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Abstract 
Air pollution caused by the rapid development of industry has always been a great issue to the environment and human being’s 
health. However, the efficient and persistent filtration to  PM0.3 remains a great challenge. Herein, a self-powered filter with 
micro–nano composite structure composed of polybutanediol succinate (PBS) nanofiber membrane and polyacrylonitrile 
(PAN) nanofiber/polystyrene (PS) microfiber hybrid mats was prepared by electrospinning. The balance between pressure 
drop and filtration efficiency was achieved through the combination of PAN and PS. In addition, an arched TENG structure 
was created using the PAN nanofiber/PS microfiber composite mat and PBS fiber membrane. Driven by respiration, the 
two fiber membranes with large difference in electronegativity achieved contact friction charging cycles. The open-circuit 
voltage of the triboelectric nanogenerator (TENG) can reach to about 8 V, and thus the high filtration efficiency for particles 
was achieved by the electrostatic capturing. After contact charging, the filtration efficiency of the fiber membrane for  PM0.3 
can reach more than 98% in harsh environments with a  PM2.5 mass concentration of 23,000 µg/m3, and the pressure drop 
is about 50 Pa, which doesn’t affect people’s normal breathing. Meanwhile, the TENG can realize self-powered supply by 
continuously contacting and separating the fiber membrane driven by respiration, which can ensure the long-term stability 
of filtration efficiency. The filter mask can maintain a high filtration efficiency (99.4%) of  PM0.3 for 48 consecutive hours in 
daily environments.
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Introduction

Due to the outbreak of coronavirus in 2019 and the accel-
eration of urbanization and industrialization in developing 
countries, the increased air pollution seriously endangers 
public safety and human health, and has become a highly 
concerned issue in society [1–6]. As one of the main culprits 
of air pollution, the suspended particulate matter (PM) with 
different sizes in the atmosphere has a serious impact on air 
quality and visibility. Particularly, the microparticles with 
high permeability (aerodynamic diameter ≤ 0.3 μm) sus-
pended in the atmosphere can carry a large number of toxic 
and harmful substances and fatal viruses, and penetrate into 
the human bronchi and alveoli through the human respira-
tory, which will be harmful to the human body after long-
term exposure to PM [2, 7–15]. The protective face masks 
are the most effective route to product to prevent the spread 
of viruses and protect human health. Notably, N95 mask is 
assigned to a filtration efficiency reached to or over 95% on 
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0.3 μm sized sodium chloride aerosols (average diameter of 
aerodynamic mass) and effective filtration time of 8 h at a 
flow rate of 85 L/min, which has been professionally con-
firmed to be adequate for daily protection [16, 17]. Structur-
ally, PP (polypropylene) fiber melt blown for N95 masks has 
the characteristic of high layer thickness, providing sufficient 
physical barriers, but the high layer thickness can lead to an 
increase in pressure drop. To further coordinate the filtration 
efficiency and breathing resistance, the PP fibers are charged 
via corona discharge method to enhance capture of N95 fil-
ters to  PM0.3 via electrostatic interaction [18–22]. However, 
the charge dissipation of filters in humidity environment will 
undoubtedly lead to the dramatic decrease of filtration effi-
ciency. In summary, the N95 filtering facepiece respirators 
would be limited for reusing considering hygiene, damage, 
increased breathing resistance and the decreased filtration 
efficiencies [19, 23, 24]. Therefore, it is urgent to develop a 
filter material with excellent filtration efficiency for particles 
and long-term stable charge.

Triboelectric nanogenerators (TENG) can effectively 
collect various forms of low-frequency mechanical energy 
through contact electrification and electrostatic induction 
and convert it into electrical energy, showing significant 
superiority and prospects for effectively capturing PMs by 
long-range electrostatic interaction [25–28]. For instance, 
Bai et al. designed washable TENG-based air filter which 
consists of multilayer polytetrafluoroethylene (PTFE) and 
nylon microfiber fabrics and can be utilized as the reusable 
face mask [9]. Santra et al. developed TENG-based face 
mask for removing PMs by combining nylon, cotton and 
polyacrylonitrile microfibers [23]. Besides, in contrast to 
traditional microfibers or ultrafine fibers, nanofiber mats 
produced by the electrospinning technique exhibit superior 
filtration efficiency due to the fine fiber size, small pores 
and high porosity [29–33]. Thus, developing electrospun 
nanofiber-based TENG may help to obtain the high-perfor-
mance filters by synergistic effect of mechanical interception 
via nanofibers and electrostatic attraction via triboelectric 
charges. Gu et al. connected electrospun polyimide (PI) 
nanofiber membranes to a rotating triboelectric nanogen-
erator (R-TENG) [34]. Thereby charging the PI fiber mem-
brane to improve the filtration efficiency of the PI fiber mem-
brane. Especially for PM particles with a diameter of less 
than 100 nm, the removal efficiency increased from 27.1 
to 83.6%. Similarly, by connecting a triboelectric nanogen-
erator also can add electric charge to the PP melt blown 
cloth and improve the life span of the mask [35]. Despite 
of above advances in TENG-based air filters, the required 
external power supply for continuously generating electro-
static charges critically limits their practical applications. 
Fortunately, the self-charging nanofiber face masks can con-
stantly generate electrostatic charges by contact friction of 
different fibers driven by respiration without external power 

