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ABSTRACT

Revised: 4 January 2018

We developed a high-efficiency rotating triboelectric nanogenerator (R-TENG)enhanced multilayered antibacterial polyimide (PI) nanofiber air filters for removing
ultrafine particulate matter (PM) from ambient atmosphere. Compared to singlelayered PI nanofiber filters, the multilayered nanofiber filter can completely
remove all of the particles with diameters larger than 0.54 µm and shows
enhanced removal efficiency for smaller PM particles. After connecting with a
R-TENG, the removal efficiency of the filer for ultrafine particles is further enhanced.
The highest removal efficiency for ultrafine particulate matter is 94.1% at the
diameter of 53.3 nm and the average removal efficiency reached 89.9%. Despite
an increase in the layer number, the thickness of each individual layer of the
film decreased, and hence, the total pressure drop of the filter decreased instead
of increasing. Moreover, the nanofiber film exhibited high antibacterial
activity because of the addition of a small amount of silver nanoparticles. This
technology with zero ozone release and low pressure drop is appropriate
for cleaning air, haze treatment, and bacterial control.
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Introduction

Air pollution is a major public, environmental, and health
issue contributing to 7 million premature deaths
worldwide, annually [1, 2]. Particulate matter (PM),
as one of the major airborne pollutants, has raised

serious concerns in recent years [3–5]. PM is categorized
by the size of the particle as coarse, fine, and ultrafine
particles (UFPs) with aerodynamic diameters within
2.5–10 µm (PM10), < 2.5 µm (PM2.5), and < 0.1 µm (PM0.1),
respectively. Numerous studies have demonstrated
the association of long-time PM2.5 polluted air exposure
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with morbidity and mortality from respiratory and
cardiovascular diseases [6–9]. Hence, the air quality
index related to the concentrations of PM2.5 and PM10
is used to reflect the daily air pollution level.
However, most of the particles (73%) are in the ultrafine
fraction, whereas most of the mass (82%) could be
attributed to particles in the size range of 0.1 to 0.5 µm
[10]. Moreover, UFPs are much more harmful to public
health. Compared to PM2.5 with larger particles, UFPs
have a much higher number concentration and surface
area [11], enhanced oxidation capacity [12, 13], greater
inflammatory potential [11], and higher pulmonary
deposition efficiency [14, 15]. The UFPs cannot be
filtered out by the nose and bronchioles and their small
size allows them to be breathed deeply into the lungs,
where they are able to penetrate alveolar epithelium
and enter the pulmonary interstitium and vascular space
to be absorbed directly into the blood stream [16].
The body also does not have efficient mechanisms for
clearing the deeper part of the lung as only a very small
fraction of natural particles would be as small as these
[17]. The UFPs are highly chemically reactive owing
to their small size and large surface area [18]. Further,
they also carry a large amount of toxic compounds on
their surfaces [19]. For example, in air emissions from
incinerators, heavy metals, dioxins, hydrocarbons,
and other organic chemicals can adhere to the surface
of UFPs and increase their toxicity [20]. Among the
various hazards of PM pollutants, microorganisms in
PM2.5 and PM10 are speculated to be responsible for
various allergies and for the spreading of respiratory
diseases [21]. Therefore, it is necessary to develop air
filters to remove these UFPs and microorganisms for
the sake of people’s health.
Nowadays, electrostatic precipitation and fibrous
filters are widely utilized to remove PMs. One major
drawback of the electrostatic precipitators is that they
inevitably ionize air, and hence produce ozone [22],
which causes negative effects on human health with
the possibility of causing cancer [23, 24]. As for fibrous
filters, they present the advantage of high efficiency
to remove particles larger than their holes. However,
the removal efficiency for UFPs, whose diameters are
much smaller than the holes of the fibrous filter,
decreases significantly. Moreover, the pressure drop
increases with dust loading [25, 26].

