric materials in medical and healthcare applications.

■ RESULTS AND DISCUSSION
Design Process and Effect Display of the Ag/PDA/

CNF Composite Wood Fiber-Based Friction Mask
Material. In Figure 1a, the process for preparing the Ag/
PDA/CNF composite is depicted. At first, bleached bagasse
pulp is transformed into CNFs using a high-pressure
homogenizer.35 These CNFs are subsequently modified with
PDA, followed by the loading of AgNPs, filtration molding,
and freeze-drying. PDA, adhering strongly to the fiber surface,
possesses a crucial reducing ability capable of reducing silver
ions (Ag) in situ to form AgNPs. These stable silver particles
are then integrated into the lignocellulose matrix to fabricate
Ag/PDA/CNF composites.36 The aerogel, created through a
combination of filtration molding and freeze-drying,37,38

ensures a loose and porous structure, imparting flexibility
and mechanical stability to the resulting sheet. Figure 1b
illustrates the oxidation of the phenolic hydroxyl group in PDA
to form a dopaquinone structure. The electrons generated in
this process reduce Ag+ to Ag. Figure 1c demonstrates the
interaction between the Ag produced through reduction and
the oxygen- and nitrogen-containing functional groups in the

Figure 1. (a) Preparation process of Ag/PDA/CNF composites from bagasse pulp; (b) mechanism of reducing Ag+ to Ag through PDA; (c)
conceptual mechanism of the interaction between Ag and PDA; (d) comparison of antibacterial properties of Ag/PDA/CNF materials; (e)
schematic diagram of particle filtration simulation of Ag/PDA/CNF + PDVF; and (f) schematic diagram of TENG driven by human breath.
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PDA structure. This interaction is captured by dopamine, with
subsequent Ag deposition on the surface of the Ag/PDA/CNF
composite material, forming a Ag layer conductive network.
The incorporation of metallic silver enhances the antibacterial
performance of the composite efficacy against Escherichia coli
and Staphylococcus aureus, as shown in Figure 1d. The Ag/
PDA/CNF and PVDF multilayer composite material exhibits
excellent overall filtration performance, achieving a filtration
efficiency of 94.23%. This indicates that the material meets
high filtration efficiency requirements, as represented in the
simulated schematic of PM filtration in Figure 1e.
The Ag/PDA/CNF and PVDF membranes, when combined

and integrated into a protective mask (Figure 1f), exhibit self-
charging capabilities through the synergistic effects of tribo-
electricity and electrostatic induction. This enhancement
improves the filtering efficiency. During breathing, electrical
signals can be detected by an electrometer, allowing for the
clear differentiation of human breathing rates based on the
magnitude and frequency of these electrical signals. This holds
substantial potential for applications in human respiratory
monitoring.39,40

Micromorphology and Characterization of Ag/PDA/
CNF Wood Fiber-Based Triboelectric Mask Materials.
From the SEM image presented in Figure 2a, the overlapping
nature of fibers in CNFs is evident, with clear fiber veins

observable. PDA forms a coating on the fiber surface through a
strong adhesion. Using the reducibility of dopamine, Ag+ ions
were reduced, resulting in the apparent formation of AgNPs on
the surface of the composite. SEM (Figure S1a) of Ag/CNF/
PDA shows that the material has a porous structure. EDS
analysis of Ag/PDA/CNF, as depicted in Figure 2b,c, reveals a
widespread distribution of the Ag elements within the
composite material. A network structure of silver particles
forms along the fiber veins, and the proportion of Ag elements
is 6.35%. This indicates a high loading capacity and uniformity
of Ag on the surface of cellulose fibers. The catechol group of
PDA chelates Ag+, providing a uniform and stable anchoring
point for Ag on cellulose. This allows PDA to strongly regulate
the loading state of Ag on the fiber, effectively preventing
aggregation. Figure 2d illustrates the schematic diagram of the
network structure properties of Ag in aerogels.41,42

Figure 2e,f shows that after in situ reduction of silver ions, a
new Ag 3d binding energy peak appears in the Ag/PDA/CNF
spectrum. Analyzing the Ag 3d peaks in Figure 2g, it is
observed that Ag 3d distributes between Ag 3d5/2 and Ag 3d3/2,
with binding energies of 367.4 and 373.6 eV, respectively. The
presence of zerovalent Ag on the PDA surface is indicated by
an energy difference of 5.8 eV. The characteristic peak of Ag 3d
corresponds to the Ag element in EDS, confirming that Ag+ is
reduced by PDA to form Ag. These spectra and diffraction