sources, which may enable filters of stable and long-term 
filtration performance and thus attracts extensive interest 
among researchers. Cho et al. mixed hexadecyltrimethyl-
ammonium bromide (CTAB) and montmorillonite (MMT) 
clay in N, N-Dimethylformamide (DMF) using a polybutyl-
ene terephthalate (PBAT) matrix. Through electrospinning, 
CTAB-MMT is coated with PBAT, thereby improving the 
triboelectric effect and making the electrospun fiber mem-
brane has high filtration efficiency (98.3%,  PM0.3) [36]. Fu 
et al. obtained cellulose hydrogel cross-linking and regenera-
tion, and then in situ synthesized conductive metal organic 
framework (Ni HITP) on cellulose aerogel to prepare cellu-
lose aerogel/Ni HITP (CA/Ni hexaminotriphenylene (HITP)) 
composite. A self-powered filter material composed of CA/
Ni HITP and PVDF electrospun fiber membrane can achieve 
a filtration efficiency of 95% for  PM0.3 [37]. Liu et al. con-
nected polyvinylidene fluoride electrospun nanofiber film 
(PVDF-ESNF) with copper film using rubber, and designed 
a mask containing an air outlet and an air inlet to achieve 
contact friction charging between PVDF-ESNF and copper 
film through breathing, improving the filtration efficiency 
of the fiber material (99.2%,  PM1.0) [8]. Nevertheless, the 
related research is still at initial stage. To achieve frictional 
electricity generation of respiratory driving materials, the 
existed self-powered TENG air filters driven by respiration 
generally had complex structure and complicated prepara-
tion process. Therefore, it is necessary to simplify the struc-
ture and preparation process of TENG filter materials.

In this work, a novel self-powered air filter mask with 
simple structure was designed by utilizing fiber membrane 
adhesion and separation driven by respiration. The air fil-
ter mask composed of two different fiber membranes was 
made by the facile electrospinning technology. Firstly, the 
PAN nanofiber /PS microfiber was prepared through the co-
electrospinning process, while the coarse PS microfibers 
were used as the supporting frame to improve the perme-
ability, and the fine PAN nanofibers provided good filtration 
efficiency. Secondly, the PBS electrospun nanofiber mem-
brane with the lower electronegativity was prepared. Then 
two anti-adhesion papers with breather holes were pasted 
on the back of the two fiber membranes to form an arched 
self-powered supply structure, as shown in Fig. 1a. The air 
flow generated by breathing promotes the circular contact 
and separation of fiber membranes, which induces that 
electrons move directionally from the PBS fiber with low 
electronegativity to the PAN nanofiber/PS microfiber com-
posite mat with high electronegativity. Due to the synergistic 
effect of electrostatic capture and physical interception and 
the composite structure, the prepared fibrous filter exhibits 
excellent filtration performance. Under severe air conditions 
(The concentration of  PM2.5 ( ρPM2.5

 ) is 23,000 µg/m3), the fil-
tration efficiency of  PM0.3 is still above 98.5%, and the pres-
sure drop is only 53 Pa. As shown in Fig. 1b, compared to 
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some recent distinguished works such as the perfluorinated 
electret nanofibers [13], triboelectric core-shell nanofibers 
[36], modified electrospinning nanofiber/nanonet [38, 39], 
metal organic framework modified aerogel [40], PP melt 
blown fabric (N95 mask middle layer), at the same flow rate 
(32 L/min), our designed filter shows the superior filtration 
performance (99.98% of high  PM0.3 filtration efficiency and 
35 Pa of low pressure drop) measured by the filter material 
comprehensive performance test bench (LZC-K1, Fig. S1b). 
In addition, it can generate electric charge all the time during 
the respiration process, which endows itself with long-term 
and stable filtration efficiency. The self-powered device also 
can continuously generate an open circuit voltage of about 
8 V during the contact and separation cycle (Fig. 1c).

Experimental Part

Materials and Reagents

Polybutylene succinate (PBS, Mw: 200,000), Polyacryloni-
trile (PAN, Mw: 85,000), Chloroform, Isopropanol (99.7%) 

and N-N dimethylformamide (DMF, 99.5%) were purchased 
from Shanghai Macklin Biochemical Technology Co., Ltd. 
Polystyrene (PS, general type III, extrusion and food use, 
Mw: 104.14) was provided by from Shanghai Aladdin Bio-
Chem Technology Co., Ltd.

Preparation of Nanofiber Membrane

(1) Preparation of PBS nanofiber membrane.