Nanogenerators, in particular, piezoelectric nanogenerators
[27–29] and triboelectric nanogenerators (TENGs) [30–34],
were invented by Wang’s group in 2006 [35] and 2012
[36], respectively. TENGs, based on triboelectrification
and electrostatic induction effects, were invented to harvest
energies from all kinds of mechanical movements such
as human motion, wind, water wave [37–42]. One of
the greatest advantages of TENG is the generation of
a high open-circuit voltage (VOC), which is generally
hundreds of times higher than that generated by
electromagnetic generators [43]. For example, a TENG
based on collision between polytetrafluoroethylene (PTFE)
pellets and electrodes can yield a space electric field as
high as 12 MV/m and a self-powered triboelectric
filter based on this TENG shows a removal efficiency
of ~ 95.5% for PM2.5 [44]. Furthermore, the high
voltage of TENGs does not ionize the surrounding air,
and therefore, no ozone is produced.
In our previous study, a rotating triboelectric nanogenerator
(R-TENG)-enhanced electrospinning nanofiber film
filter was fabricated for efficient PM removal [45].
However, only a single layer of charged nanofiber film
cannot provide adequately high removal efficiency
for ultrafine particulate matters. Moreover, the threat
of microorganisms such as bacteria to human health is
not considered. In this study, we developed a high-efficiency
R-TENG-enhanced multilayered antibacterial polyimide
(PI) nanofiber air filters for the removal of ultrafine PM
and microorganisms in ambient atmosphere. Compared
with the single-layered nanofiber filter, the multilayered
nanofiber filter can remove all of the particles with
diameters larger than 0.54 µm and show enhanced
removal efficiency for smaller PM particles. After
connecting with the R-TENG, the removal efficiencies
for ultrafine particles are further enhanced. The highest
removal efficiency for ultrafine particulate matter is
94.1% at the diameter of 53.3 nm and the average
removal efficiency reached 89.9%. Although the layer
number was increased, the thickness of each layer of
the films decreased, and hence, the total pressure drop
of the filter did not increase, but decreased. Moreover,
the nanofiber film exhibited high antibacterial activity
because of a small amount of silver nanoparticles
incorporated in it. This technology with zero ozone
release and low pressure drop is effective for cleaning
air, haze treatment, and bacterial control.
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2.1

Experimental section
Electrospinning

The solution used for electrospinning was a polyamide
acid (PAA) solution in dimethylformamide (DMF) with
a solid content of ~ 15.5 wt.%. Silver nitrate was first
dissolved in DMF and then added to the polymer
solution, keeping the Ag ratio at 3 wt.% in the final
Ag-polyimide (PI) nanofiber. A 5 mL syringe with a
22-gauge needle tip was used to load the polymer
solution. A syringe pump (model LSP01-1A, Longer
Pump) was used to pump the solution out of the needle
tip. The electrospinning nanofibers were collected by
a 100 mesh stainless-steel wire mesh. The voltage applied
between the needle tip and the mesh was 18 kV. During
electrospinning, the nanofibers lay across the mesh
holes to form the air filter.
2.2

Antibacterial test

A fresh bacterial solution was first acquired by culturing
E. coli and S. aureus in an autoclaved lysogenic broth
(LB) medium overnight at 37 °C (bacteria were in the
stationary phase); the rotation speed was 120 rpm.
Subsequently, 1 mL of the E. coli and S. aureus solution
was pipetted from the phase incubated overnight into
another flask containing 100 mL of fresh LB. The mixture
was then cultured at 37 °C for another 5 h to obtain a
bacterial suspension at the exponential growth phase.
Thereafter, the bacterial suspension was centrifuged at
10,000 rpm to separate the bacteria from the culture medium,
and then the bacteria were washed and resuspended
in a sterilizing saline to achieve a concentration of ~ 106
colony-forming units (CFU)/mL for the sterilization test.
2.3 PM generation and evaluation of the filtering
efficiency
The PM generation and efficiency measurements were
performed in a 30 m3 lab. The PM particles used in
this work were generated by burning cigarette. The PM
particles from cigarette smoke had a wide particle
size distribution ranging from < 10 nm to > 10 µm. By
diluting the smoke PM by air and waiting for 30 min
to allow an even dispersion of the smoke in the air, the
inflow concentration was controlled to a hazardous
pollution level equivalent to the PM2.5 index > 300. A

handheld particle counter (3016-IAQ, Lighthouse), a
scanning mobility particle sizer (SMPS 3938L75, TSI),
and an aerodynamic particle sizer (3321, TSI) were
used to detect the PM particle number concentration
before and after filtration. The removal efficiency was
calculated by comparing the number concentration
before and after filtration.
2.4