Figure 2. Micromorphology and characterization of Ag/PDA/CNF wood fiber-based triboelectric mask materials: (a) SEM images of CNF, PDA/
CNF, and Ag/PDA/CNF materials; (b) full spectrum of carbon, oxygen, silver, and nitrogen in Ag/PDA/CNF materials; (c) distribution of silver
in the Ag/PDA/CNF material; (d) schematic diagram describing the network structure properties of the Ag/PDA/CNF aerogel structure; (e) X-
ray photoelectron spectroscopy (XPS) spectra of CNF, PDA/CNF, and Ag/PDA/CNF; (f) Ag 3d XPS spectrum of Ag/PDA/CNF; (g) X-ray
diffraction (XRD) patterns of CNF, PDA/CNF, and Ag/PDA/CNF materials; and (h,i) TGA curve of CNF, PDA/CNF, and Ag/PDA/CNF.
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analyses provide conclusive evidence for the in situ doping of
Ag+ into the wood fiber composite matrix.43,44 Figure 2g
indicates that CNFs and the composite retain the typical
diffraction peaks of cellulose45 at 16.2 and 22.3, whereas the
Ag/PDA/CNF composites exhibit diffraction peaks of Ag at
38.2 and 44.2, corresponding to the crystal planes of cubic
silver crystals (111) and (200), respectively. The intensity of
the crystal plane (111) is more pronounced. It was found that
the degradation of PDA/CNF and Ag/PDA/CNF composites
was earlier than that of CNF due to the addition of PDA
(Figure 2h,i).
Detection of Triboelectric Properties, Filtration

Properties, and Antibacterial Properties of Ag/PDA/
CNF. Figure 3a,b illustrate the schematic diagrams of Ag/
PDA/CNF-TENG. This device employs an Ag/PDA/CNF
composite as the positive friction material and an FEP film as
the negative friction material. The triboelectric properties of
the TENG were evaluated by using this configuration. The

fundamental principle of operation is based on the synergistic
effect of triboelectric and electrostatic induction occurring
during the contact separation process of the positive and
negative triboelectric materials.
In Figure 3c, Ag/PDA/CNF with a 5% Ag content exhibits

the best output performance. Figure 3d−f depicts the changing
trends in the electrical output performance of the 5% Ag/
PDA/CNF. Compared with the CNF film, the open-circuit
voltage, short-circuit current, and transfer charge have
increased by 245% (from 64 to 221 V), 624% (from 2.5 to
18.1 μA), and 733% (from 1.8 to 15 nC), respectively. In
comparison with the PDA/CNF composite film, these values
have increased by 14.1% (from 191 to 221 V), 15.3% (from
15.33 to 18.1 μA), and 12.1% (from 13.2 to 15 nC). This
indicates that the triboelectric properties of lignocellulose are
enhanced by the integration of silver particles.
The surface potential of Ag/PDA/CNF, at 1069 mV, is 13%

higher than that of the PDA/CNF composite (946 mV), as

Figure 3. Triboelectric output performance and enhancement mechanism of Ag/PDA/CNF. (a) Configuration of the Ag/PDA/CNF-TENG
device; (b) basic principle diagram of the PDA/CNF-TENG power generation process; (c) changes in Voc, Isc, and Qsc of TENG with different Ag
contents; the composite material outputs (d) voltage, (e) current, and (f) charge density at a frequency of 2 Hz; the enhancement mechanism of
TENG’s output performance: (g) comparison of surface potential of CNF and Ag/PDA/CNF composites; (h) variation in the dielectric constant
of Ag/PDA/CNF composites with different Ag contents vs frequency at room temperature; (i) short-circuit current; and (j) electrical conductivity
of Ag/PDA/CNF composites.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c01906
ACS Omega 2024, 9, 33643−33651

33646

https://pubs.acs.org/doi/10.1021/acsomega.4c01906?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01906?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01906?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01906?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shown in Figure 3g. This demonstrates that the triboelectric
positive polarity of the material is effectively improved by silver
particles. The conductivity of Ag/PDA/CNF is noticeably
higher than that of PDA/CNF, as illustrated in Figure 3h. This
increase in conductivity accelerates the production and transfer
efficiency of the charge. The addition of silver particles leads to
an increase in the dielectric constant of the material (Figure
3h), enhancing the surface material’s charge storage capacity,
which is advantageous for the improvement of TENG output
performance. The correlation between the dielectric properties
of the material and the output current is presented in Figure
3i,j. The Isc current of the Ag/PDA/CNF composites rises with
an increase in the dielectric properties of the material. The
augmented dielectric constant of the matrix results in the
concentration of numerous nanoparticles in the electric field,
aiding in capturing more electrons and considerably enhancing
the surface charge density.
The schematic diagram illustrating the sterilization mecha-

nism of Ag/PDA/CNF is depicted in Figure 4a. In addition to
the antibacterial effect of Ag, its antibacterial performance

encompasses a microelectric field antibacterial effect produced
by the redox reaction. The potential antibacterial mechanisms
of the microelectric field include the following: (1) electrical
stimulation disrupts the bacterial membrane, leading to the loss
of vital components within the membrane and (2) the
electrolytic reaction induced by electrical stimulation generates
toxic substances (reactive oxygen species) that eradicate
bacteria.46−48