Firstly, prepare a 12wt% PBS spinning solution. Add 
a certain amount of PBS particles to a mixed solution of 
chloroform and isopropanol (chloroform: isopropanol = 7:3), 
where chloroform is used as a solvent and isopropanol is 
used as a stabilizer [41]. To prepare PBS nanofiber mem-
brane, the as-prepared PBS spinning solution was added into 
the syringe, an anti-adhesion paper was used as the receiving 
substrate. The experimental parameters were set as follows: 
the propulsion rate was 2 mL/h, the spinning voltage was 
15 kV, the receiving distance from syringe to receiving sub-
strate was set to 15 cm, the PBS nanofiber membrane was 

Fig. 1  a Schematic diagram of self-powered filter mask(left) and self-
powered principle (top right). b Performance comparison between the 
self-powered filter mask designed in this research and other similar 

work, and c  measurement of open circuit voltage of self-powered 
structure in contact separation process using AC ammeter



 Advanced Fiber Materials

1 3

obtained after spinning for 4 h with a spinning temperature 
of 25 ± 5 ℃ and 60% of humidity [42].

 

(2) Preparation of PAN nanofiber/PS microfiber composite 
mat.

12 wt% of PAN and 24 wt% of PS spinning solutions 
were firstly prepared in DMF solvent, respectively [43, 44]. 
Then, the PAN and PS spinning solutions were separately 
injected into two syringes. Subsequently, the two syringes 
were assembled on an electrospinning machine and kept the 
same propulsion rate of 1 mL/h. Apart of the spinning volt-
age is 20 kV, the other parameters are the same as that of 
PBS nanofiber membrane. After spinning for 4 h, the PAN 
nanofiber/PS microfiber composite mat was obtained [45].

Structural Characterization

The surface morphology and structure of fibrous mats were 
observed by FE-SEM (S-4800, Hitachi). The wettability of 
fiber membrane was characterized by water contact angle 
meter (OCA 20), and the open circuit voltage of self-pow-
ered filter was measured by a multimeter (VC890E) and 
digital source meter respectively (Keithley 2450). The sur-
face potential of the fiber membrane was tested by an elec-
trostatic field meter (FMX-003). Number of particles was 
tested using a particle counter (DT-9883 M). Mechanical 
tests were performed using a multifunctional fabric tester 
(KONGDA, HD026S-100).

Performance Test

(1) Test of filtration efficiency.

The filtration efficiency was determined by the number of 
particles upstream and downstream of the filtration device 
(recorded as  N1 and  N2, which was detected by the particle 
counter), and the efficiency can be calculated by η=  (N1-N2)/
N1 × 100%. Number of particles before and after filtration 
was tested using a particle counter (DT-9883 M, PM size 
range: 0.3–10 μm) [37, 46]. The pressure drop was charac-
terized by the pressure drop measuring instrument (Testo 
510).

(2) Measurement of surface potential and calculation of 
electric field strength of single fiber.

The surface potential of the fiber membrane can be meas-
ured by the surface potential meter. The surface potential 
measuring instrument was put 2 cm above the fiber mem-
brane, and the average value after 5 times of testing was 

recorded as the surface potential of the fiber membrane. 
In addition, the electric field strength of a single nanofiber 
was measured according to the following Eq. (1), the action 
range of electric field force can also be obtained by observ-
ing the distribution of electric field force. The calculation 
formula is as follows [47]:

 where U(V) is the surface potential, φ(m) is the fiber mem-
brane thickness, L(m) is the distance to a single fiber, and P 
is the porosity (P = ωρ, ω is the mass ratio, ρ is the density), 
R(m) is the radius of the induced light spot when testing 
the surface potential, and H(m) is the distance between the 
surface potential meter and the sample.

Results and Discussion

Morphology and Hydrophobicity of PAN/PS 
Composite mat

The PAN, PS and PBS have a significant difference in elec-
tronegativity, which can realize the directional movement 
of electrons through the contact of polymer fibers. How-
ever, the prepared PAN nanofibers presented the small pore 
diameter (Fig. 2a) due to their relatively thin fiber diameter 
of 0.2–0.4 μm (Fig. 2d), which leads to both high filtration 
efficiency and high pressure drop of the filter. Conversely, 
the obtained PS fibers with the thicker diameter of 3–4 μm 
(Fig. 2b and e) possess superior air permeability but low 
filtration efficiency. In comparison to PAN, PS possesses 
lower dielectric constant and charge density, which resulted 
in the insufficient stretching of electrospun PS jets and thus 
the curly and fluffy structure of PS microfiber mat. Thus, 
the composite fluffy structure consisting of the thicker PS 
microfibers and the thinner PAN nanofibers can simultane-
ously endow the filter with excellent filtration efficiency and 
improved air permeability. Specifically, the PS microfibers 
and PAN nanofibers were mixed with different volume ratios 
to form the various composite membranes by the co-electro-
spinning technique (Fig. S1), and the preparation parameters 
can be found in Table S1. As expected, the prepared PAN/PS 
fiber mats with different base weights exhibit the  PM0.3 fil-
tration efficiency of over 95% and the filtration resistance of 
below 145 Pa even at a flow rate of 85 L/min. PAN/PS fiber 
mat with the base weight of 5 g/m2 shows the best quality 
factors (Fig. S1d) but is vulnerable due to its thin thickness.