Pressure drop and estimation of ozone

The pressure drop was measured using a differential
pressure gauge (Testo 510) and the gas velocity was
measured by an anemometer (Testo 450-V1). Ozone
was analyzed by an ozone monitor (aeroQUAL, series
200).
2.5

Characterization

Field emission scanning electron microscopy (FE-SEM)
images were obtained using FEI Nova NANOSEM
450 SEM with an acceleration voltage of 5 kV for imaging.
The open-circuit voltage was determined using an
oscilloscope (DSO-X 2014A; Agilent). The absorbance
spectrum of Ag nanoparticles dissolved in DMF was
recorded on an ultraviolet−visible–near infrared (UV−
vis−NIR) spectrophotometer (UV 3600).

3

Results and discussion

The fabrication of the antibacterial PI air filter by
electrospinning is schematically illustrated in Fig. 1(a).
A given quantity of silver nitrate was first dissolved
in DMF. Then, the resulting solution was added to a
solution of PAA, to obtain an electrospinning solution.
Further details could be found in the Experimental
section. As reported previously, DMF reacted with silver
nitrate, forming Ag nanoparticles according to Eq. (1)
[46, 47]
HCONMe2 + 2Ag+ + H2O → 2Ag + Me2NCOOH +
2H+ (1)
UVvis absorbance spectrum of the Ag nanoparticles
in DMF solution is shown in Fig. S1 in the Electronic
Supplementary Material (ESM). The plasmon peak of
Ag nanoparticles is observed at 430 nm. Figure 1(b)
shows the energy dispersive spectrum (EDS) patterns
of PI nanofibers and silver nanoparticle-doped
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Figure 1 (a) Schematic of the fabrication of a PI air filter by electrospinning. (b) EDS spectra of PI and Ag-PI films. (c) and (d)
FE-SEM image of pure PI and Ag-PI nanofibers. Inset of (d) shows the FE-SEM image of Ag-PI at a large magnification.

PI (Ag-PI) nanofibers; the weight ratio of silver in the
latter is 3 wt.%. The results clearly indicate the existence
of silver in the Ag-PI nanofiber film. Figures 1(c) and
1(d) show the FE-SEM images of the PI and Ag-PI
nanofibers, respectively. The Ag-PI nanofibers have a
smaller diameter on average. The reason is that, after
the addition of silver nitrate, the content of the electrolyte
in the solution increases which in turn increases the
electrostatic force on the nanofibers during the
electrospinning process [48]. The inset of Fig. 1(d)
shows the FE-SEM image of Ag-PI nanofibers at a
larger magnification and Ag nanoparticles are clearly
observed on the surface of Ag-PI nanofibers.
To evaluate the PM removal performance of the
as-prepared Ag-PI nanofiber filters, we designed a
measurement setup, as shown in Fig. 2(a). Ag-PI nanofiber
films were placed inside a square acrylic tube and connected
with the filtration performance testing system. The
Ag-PI nanofiber films were separated by acrylic
spacers as shown in Fig. 2(b). The thickness of the
spacer is 2 mm. A pressure gauge was used to test the
pressure drop at different gas flows for all the Ag-PI
nanofiber filters. A PM particle counter was used to
measure the particle number concentration in the
dusty air before and after filtering. The PM particles
used in this study were generated by burning cigarettes.
This is a good model system for air filtration since it
contains a wide range of PM particles with various sizes
[45, 48]. A R-TENG was used to charge the Ag-PI