Figure 4b shows the antibacterial effects of Ag/PDA/CNF
against E. coli and S. aureus. The antibacterial rates for both are
over 99%, indicating that Ag/PDA/CNF possesses exceptional
antibacterial properties. The comparison between the bacter-
iostatic standard of medical mask and the bacteriostatic
performance of Ag/PDA/CNF mask material (Figure S2)
shows that the material has reached the bacteriostatic standard
of medical mask.49 The cell viability of HUVECs cultured for
24 and 48 h, as shown in Figure 4c, was 97.12 and 95.31%,
respectively. According to the toxicity classification method of
the United States Pharmacopoeia, the cytotoxicity of the 5%
Ag/PDA/CNF samples was deemed nontoxic to HUVECs.

Figure 4. Detection of filtration performance and antibacterial performance of the wood fiber-based friction electric mask material Ag/PDA/CNF.
(a) Schematic diagram of the sterilization mechanism of the Ag/PDA/CNF composite material; (b) antibacterial properties of Ag/PDA/CNF; (c)
cell viability of the Ag/PDA/CNF composite cocultured with HUVECs for 24 and 48 h; (d) filtration efficiency and filtration quality factor of the
Ag/PDA/CNF composite; (e) simulation schematic of Ag/PDA/CNF for PM filtration; and (f) SEM images of the PVDF membrane surface
before and after filtration.
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This experiment substantiates its safety for use in personal
protective devices.
The simulation diagram of Ag/PDA/CNF for PM filtration

is displayed in Figure 4d. The filtration performance of the
material for 0.3 μm particles was evaluated, as shown in Figure
4e. The filtration efficiency of PDVF and the 5% Ag/PDA/
CNF composite reached 94.23%, comparable to that of a
commercial polypropylene melt-blown cloth (95.48%). This
indicates that the material fulfills the criteria for a high filtration
efficiency. Moreover, its quality factor value is considerably
superior to that of PVDF, demonstrating excellent overall
filtration performance.50

Application of Ag/PDA/CNF Assembly TENG. The
TENG, assembled using Ag/PDA/CNF and PVDF, is shown
in Figure 5a. The airflow generated by breathing periodically
causes the Ag/PDA/CNF aerogels and PVDF nanofibers to
contact and separate from each other, as shown in Figure 5b.
This action drives the TENG to produce induced charges and
generates a voltage peak in a breathing cycle, as shown in
Figure 5c. The frequency of the electrical signals is consistent
with the breathing frequency. The TENG’s electrical signal
(voltage) is collected and processed by an electrometer and
then outputted through a computer, as demonstrated in Figure
5d. When this antibacterial material is incorporated into a
protective mask (Figure 5e), it not only provides physical
filtration to remove particles and bacteria, as shown in Figure
5f, but is also driven by breath to generate induced charge.
Figure 5g displays the voltage signals at the breathing

frequencies of slow, normal, and rapid breathing, showing
distinct changes corresponding to different breathing states.
And different batches of mask materials also have good
consistency (Figure S3), and the effects of temperature and
humidity on electrical signals (Figure S4) and stability51

(Figure S5) were measured. The frequency of the voltage
signal can indicate the speed of breathing, but the voltage
during normal breathing is similar to that during slow
breathing, primarily because of minimal differences in
breathing intensity.52 Consequently, the test demonstrates
that the TENG’s protective mask made of Ag/PDA/CNF can
monitor the breathing state of the human body.

■ CONCLUSIONS
Against the backdrop of current resource scarcity and
environmental pollution, the transformation of abundant
cellulose resources in nature into advanced functional materials
to meet the urgent need for human health is becoming
increasingly apparent. This study prepared a high-efficiency,
antibacterial wood-based TENG material, Ag/PDA/CNF
composite film, and explored its frictional electricity output
performance. It was found that the output voltage reached 211
V, the short-circuit current was 18.1 μA, and the power density
was 60.06 μW/cm2. By combination of the Ag/PDA/CNF
composite film with a PVDF layer, a self-powered respiratory
monitoring mask was developed. The TENG output signals of
the mask demonstrated good consistency with breathing

Figure 5. (a) Assembly and application of TENG assembly of Ag/PDA/CNF composites and PVDF materials, (b) TENG’s working mechanism,
and (c) voltage signal driven by respiration; (d) TENG process driven by human breath; (e) schematic diagram of the filtering structure the mask;
(f) schematic diagram of the filtering function of the mask; and (g) respiratory output electrical signals with different frequencies.
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frequency, achieving a filtration efficiency of 94.23% and
exhibiting significant antibacterial properties, thus making it
safe for use in personal protective mask materials. This study
demonstrates the excellent antibacterial, filtration, and
respiratory monitoring effects of wood-based materials,
highlighting the enormous potential of wood-based tribo-
electric materials as replacements for petroleum-derived
materials in the application of self-powered wearable electronic
products.