Considering the mechanical performance requirements of 
friction charging, thus, the composite PAN/PS fiber mem-
brane with the basis weight of 10 g/m2 is selected for sub-
sequent experiments. The optimized composite membrane 

(1)
E =

U

��(1 − p)
�
√

R2 + H2 − R

�

L
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has filtration efficiencies of 99.98% and 97.53% for  PM0.3 
at a flow rate of 32 L/min and 85 L/min, respectively, with 
a pressure drop of only 35 and 85 Pa. Compared to com-
mon PP melt blown fabrics, it has better performance. The 
morphology of obtained blended fiber membrane is pre-
sented in the Fig. 2c. In the mapping image, the N elements 
are uniformly distributed, which strongly proves that the 
PAN nanofibers are well blended with the PS microfibers 
(Fig. 2f).

To obtain the optimal filtration efficiency of the 
blended PAN nanofiber/PS microfiber composite mat, the 
composite mats with various volume ratios of 2:1, 1:1 and 
1:2 were prepared, which were labeled as PAN/PS2-1, 
PAN/PS1-1 and PAN/PS1-2, and their thickness meas-
ured by a digital micrometer gauge (25 × 30 cm, flat head) 
are 0.18 mm, 0.27 mm, and 0.50 mm, respectively. From 
Fig. 2g–i, the increased coarse PS microfibers within 
composite mats can separate the fine fibers to decrease 
the packing density of fine PAN nanofibers and thus 
improve air permeability. The hydrophobicity of the PAN/

PS composite mat ensures that the filter can effectively 
prevent the moisture generated by breathing from enter-
ing the fiber membrane during the wearing process of the 
human body, thus avoiding the rapid dissipation of elec-
tric charges. The water contact angles of various PAN/PS 
composite mats were measured. All blended fiber mem-
branes exhibited high hydrophobicity. With the increased 
ratio of PS microfibers to PAN nanofibers, the composite 
mats also showed the improved hydrophobicity and the 
contact angle of the PAN/PS1-2 reached to 148.4°, which 
results from that increased PS microfibers with hydropho-
bic benzene rings can effectively enhanced hydrophobic-
ity of composite mat. Moreover, as shown in Fig. S2, 
the hydrophobic property of the PAN/PS (142.9 ± 0.5°) 
composite mat is higher than that of the PP melt blown 
nonwoven (135.1 ± 0.4°) used as the intermediate layer 
of the mask. Obviously, the PAN/PS composite mat has 
better hydrophobicity than ordinary filter materials, and 
can more effectively prevent water vapor from infiltrating 
and thereby affecting filtration efficiency.

Fig. 2  a SEM image of PAN fiber, b SEM image of PS fiber, c SEM 
image of PAN/PS fiber, d diameter distribution of PAN fiber, e diam-
eter distribution of PS fiber, f distribution diagram of N element in 

PAN/PS fiber mats, SEM images and water contact angle of compos-
ite membrane when PAN: PS is g 2:1, h 1:1, and i 1:2
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Effect of Different Injection Ratio on Filtration 
Performance and Surface Potential of PAN/PS 
Composite mat

The filtration efficiencies of the as-prepared PAN, PS, 
PAN/PS composite mat were investigated. A 5  cm × 
5 cm piece was cut and mounted in the self-built filtration 
device (Fig. 3a), the cross-sectional area of the air pipe is 
7  cm2, the burning incense was used to generate oily PMs, 

a vacuum pump with a 0.18 m/s of air velocity was applied 
to push the particles passing through the filters. The filtra-
tion efficiency and the pressure drop of the fiber membrane 
are shown in Fig. 3b. the PAN nanofiber membrane shows 
the 99.7%  PM0.3 removal but also high pressure drop of 
428 Pa, which cannot meet the requirements of human 
respiration. The PS microfiber membrane has a low pres-
sure drop of 28 Pa, but its filtration efficiency is only 54%. 
However, the PAN/PS composite mat showed excellent 

Fig. 3  a Schematic diagram of filtration device, b filtration efficiency 
and pressure drop of PAN, PS, PAN/PS fiber membranes, c  filtra-
tion efficiency and pressure drop of PAN/PS2-1, PAN/PS1-1, PAN/
PS1-2 fiber membranes, d  filtration efficiency and pressure drop of 
PAN/PS1-1 at different humidity, e  quality factor of PAN, PS fiber 

membranes, f quality factor of PAN/PS2-1, PAN/PS1-1, PAN/PS1-2 
fiber membranes, g quality factor of PAN/PS1-1 at different humidity, 
h  PAN/PS2-1, i  PAN/PS1-1, j  PAN/PS1-2 fiber membrane Electric 
field strength of single fiber
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 PM0.3 filtration efficiency of 93.2% and the pressure drop 
of only 48 Pa. The quality factors (QF) of three kinds of 
fiber membranes are calculated by Eq. (2):

Among them, ɳ is the filtration efficiency, ∆P is the 
pressure drop [48].

It can be seen that the QF value of PAN/PS composite 
mat was much higher than that of PAN and PS fiber mem-
brane. As shown in Fig. 3e, the QF value of both PAN 
mats and PS mats is below 0.03, far lower than that of 
PAN/PS composite mat. It indicates that the blending of 
PAN nanofibers and PS microfibers can achieve a better 
unity of filtration performance and permeability of fiber 
membrane.