nanofiber films; this is mainly composed of a rotator
and a stator, as shown in Fig. 2(a). The rotator rotates
under the driving force from a motor, while the stator is
fixed on the motor. The working principle of this kind
of R-TENG has been reported previously [49, 50].
Output signals of R-TENG were first rectified through
a rectifier bridge and then connected to the stainless-steel
mesh of the Ag-PI nanofiber film. The rectified voltage
of the R-TENG is shown in Fig. 2(c). The rectified voltage
is ~ 480 V and some peaks can reach 1,000 V. To demonstrate
that the Ag-PI film can be charged by the R-TENG,
the surface electrostatic potential of the Ag-PI nanofiber
film was determined, and the results are shown in
Fig. 2(d). As shown, when the R-TENG was operated,
the surface electrostatic potential of the Ag-PI film
increased to a value as high as 550 V.
For the particulate filter, the basic filtration mechanism
includes mechanical filtration, electrostatic filtration, and
chemisorption. In the mechanical filtration, interception,
inertial impaction, diffusion, and gravitational settling
are the main mechanisms responsible for the removal
of particles [51, 52]. In general, a majority of the
nanoparticles can be removed by diffusion, whereas
particles within the size range of sub-micron to several
microns are substantially reduced by interception [53].
For particles with sizes of tens of microns, inertial
impaction and gravitational settling become critical.
Through the electrostatic effect, the electrostatic filtration
can remove particles with large sizes ranging from
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Figure 2 (a) Schematic illustration of the setup used for PM removal efficiency measurement. (b) The diagram of PI nanofiber films
and spacers assembled. (c) The rectified voltage of the R-TENG. (d) The surface potential of the Ag-PI nanofiber film before and after
operating with the R-TENG.

nanoparticles to micro-particles. For example, more
than 97% removal efficiency for the particle size ranging
from dozens of nanometers to ten micrometers has
been realized by the electrostatic precipitator [54]. Based
on the filtration mechanisms, the removal efficiencies
of the particles with different sizes are schematically
shown in Fig. 3(a). In our experiment, the Ag-PI
nanofiber films were positive charged by the R-TENG.
Together with the electrostatic effect, particles ranging
from nanometers to tens of micrometers can be
effectively removed, as shown in Fig. 3(b). Consequently,
the removal efficiency of the Ag-PI nanofiber filter
increases notably, especially for particles with a
diameter smaller than 500 nm, which could pass through
the holes of the nanofiber filter. Figures 3(c) and 3(d)
show the FE-SEM images of the Ag-PI nanofiber film
before and after the filtration of PM particles. As
reported by Cui’s group [55], at the initial capture
stage, PM is captured by the Ag-PI nanofibers and is
bound tightly on the nanofibers. As more smoke is
fed continuously to the filter, more PM particles are

attached. The particles are able to move along the
Ag-PI nanofibers and they aggregate to form larger
particles. As the capture proceeds further, the
Ag-PI filters are filled with large aggregated PM
particles. The junction of nanofibers had more PM
accumulated and formed spherical particles of larger
sizes. Eventually, it seems that the PM particles formed
a layer attached on the PI nanofibers, as shown in
Fig. 3(d).
The PM2.5 removal efficiencies of the filters with a single
layer of the Ag-PI nanofiber film based on particle
counts at different electrospinning time are shown in
Fig. 4(a). It is obvious that as the electrospinning time
increases, the removal efficiency of the filters also increases.
After connecting the R-TENG, the removal efficiency
of all filters is further increased. The removal efficiencies
of the filter with single-layered electrospun Ag-PI
nanofiber film in 60 min for PM0.3, PM0.5, PM1.0,
PM2.5, PM5.0, and PM10 were determined, and the
results are shown in Fig. 4(b). The removal efficiency
increases as the PM diameter increases. This demonstrates
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Figure 3 (a) Filtering mechanism and the PM removal efficiency of the triboelectric filter. (b) Schematic of the filtration mechanism
of the filter. SEM image of the Ag-PI nanofibers (c) before filtration and (d) after filtration.

