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ABSTRACT: Enhancing the ﬁltration eﬃciency of air ﬁltering material without increasing its airﬂow resistance is a major
challenge and of great signiﬁcance. In this work, we report a type of active-poled nanoﬁber onto which in situ active poling is
applied. It results in signiﬁcantly enhanced ﬁltration eﬃciency as well as dust holding capacity while keeping the airﬂow
resistance constant. Owing to the in situ applied electric ﬁeld, the nanoﬁbers as well as the particulates are polarized. As a result,
at a poling voltage of 2 kV, the removal eﬃciency and the quality factor for PM2.5 are enhanced by 17% and 130%, respectively.
More importantly, the dust holding capacity represents a 3.5-fold enhancement over normal nanoﬁbers. The approach reported
in this work has the potential of being practically utilized in air puriﬁcation purposes because it can bring about not only
promoted ﬁltration performance but also lowered noise and reduced power consumption.
KEYWORDS: air ﬁltering material, in situ active poling, active-poled nanoﬁbers, ﬁltration eﬃciency, dust holding capacity

1. INTRODUCTION
Air ﬁltering materials aim to intercept and capture solid
particulates such as dust, pollen, bacteria, and particulate
matter (PM) pollutant.1−3 The demand on the air ﬁltering
materials in recent years has been substantially increasing on a
worldwide scale because people are paying extensive attention
to PM2.5 pollution,3−5 which consists of ﬁne inhalable and
noxious pollutant particles with diameters generally smaller
than 2.5 μm,6,7 and PM10 refers to particles less than 10 μm in
diameter.6,7 For decades, the development of air ﬁltering
materials has been always focused on how to achieve high
ﬁltration eﬃciency but at low airﬂow resistance, which is
challenging because of the trade-oﬀ between these two pivotal
characters.1,3 In recent years, electrospun polymer nanoﬁbers
have emerged as promising materials for air ﬁltration8−11 due
to nanoscaled air space between ﬁbers, large speciﬁc surface
area, and strong van der Waals12 force. Gong et al. found that
© XXXX American Chemical Society

thinner nanoﬁbers were more eﬃcient in capturing PM2.5
owing to stronger van der Waals force.12−14 Liu et al. revealed
that nanoﬁbers made of materials with polar functional groups
exhibited higher removal eﬃciency for PM2.5.15,16 Zhang et al.
prepared hierarchical nanostructured nanoﬁbers17 and electret
nanoﬁbers18 to increase the ﬁltration eﬃciency. Despite these
advances, major challenges still exist. Electrospun nanoﬁbers
are normally densely packed with little three-dimensional
space.19 The compact structure does not favor reducing the
airﬂow resistance while still maintaining high ﬁltration
eﬃciency.20 Furthermore, the compactness also causes
undesirable dust holding capacity because the airﬂow pathways
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Figure 1. Structure of the active-poled nanoﬁbers (APNFs). (a) Schematic showing the basic structure of the APNF. (b) SEM image of the 200
mesh metal network. (c) SEM image of the electrospun PAN nanoﬁbers. The inset shows the molecular formula of PAN. (d) Photograph of the
APNF in a small piece. (e) Cross-sectional view of the APNF in a SEM image. (f) Enlarged view of the APNF’s cross section in a SEM image. (g)
Photograph of the APNF in a large area.

are subject to be clogged up by the particulates,1,21 which then
results in short service life of the nanoﬁber-based ﬁlters.
In this work, we report a type of active-poled nanoﬁbers
(APNF) onto which in situ poling is applied, resulting in
signiﬁcantly enhanced ﬁltration eﬃciency as well as dust
holding capacity without increasing airﬂow resistance.
Polyacrylonitrile (PAN) based nanoﬁbers are sandwiched
between two layers of metal network. As a voltage is applied
across the metal layers, the nanoﬁbers are polarized by the
electric ﬁeld. Meanwhile, neutral particulates that are passing
through the nanoﬁbers also become polarized. As a result,
electrostatic attraction, which is a type of long-range force,22,23
eﬀectively seizes the particulates onto the nanoﬁbers. At an
airﬂow velocity of 0.21 m/s and a poling voltage of 2k volts,
the removal eﬃciency for PM2.5 reaches 98.72% compared to
84.41% for the case without the poling, while the airﬂow
resistance remains constant. Correspondingly, the quality
factor presents a 130% enhancement from 0.023 Pa−1 to
0.053 Pa−1. The dust holding capacity is found to be 8.43 g/
m2, representing over 3-fold enhancement as normal PAN
nanoﬁbers only have a dust holding capacity of 2.41 g/m2. In
general, the APNF appropriately addresses the aforementioned
concerns of using electrospun nanoﬁbers (NFs) for air
ﬁltration. If it is adopted in air puriﬁcation equipment, it is
promising to bring about advantages including greatly
promoted puriﬁcation speed, lowered noise, reduced power
consumption, and extended service life.