To further determine the filtration efficiency of the PAN/
PS fiber mats with various blending ratios, the PAN/PS2-
1, PAN/PS1-1 and PAN/PS1-2 were prepared for further 
measurement. The filtration efficiency and pressure drop of 
the PAN/PS composite mat were shown in Fig. 3c). The 
PAN/PS2-1 composite mat shows the highest  PM0.3 filtration 
efficiency (> 99%) and its filtration efficiency does not show 
significant decrease after 60 min of filtration. However, with 
the increase of PS microfiber ratio, the fiber membrane grad-
ually becomes fluffy and presents the decreased filtration 
efficiency. The  PM0.3 filtration efficiency of the PAN/PS1-1 
composite mat decreases to 94%, but it remains above 90% 
after 60 min of filtration. But the  PM0.3 filtration efficiency 
of the PAN/PS1-2 composite mat decreases to below 90%, 
and shows an obvious decrease after long-term filtration. 
However, the pressure drop of the three fiber membranes 
after filtration is another vital parameter to consider. This 
is because the fine PAN nanofibers have a good physical 
interception effect on particles. The higher the content of 
PAN nanofibers, the better the filtration efficiency. Although 
the filtration efficiency of PAN/PS2-1 fiber membrane is 
the best, the pressure drop reaches to 120 Pa, which is far 
beyond the requirements for masks. With the increase of PS 
content, the pressure drop gradually decreases. The pressure 
drops of PAN/PS1-1 and PAN/PS1-2 are 48 Pa and 43 Pa 
respectively. This is because inside the PAN/PS co spun fiber 
membrane, the bulky PS fiber supports the whole frame, 
providing good air permeability, and the internal entangled 
PAN fiber provides good filtration efficiency. When the ratio 
of PAN and PS is 1:1, the balance between filtration effi-
ciency and permeability is well achieved. The calculated 
quality factor is shown in Fig. 3f. It can be seen that the 
quality factor of PAN/PS1-1 is relatively higher, reaching 
0.056. At the same time, the pressure drop of PAN/PS1-1 is 
only 43 Pa, which is suitable to be used as a face mask for 
human body.

(2)QF =
−ln(1 − �)

�P

The water vapor generated by breathing will cause the 
mask to become wet after wearing for a long time, which 
will lead to the reduction of filtration efficiency. There-
fore, it is necessary to explore the filtration performance 
of the filter under high humidity. Adjust the humidity of 
fume hood to 70%, 75%, 80% and 85% through humidi-
fier to measure the filtration efficiency of PAN/PS1-1 fiber 
membrane under different humidity (Fig. 3d). With the 
increase of the humidity, the filtration efficiency of the 
fiber membrane gradually decreases. However, even under 
the high humidity of 85%, the fiber membrane still has 
a  PM0.3 filtration efficiency of 80% and the QF value of 
0.035 (Fig. 3g). This may result from the fact that the 
hydrophobicity of the fiber membrane effectively prevents 
the infiltration of moisture, which does not greatly affect 
the filtration performance of the fiber membrane. And the 
pressure drop of mat slightly increases with the increase of 
humidity, which can be attributed to the fact that a small 
amount of water vapor adheres to the surface and interior 
of the fiber and seals the internal pores with the increase of 
humidity. In addition, the wet fiber membrane may result 
in the collapse of original fluffy structure, which will also 
increase the pressure drop of the filter [49]. However, due 
to the hydrophobicity of the fiber membrane, only a small 
portion of water vapor permeates into the fibers, resulting 
in an increased pressure drop only about 5 Pa. The above 
results indicate that the PAN/PS composite mat exhibits 
superior filtration performance even at high humidity.

The surface potential of PAN/PS composite mat with 
different proportions and PBS membrane were measured 
with a surface potential meter, and calculate the electric 
field strength of a single fiber was calculated according 
to Formula (1) (Fig. 3h–j). It can be seen that the electric 
field strength of a single fiber in the blend fiber membrane 
increases first and then decreases with the increases of the 
PS proportion. This is because the electron transfer capa-
bilities of PAN and PS are different, so there is a potential 
barrier at the interface between PAN and PS, resulting in 
the accumulation of charges at the interface. This phenom-
enon is called the Maxwell Wagner effect, and it is also the 
essential reason for the improvement of fiber electret per-
formance under the coupling effect of PAN and PS. When 
the PS content is too high, the potential barrier caused by 
different electron transmission capabilities decreases, the 
interface area of charge accumulation decreases, leading to 
the reduction of the electric field strength of a single fiber. 
When the ratio of PAN: PS is 1:1, the surface potential 
increases significantly to 3.5 kV, which is the optimal one 
among all of the samples. And the action range of electric 
field force reaches about 3.5 cm. Such an action range of 
electric field force can completely capture the particulate 
matter around and inside the filter membrane.
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Construction of TENG and Charging Performance