that the nanofiber film shows a high removal efficiency
for PM particles with diameters larger than its holes.
The removal efficiencies of the filter with different
layers of nanofiber films obtained in 10 min with and
without R-TENG are shown in Fig. 4(c). As shown, the
removal efficiency increases as the number of layers
increases. Upon connecting the R-TENG, the removal
efficiency is further enhanced. To verify the effect of
film spacing on the filtration efficiency, PM2.5 removal
efficiencies of two-layered electrospun films obtained
in 20 min under different film spacing were tested, as
shown in Fig. S2 in the ESM. Different film spacing is
achieved by using many acrylic spacers, the thickness
of each spacer is 1 mm. As shown, the removal
efficiency remains almost the same as the spacing
increases from 1 to 4 mm. The removal efficiencies of
the filter with three-layered electrospun Ag-PI
nanofiber films in 10 min for PM0.3, PM0.5, PM1.0,
PM2.5, PM5.0, and PM10 were determined and the
results are shown in Fig. 4(d). As shown, for PM
particles larger than 0.5 µm in diameter, the removal
efficiency is higher than 90%. Upon connecting the
R-TENG, all the removal efficiencies were enhanced,
especially for PM0.3, which shows the significance of
electrostatic precipitation. To demonstrate the stability

of the removal efficiency of the multilayered Ag-PI
nanofiber filter, PM2.5 removal efficiencies of the filter
with three-layered Ag-PI nanofiber films obtained in
10 min with and without R-TENG under different
gas flows are shown in Fig. 4(e). The removal
efficiency is further increased after connecting with the
R-TENG and it remains almost the same as the gas
flow is increased from 12 to 60 L/min. The pressure
drops of the filter with different layers of nanofiber
films are shown in Fig. 4(f). The pressure drop for
filters of three-layered films was only 50 Pa at the gas
flow of 60 L/min.
The distributions of particle number in dusty air,
after filtering and after R-TENG-enhanced filtering
(with three-layered Ag-PI nanofiber films obtained in
10 min), for sizes ranging from 0.54 to 20 µm are shown
in Fig. 5(a) and the corresponding removal efficiencies
are shown in Fig. 5(b). The removal efficiencies of the
filter for particles in this range are 100%, which
demonstrates that our filter is highly efficient for the
removal of PM particles with a diameter larger than
0.54 µm, which agrees with the results shown in Fig. 4(d).
The distributions of the particle numbers in dusty air,
after filtering and after R-TENG-enhanced filtering
(with three-layered Ag-PI nanofiber films obtained in
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Figure 4 (a) PM2.5 particle number removal efficiencies of different single-layered filters with and without R-TENG. (b) Removal
efficiencies of particle numbers of different-sized PMs using single-layered 60 min electrospun film with and without R-TENG. (c)
PM2.5 removal efficiencies by particle counts for filters with different layer numbers of the Ag-PI nanofiber films obtained in 10 min
with and without R-TENG. (d) Removal efficiencies of particle numbers for different-sized PMs of the filter with three-layered
electrospun films obtained in 10 min with and without R-TENG. (e) PM2.5 removal efficiencies of the filter with three-layered
electrospun films obtained in 10 min with and without R-TENG under different gas flows. (f) Pressure drop of filters with different layer
number of electrospun films obtained in 10 min under different gas flows.

10 min), for sizes ranging from 15 to 550 nm are shown
in Fig. 5(c) and the corresponding removal efficiencies
are shown in Fig. 5(d). As shown, the particle number
of these particles is in the range of 105 in dusty air.
After passing through the Ag-PI nanofiber filter, ~
80% of the particles are filtered. The highest removal
efficiency is 89.8% for the PM diameter of 51.4 nm.
After connecting with the R-TENG, the removal
efficiency was further enhanced and ~ 90% of the
particles are filtered. The highest removal efficiency

reached 94.1% at the PM diameter of 53.3 nm. The
removal efficiency for UFPs increased from 83.5% to
89.9% after connecting with the R-TENG. It can be
observed that the curve of the removal efficiency is
similar to the curve of the electrostatic effect, as shown
in Fig. 3(a). This is because, in the submicron region, the
main removal mechanism is electrostatic precipitation.
Compared with the single-layered R-TENG-enhanced
filter previously reported by us [45], not only the highest
removal efficiency is increased, but also the range of
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Figure 5 (a) Particle size distribution of the particulates in dusty air, after simple filtering and after R-TENG-enhanced filtering, in the
diameter range of 0.54–20 nm. (b) Comparison of the removal efficiency of the filter with and without R-TENG, in the diameter range
of 0.54–20 nm. (c) Particle size distribution of the particulates in the dusty air, after filtering and after R-TENG-enhanced filtering, in
the diameter range of 15–550 μm. (d) Comparison of the removal efficiency of the filter with and without R-TENG in the diameter
range of 15–550 μm. The filter used here consists of three-layered electrospun films obtained in 10 min.