layers. Airﬂow is driven through the nanoﬁbers by an electric
fan. The scanning electron microscope (SEM) image of the
metal network made of steel is shown in Figure 1b. With mesh
grade of 200, the wire diameter is 50 μm, and the pore size is
80 μm. The SEM image of the PAN nanoﬁbers is presented in
Figure 1c, which exhibits nonwoven characteristic and a
uniform diameter of about 200 nm (Figure S1a). Additionally,
the pore size of the PAN nanoﬁbers shows a well-developed
peak centered at 10.8 μm (Figure S1b), and the porosity
reaches up to 96.43%. The inset in Figure 1c illustrates the
PAN molecular formula that possesses a strong polar
functional group (C−N). This feature favors polarization as
well as ﬁltration eﬃciency17,18 which will be evidenced in the
following session. The top-down view of the multilayered
structure is displayed by a photograph in Figure 1d. The
sandwiched lamination is further revealed in detail by crosssectional views in Figure 1e and Figure 1f. The overall
thickness of the structure is found to be 250 μm. Large area
samples can also be prepared, as proved by the 25 × 25 cm2
sample shown in Figure 1g. The detailed fabrication process is
discussed in the Experimental Section (Supporting Information).
Here, the experimental setup for assessing the ﬁltering
performance consists of two individual glass chambers that are
connected by the APNF, two particle counters that measure
the PM2.5 concentration on the opposite sides of the APNF,
and a fan that drives the airﬂow. The particulate source was
generated by burning cigarettes.15,16 It was proved that
cigarette smoke resembles haze pollutant in terms of
composition and surface chemistry.16 Here the smoke was
dispersed in a 2 m3 acrylic-based enclosed chamber, and all
tests were performed with the PM2.5 mass concentration higher

2. RESULTS AND DISCUSSION
The basic structure of the APNF is schemed in Figure 1a. Two
layers of metal network clamp a layer of electrospun nanoﬁbers
in between. A dc voltage source is loaded across the metal
B
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Figure 2. Filtration performance of the APNF and the normal nanoﬁbers (NFs) at diﬀerent airﬂow velocity, (a) PM2.5 removal eﬃciency, (b) PM10
removal eﬃciency, (c) pressure drop, and (d) quality factor from both the APNF and the normal NF at diﬀerent airﬂow velocity. Error bar
represents the standard deviation of three replicate measurements. (e) The mechanism of the APNF for capturing particulates. (i), (ii) Schematic
diagrams that illustrate the process of capturing charged and neutral particulates, respectively.

than 300 μg/m3 prior to the ﬁltration. The detailed structure of
the experimental setup is photographed in Figure S2.
The removal eﬃciency here is calculated by the following eq
124−26
E = (C0 − C)/C0

PM2.5 removal eﬃciency of normal nanoﬁbers decreases by
2.87%. In contrast, the APNF presents a drop by only 0.77% in
the removal eﬃciency. Similar observation was also obtained
for the PM10 removal. This feature proves the robustness of the
APNF against high airﬂow, which is crucial for high-standard
puriﬁcation purposes.
Apart from the removal eﬃciency, the airﬂow resistance is
another key parameter to assess the performance of air ﬁltering
materials. Here, pressure drop through the APNF is adopted to
quantitatively represent the airﬂow resistance. As shown in
Figure 2c, the pressure drop is positively correlated with the
airﬂow velocity. It is found that the pressure drop of the APNF
as well as the normal nanoﬁbers is the same at 82 Pa with the
airﬂow velocity of 0.21 m/s, indicating that the metal layers
hardly cause additional pressure drop. As a result, we can
calculate the quality factor (QF) of ﬁltering materials
according to eq 2 below16

(1)

where E represents the removal eﬃciency, and C0 (μg/m3) and
C (μg/m3) are the measured particulate mass concentrations
prior to and after the ﬁltration, respectively. The quantiﬁed
PM2.5 and PM10 removal eﬃciencies under diﬀerent airﬂow
velocity are presented in Figure 2a and Figure 2b, respectively.
It is explicitly revealed that the removal eﬃciency for PM2.5
with a 2 kV poling voltage is signiﬁcantly enhanced compared
to that from normal nanoﬁbers without the poling. At an
airﬂow velocity of 0.21 m/s, the PM2.5 removal eﬃciency is
promoted from 88.81% to 98.41%, and the PM10 removal
eﬃciency also increases from 93.21% to 98.72%. It is noticed
that the removal eﬃciency decreases as the airﬂow velocity
increases, which is a common nature of ﬁltering materials.18
When the airﬂow velocity increases from 0.06 to 0.21 m/s, the