PBS fiber membrane with lower electronic acquisition capa-
bility than PAN/PS composite mat was also prepared by 
electrospinning method. Ability of different materials to gain 
or lose electrons are summarized in Fig. S3. SEM images of 
PBS fiber mats prepared under different voltages are shown 
in Fig. S4. The PBS fiber membrane prepared at a voltage 
of 10 kV has the poor fiber morphology such as uneven fiber 
diameter and a large number of beads. As the voltage rises to 
12 kV, the fiber evenness has been improved, and the number 
of beads has also decreased. When the voltage reaches to 
15 kV, the beads disappear and the fibers are evenly distrib-
uted. The obtained PBS fiber mat is assembled with PAN/PS 
fiber composite mat, thus forming into friction nano-gener-
ator (TENG), as shown in Fig. 4a. The spinning parameters 
and basis weight of PBS fiber membrane were optimized 
(Fig. S5). Al sheets were attached on the back of the two 
fiber membranes, respectively, and then connect them with 

the digital source meter. When an external mechanical force 
is applied to the prepared TENG, the PBS fiber membrane 
will contact with the PAN/PS composite mat. Depending 
on the ability of gaining and losing electrons, the surfaces 
of the two kinds of mats will have equal amount of posi-
tive and negative charges of opposite polarity. When the 
applied external force disappears or the applied mechanical 
force separates the two mats, there will generate an electric 
potential difference between two electrodes, allowing the 
electronic migration between the two electrodes before they 
are far enough apart. Once the external mechanical force 
is applied again, the distance of the two friction materi-
als decreases, and the difference of electric potential will 
drive the electrons to flow in the opposite direction again, 
generating the current in the opposite direction. Figure 4b 
shows the open circuit voltage of the PAN/PS-PBS compos-
ite membrane measured by the digital source meter. With 
the continuous contact and separation between the PAN/PS 
composite mat and the PBS fiber mat, the alternating open 

Fig. 4  a  Schematic diagram of the PAN/PS-PBS (TENG) structure, 
b measurement of open circuit voltage of self-powered structure with 
digital source meter, c schematic diagram of surface potential meas-
urement, d contact-separation of self-powered structure when air flow 
passes through, e surface potential of the PAN/PS composite mat 

and PBS fiber membrane after contact separation cycles, f change of 
surface potential of the PAN/PS composite mat and PBS membrane 
during cyclic contact-separation, g electric field strength of PBS and 
PAN/PS single fiber after contact-separation
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circuit voltage in the opposite direction is generated, which 
can reach to more than 8 V at most, indicating that the filter 
has good self-powered supply performance.

Figure 4c shows the schematic diagram of measuring 
surface potential with FMX-003 surface potential measur-
ing instrument. The surface potential measuring instrument 
was put 2 cm above the fiber membrane, and the surface 
potential in a certain of irradiation area was obtained by the 
probe at the bottom of the measuring instrument. The elec-
tric field strength of a single fiber can be calculated by For-
mula (1). An arched self-power supply structure was created 
by attaching anti-adhesion paper on the back of the PAN/
PS composite mat and the PBS fiber membrane (Fig. 4d). 
When air flow was applied, the two fiber membranes fully 
contacted. Once the air flow was removed, the PAN/PS fiber 
composite mat bounded back to original place and the two 
fiber membranes separated immediately, thus completing 
the primary charging. Using the surface potential meter to 
measure the surface potential of the fiber membrane after 
contact and separation as well as the change of the surface 
potential during continuous contact and separation (Fig. 4e 
and f). When the PAN/PS composite mat contacts and sepa-
rates from the PBS fiber membrane, the surfaces of the two 
fiber membranes were charged with opposite charge, respec-
tively. The surface potential of the PAN/PS composite mat 
was − 3.5 ± 0.2 kV, and the surface potential of the PBS 
membrane was 2 ± 0.2 kV, which is consistent with the fric-
tion charging mechanism. The surface potential of the two 
fiber membranes after 10 cycles of contact-separation were 
measured (Fig. 4f). Before starting contact charging, the two 
fiber membranes are treated with ethanol to eliminate the 
surface potential of both the PAN/PS composite mat and 
the PBS fiber membrane closer to 0 (0.04 kV, − 0.03 kV). 
With the increase of contact-separation times, the surface 
potential of the two membrane surfaces gradually increases, 
and then reaches equilibrium after six or more consecutive 
cycles. The charge dissipation rates on fiber membranes of 
various polymers are different within the same time, and the 
surface potential is inconsistent due to the different degree 
of charge dissipation at the time of detection. To confirm 
this conjecture, the same charging operation was performed 
using different substrate materials (PVC), as shown in Fig. 
S6, the results show that both PBS fiber membrane and 
PAN/PS composite mat exhibits negative potential, while 
the PVC film as the substrate exhibits positive potential. This 
is because the electronegativity of PVC is smaller than that 
of PBS, PAN, and PS. During the contact process, electrons 
move from the PBS fiber membrane and PAN/PS compos-
ite mat to the PVC film, rather than between the two fiber 
membranes, resulting in the negative charge on the PAN/PS 
and PBS fibers and the positive charge on the PVC film. It is 
worth noting that even though the charge characteristics of 
the PAN/PS composite mat measured using surface potential 

are consistent with those of the PBS fiber membrane, there 
are still differences in numerical values. However, as a sub-
strate, the surface potential of PVC films measured by a sur-
face potential measuring instrument, regardless of whether 
they are in contact with PAN/PS or PBS, is basically equal, 
which is consistent with the assumption that “the difference 
in surface potential measurement values is related to the 
different dissipation rates of charges in different materials”. 
Figure 4 g shows the electric field strength of a single fiber 
of two fiber membranes after contact charging. As the sur-
face potential of PAN/PS composite mat was opposite to 
that of PBS fiber membrane, the direction of electric field 
strength of single fiber is also opposite. In addition, the elec-
tric field force range of a single PBS fiber is only 0.9 cm, 
which is much smaller than that of PAN/PS composite mat 
(3.5 cm), which is related to the surface potential of the fiber 
membrane.