the filtration efficiency at higher than 90% is enlarged
enormously, where the range of 30 to 41.4 nm is
enlarged to the range of 40.0 to 135.8 nm. These results
suggest that the multilayered R-TENG-enhanced Ag-PI
nanofiber filters have better removal efficiency for
nanoparticles.
The antibacterial effect of the electrospun PI films was
investigated using Escherichia coli (E. coli) and staphylococcus
aureus (S. aureus), which are the model gram-negative
and gram-positive bacteria, respectively [56, 57]. The
bacterial suspension at the exponential growth phase
was first obtained by culturing it at 37 °C in an incubator
shaker for further 5 h, and then, the bacteria suspension
(E. coli or S. aureus) was diluted with the sterilizing saline
culture medium to 106 CFU/mL. The PI and Ag-PI
nanofibers (Φ = 1.2 cm) were immersed in a bacterial
suspension (10 mL) comprising 1 mL of 106 CFU/mL
suspension and 9 mL of sterilizing saline, and shook
in an incubator shaker at 120 rpm and 37 °C for 30 h. A

CFU counting method was used to estimate the number
of viable E. coli and S. aureus remaining in the suspensions.
Figures 6(a) and 6(b) show the FE-SEM images of the
E. coli and S. aureus cell on the Ag-PI nanofibers after
co-culturing for 30 h. We can observe that the holes of
the Ag-PI nanofibers are much smaller than the diameter
of the bacteria, demonstrating that the Ag-PI nanofiber
filter can effectively filter these bacteria. As shown in
Figs. 6(c)–6(f), the CFU of E. coli and S. aureus remaining
in the suspensions were counted. 94.6% of E. coli and
98.5% of S. aureus were killed, demonstrating the good
antibacterial property of the Ag-PI film. As for the
mechanism of antibacterial activity, one of the cytotoxic
mechanism is the uptake of Ag nanoparticles by the
bacterial cells as they are able to penetrate the bacterial
cell wall, which cause DNA damage and enzyme
inhibition. Other cytotoxicity mechanism may arise
from the presence of oxidatively released Ag ions
from the nanoparticle surface [58]. The exposition of
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Figure 6 FE-SEM images of (a) E. coli and (b) S. aureus on the Ag-PI nanowire film. Photographs of E. coli colonies after
co-culturing for 30 h with a (c) PI nanofiber film and (d) Ag-PI film. Photographs of S. aureus colonies after co-culturing for 30 h with
(e) PI nanofiber film and (f) Ag-PI film.

bacterial cells to silver ions induces changes in the
cell membrane structural constituents, leading to the
enhancement of its permeability and damage. This can
affect the transport of electrolytes and other metabolites,
leading to the alteration of basic cell functions and
finally cell death [59–61].
Finally, an ozone monitor was used to test if ozone
was produced. No ozone was detected during the 1 h
testing process. We can analyze it in the context of the
working mechanism of TENG. TENG works by the
coupling of triboelectrification and electrostatic induction
effect. The tribo-charges generated are static charges
that would remain in the triboelectric layer/materials,
and therefore, there is no production of ozone.

4

Conclusion

In this paper, we developed a high-efficiency R-TENGenhanced multilayered PI nanofiber air filter for the
removal of UFPs from ambient atmosphere. Compared
with the single-layered nanofiber filter, the multilayered
nanofiber filter can remove all the particles with diameters
larger than 0.54 µm. After connecting with the R-TENG,
the removal efficiency of the filter for ultrafine particles
was further enhanced. The highest removal efficiency
for ultrafine particulate matter was 94.1% at the diameter
of 53.3 nm and the average removal efficiency reached
89.9%. Although the layer number increased, the thickness

of each layer of the films decreased, and hence, the total
pressure drop of the filter did not increase; instead, it
decreased. Moreover, the nanofiber film exhibited high
antibacterial activity due to the small amount of silver
nanoparticles added. This technology with zero ozone
release and low pressure drop is suitable for air cleaning,
haze treatment, and bacterial control.
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