■ EXPERIMENTAL SECTION
Materials. Bagasse cellulose fiber was supplied by Guangxi

Chongzuo East Asia Sugar Co., Ltd. (Nanning, China) and
homogenized with a high-pressure homogenizer to obtain
CNFs.
Preparation of Ag/PDA/CNF Aerogels. Weighed 0.1 g

portion of tris(hydroxymethyl)aminomethane and 0.5 g of
CNFs were dispersed into 100 mL of distilled water. The pH
was adjusted to 8.5 using 0.1 mol/L HCl and 0.1 mol/L
NaOH solutions. Subsequently, 24 mg of dopamine hydro-
chloride (DA·HCl) was weighed and dissolved in this solution.
The suspension was then closed and kept in the dark for 2 h,
forming PDA/CNF. When 0.4225 g of a standard solution of
silver nitrate was added to the suspension for 2 h, PDA, due to
its strong reducing ability, reduced silver nitrate in situ to form
AgNPs. After the reaction, the samples were washed, and Ag/
PDA/CNF aerogel composites were obtained by freeze-drying,
with no toxic reagents involved in the process.
Preparation of the PVDF Fiber Membrane. The PVDF

fiber membrane was prepared by electrospinning. Here, 4.0 g
of PVDF was dissolved in 20 mL of N,N-dimethylformamide
and heated and stirred in a water bath at 70 °C until it was fully
dissolved. The solution was then transferred to a syringe. The
applied voltage was set to 15 kV, the humidity to 45% RH, the
temperature to 25 °C, and the spinning speed to 2 mL/h. After
being spun, the obtained fiber membrane was dried in a
vacuum oven for 12 h.
The surface morphology of the Ag/PDA/CNF composite

film was observed by using field emission scanning electron
microscopy (FE-SEM, S-3400N, Japan), and the content of
surface elements was determined by its accessory energy
spectrometer. XPS (ESCALAB 250XI+, Los Angeles, USA)
was used to analyze the basic characteristics of Ag/PDA/CNF
materials. XRD (MINFLEX600, Songjiang, Japan) was
employed to study the crystal structure, with a scanning
speed of 3°/min and a range of 5−50°. A linear motor (P01-37
× 120-C, Guangdong, China) generated different frequencies,
and the output performance of the TENG was measured by
using an electrometer (Keithley 6514, Ohio, USA) and an
acquisition card (NI-USB-6259, Houston, USA).
Preparation of PVDF-Ag/PDA/CNF-Based TENG. The

Ag/PDA/CNF aerogel and PVDF membrane were cut into
rectangles measuring 10 cm × 5 cm and incorporated into a
protective mask. Owing to the inherent conductivity of the Ag/
PDA/CNF composite, it also functioned as the electrode
material for the TENG. A copper wire was connected from the
Ag/PDA/CNF side to an external circuit, and the electrical
signal data was recorded using an electrometer.
Ag/PDA/CNF Material Antibacterial and Cytotoxicity

Tests to HUVECs. The antibacterial activity of the Ag/PDA/
CNF material against S. aureus and E. coli was evaluated
according to the JIS Z 2801 standard. A blank control group
consisted of a diluted bacterial solution, and each test was

replicated thrice. Cytotoxicity was assessed per ISO standard
10993, evaluating the cytotoxicity of materials to HUVECs
using the CCK-8 method. HUVECs were cultured in a
Dulbecco modified Eagle’s medium containing 10% fetal
bovine serum at 37 °C and 5% CO2.
Material Filtration Performance Test. The filtration

efficiency and pressure drop of the material were tested by
using an automatic filter material detector. The effective test
area was set at 200 cm2. Neutral dispersed NaCl solid aerosol
with a mass median diameter of 0.30 ± 0.06 μm was directed
onto the fiber membrane for testing. Tests were conducted at
25 °C, with a gas flow rate controlled at 32 L ± 1 L/min, and
each filtration test was 1 min.
Self-Powered TENG Respiratory Monitoring. The Ag/

PDA/CNF aerogels and PVDF membranes were integrated
into the protective mask, enabling the TENG to be activated
by respiratory airflow, thus generating a triboelectric effect.
Leveraging its antibacterial and filtration capabilities, the
induced charges were used for respiratory sensing. The
generated charges were collected by an electrometer to
produce electrical signals, allowing for the observation of
changes in respiratory frequency and intensity.
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