Filtering Performance and Charging Performance 
of Self‑Powered Respirator

Figure 5a shows the optical image of the air filtration mask, 
with TENG structure. The arched self-charging struc-
ture composed of PAN/PS composite mat and PBS fiber 
membrane based on anti-adhesion paper can be put into 
the wearable frame to assemble an air filtration mask. The 
wind energy generated by breathing will cause the upper 
arch structure contact with the lower part, which contrib-
utes to generate friction charges and improve the filtration 
efficiency of the nanofiber membrane. Through the SEM 
analysis of the filtered fiber membrane (Fig. 5b), the oily 
particles were mostly captured by the thinner PAN fibers, 
while the oily particles can hardly be seen on the thicker PS 
fibers, which also proves that the PS microfibers served as 
a support improve the air permeability of the filter and the 
PAN nanofibers are responsible for intercepting particles. 
As a PBS fiber membrane with self-powered structure con-
structed together with PAN/PS composite mat, its filtration 
performance was also measured (Fig. 5c). The  PM0.3 filtra-
tion efficiency and the pressure drop of PBS fiber membrane 
are 86.5%, and 36 Pa. Even after 20 min of filtration, its 
filtration efficiency remains to be 77%, while the pressure 
drop is 55 Pa. Compared to pure PBS fiber membrane and 
PAN/PS fiber composite mat, the PAN/PS-PBS fiber mat 
exhibited enhanced filtration efficiency (Fig. 5d). The  PM0.3 
filtration efficiency of filter reached to 98.6%. After 40 min 
of filtration, the filtration efficiency decreased slightly, but 
remains to be above 94%. Take out the membrane and charge 
it by contact in the way shown in Fig. 4d, and then measure 
the filtration efficiency again. It was found that the filtration 
efficiency has been significantly improved, and the filtration 
efficiency of  PM0.3 has risen to 98.3%, which indicates that 
the electrostatic capture of surface charge plays an important 
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role in the filtration of particulate matter. After filtering for 
5 min, the filtering performance drops to the level before 
charging. Within 50 min after that, the charging experiment 
was conducted to measure filtration efficiency for five times 
circularly, and the surface potentials of the two membranes 
were also obtained. It can be found that the filtration effi-
ciency was improved significantly after charging, and the 
surface potential of PAN/PS fiber mats and PBS fiber mats 
also recovered to about − 3.5 kV and about 2 kV. Overall, 
it shows that the surface potential of the fiber membrane 
can be recovered through the contact-separation of the fiber 
membrane, thus restoring the filtration performance of the 
fiber membrane. The quality factor and air pressure drop 
of the self-powered filter were 0.076 and 53 Pa (Fig. 5e), 
respectively, which is much higher than the PAN/PS fiber 

composite mat and PBS fiber membrane. With the increase 
of filtration time, filtration efficiency and quality factor 
gradually decrease. Interestingly, once the filter material is 
frictionally recharged, the filtration efficiency and the quality 
factor will be also improved. However, due to the increase 
in pressure drop, the quality factor will not return to the 
original 0.076. On the one hand, coarse PS fibers provide 
a good airflow path as a support, while fine PAN fibers can 
effectively physically intercept particles. On the other hand, 
through contact charging, the surface of the fiber membrane 
carries a large amount of surface charge, and electrostatic 
force is used to improve the capture of particles. This pro-
cess does not affect the permeability of the material. This 
allows the material to maintain excellent filtration efficiency 
at a low pressure drop. The self-powered structure driven 

Fig. 5  a  Physical diagram of arch self-powered filter structure, 
b physical diagram before and after PAN/PS composite mat filtration 
and SEM diagram, c  filtering efficiency and pressure drop of PBS 
fiber membrane for  PM0.3, d filtering efficiency of arch structure for 
 PM0.3 within 90 min and recovery of filtering efficiency when cycling 
charging after 40 min, e pressure drop and QF of arch structure dur-

ing filtration, f  comparison of filtration efficiency and pressure drop 
of  PM0.3 of arch structure and commercial mask middle layer (PP 
melt blown fabric), g  QF of arch structure and PP melt blown fab-
ric, h Comparison of tensile properties of arch structure and PP melt 
blown fabric
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by breathing ensures the continuous existence of surface 
charges on the material, so that the filtration efficiency can 
remain stable for a long time. In addition, due to the pres-
ence of PS fibers, the porous structure inside the material 
is fluffy, which improves the dust holding rate of the fiber 
material, and is also the reason why the performance of the 
filter material can be stable for a long time.

Figure 5f, g shows the filtration efficiency, pressure drop 
and QF of the commercial mask middle layer (PP melt blown 
nonwoven) and the prepared self-powered filter under the 
same filtration conditions. The TENG filter structure in this 
work has more excellent filtration efficiency under extremely 
harsh air conditions. The filtration efficiency for  PM0.3 is 
more than 98%, much higher than that of PP melt blown 
nonwoven ( �PM0.3

=80%). The pressure drop is only 10 Pa 
higher than that of PP melt blown nonwoven. And because 
the breath drives its constant contact charging, the filtering 
efficiency can remain stable for a long time. As shown in 
Fig. 5g, the quality factor of the PAN/PS-PBS self-powered 
filter device is higher than that of PP melt blown nonwoven, 
with a QF value of 0.076, while the QF of PP melt blown 
nonwoven is only 0.045. Due to the initial mass concentra-
tion of  PM2.5 in this work filtration test is approximately 
23,000 µg/m3, excessive particle mass concentration leads to 
a thick layer of dust cake on the surface of the material after 
continuous filtration for about 2 h, which affects the experi-
mental results. Placing the PP melt blown cloth commonly 
used for the middle layer of masks under the same experi-
mental conditions, the filtration performance decreased to 
40% after 60 min (Fig. 5f), indicating that the device can-
not measure the long-term filtration performance of filter 
media. Therefore, the experiment only shows the filtering 
results of 100 min. To test the durability of the performance 
of the filter material, Fig. S7 shows the filtration efficiency 
measured within 48 h at a gas flow rate of 32 L/min (close 
to human respiration [18]) when the material is placed in an 
experimental environment (severely polluted) at 30 ℃, 50% 
RH, and a mass concentration of  PM2.5 of 214.3 ± 1.6 µg/m3. 
Obviously, the filtration efficiency of the filter material to 
 PM0.3 can still reach 99.43% after 48 h. It indicates that the 
effective time of the filter material meets the requirements 
of the mask (8 h). In addition, the tensile properties of PP 
melt blown fabric, PAN/PS composite mat and PBS fiber 
mat under the same conditions were also measured through 
the multifunctional fabric tester. As shown in Fig. 5h, the 
tensile performance of PBS fiber membrane was similar to 
that of PP melt blown nonwoven, while the breaking strength 
of PAN/PS composite mat was relatively low, but it has a 
higher breaking elongation. The surface potential of the 
self-powered filter after 25, 50, 75, and 100 consecutive 
contact separations was shown in Fig. S8. Even after 100 
charging experiments, the fiber membrane surface still has 
a significant surface potential, and the fiber membrane is 

not damaged or broken, which proves that the self-powered 
filter has good long-term cycle performance. In addition, an 
attempt can be made to prepare a fiber membrane that can 
be charged in contact with the skin by introducing a mate-
rial that can generate inductive charges in contact with the 
skin. This will greatly simplify the self-powered structure, 
and contact with soft skin will reduce the wear of the fiber 
membrane and improve the reusability of the material. This 
experimental assumption will be explored in the next step 
of research. The above results shows that the PAN/PS-PBS 
self-powered filter device meets the requirements of respi-
rator both in terms of filtering efficiency and mechanical 
properties, and achieves the expected assumption of the 
experiment.

Conclusion

In this work, a composite mat composed of coarse PS micro-
fibers and PAN nanofibers was demonstrated, in which PS 
fibers served as the support frame provided good air per-
meability, while the fine PAN fibers provided good filtra-
tion efficiency, achieving a good balance between filtration 
performance and permeability. By comparing and analyz-
ing the difference of filtration efficiency, pressure drop of 
various PAN/PS fiber composite mats and the electric field 
intensity of single fibers within the mat, it was found that 
when the PAN/PS1-1 fiber membrane exhibited optimal fil-
tration property. At an air flow rate of 32 L/min and 85 L/
min, the  PM0.3 filtration efficiency of the fiber membrane 
reached 99.98% and 97.53%, respectively, while the pressure 
drop was only 35 and 85 Pa. Even in severe air environment 
( ρPM2.5

 : 23,000 µg/m3), the  PM0.3 filtration efficiency of the 
fiber membrane can still reach to 94%. In addition, the PBS 
fiber membrane with low electronegativity was combined 
with the PAN/PS composite mat and anti-adhesion paper to 
create a TENG-based filter. Through the contact-separation 
of the fiber membrane, the electrons move in a directional 
route, which enables the surface of the fiber membrane of 
the induced charges. The two fiber membranes have an open-
circuit voltage of 8 V during the contact-separation process. 
And the surface potential of the PAN/PS composite mat and 
PBS fiber membrane reached to -3.5 ± 0.2 kV and 2 ± 0.2 kV 
respectively. The self-powered fiber mat still has a signifi-
cant surface potential after 100 charging experiments, and 
the fiber membrane has not been damaged or broken, indi-
cating good long-term cycling performance of the self- pow-
ered filter. The TENG mat was assembled with a wearable 
frame to form an air filter mask, which can achieve higher 
air filtration efficiency ( �PM0.3

=98.6%) at a low pressure drop 
(53 Pa). This work achieves long-term and efficient filtra-
tion of particulate matter through friction charging, and has 
broad application prospects in the field of air filtration.
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