QF = − ln(1 − E%)/ΔP

(2)

where E and ΔP represent the removal eﬃciency and the
pressure drop, respectively. As outlined in Figure 2d, the QF
C
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Figure 3. Filtration performance at diﬀerent poling voltages. (a) The correlation between the PM removal eﬃciency of the APNF (with 200 mesh
grade) and the poling voltage. (b) Pressure drop and quality factor of the APNF (with 200 mesh grade for PM2.5) at diﬀerent poling voltages. (c)
The correlation between the PM removal eﬃciency of the APNF (with 500 mesh grade) and the poling voltage. (d) Pressure drop and quality
factor of the APNF (with 500 mesh grade for PM2.5) at diﬀerent poling voltages. (e) PM2.5 and (f) PM10 removal eﬃciency of the APNF based on
three diﬀerent materials as aﬀected by the poling voltage. All of the tests were conducted at a constant airﬂow velocity of 0.21 m/s. Error bar
represents the standard deviation of three replicate measurements.

PM2.5 and PM10. Below an optimal value of 2 kV, higher
voltage corresponds to incremental improvement of the
removal eﬃciency. This can be well explained by the
aforementioned mechanism, in which higher voltage generates
more polarized surface charges and thus stronger electrostatic
attraction. However, if the voltage exceeds the optimal value of
2 kV, the removal eﬃciency signiﬁcantly plumps. As the
pressure drop is found to be independent of the applied
voltage, the QF then experiences a substantial rise and then a
sharp drop, as presented in Figure 3b. This phenomenon is
most likely attributed to air breakdown resulting from
excessively high voltage. Once the air breakdown occurs, the
electric ﬁeld strength is no longer maintained, leading to much
weakened polarization. Besides, the electric discharging that
accompanies the air breakdown is likely to cause structural
damage to the nanoﬁbers and then compromise the removal
eﬃciency. It is worth noting that the APFN at the optimal
poling voltage does not involve air breakdown. As a result, no
hazardous ozone gas will be generated, which diﬀerentiates the
APFN from conventional air puriﬁcation means of negative
ions.29
Two designing factors that inﬂuence the ﬁltration performance were then examined. The ﬁrst factor is the mesh density

values of the APNF are doubled compared to those of normal
nanoﬁber (NF). At the airﬂow velocity of 0.21 m/s, the APNF
with a 2 kV poling voltage has a signiﬁcantly high QF value of
0.053 Pa−1 (shown in Table S1). It is worth noting that this
value is 2 to 3 times higher compared to recently reported
state-of-the-art results based on nanoﬁbers.15,16
The observed enhancement originates from the applied
electric ﬁeld in two likely scenarios, as illustrated in Figure 2e.
Once a poling voltage is loaded, the electric ﬁeld across the
metal layers reaches up to the order of tens of MV/m. As a
result, the PAN-based nanoﬁbers become polarized, forming
polarized surface charges.27 Consequently, provided that the
incoming particulates carry net charges, they are then attracted
to the ﬁber surface as passing by due to electrostatic interaction
(Figure 2e-i).28 Even if the particulates are neutral, they are
instantaneously polarized once entering the electric ﬁeld zone,
as shown in Figure 2e-ii.27 Then the dipole−dipole interaction
leads to the deposition of the polarized particulates onto the
nanoﬁbers.
Following the proposed mechanism above, we investigated
the correlation between the applied voltage and the removal
eﬃciency. As shown in Figure 3a, the poling voltage plays a
crucial role in manipulating the removal eﬃciency for both
D
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Figure 4. Filtration performance by long-time test. (a), (b) The relation between time and the removal eﬃciency for PM2.5 and PM10, respectively,
from both the APNF and the normal NF. (c), (d), (e) Microscopic morphologies of the normal NF, the APNF, and the metal mesh in top-down
viewed SEM images at diﬀerent time points during the test, respectively; the scale bars represent 5 μm, 5 μm, and 20 μm, respectively. All of the
tests were conducted at a constant airﬂow velocity of 0.21 m/s. Error bar represents the standard deviation of three replicate measurements.

based nanoﬁbers, which have the highest dipole moment. In
contrast, the eﬃciency enhancement is found to be only 8.5%
for the PS-based nanoﬁbers that have the weakest dipole
moment. Besides, we used commercial meltblown nonwovens
as the ﬁltering layer for comparison, observing that the
enhancement of the ﬁltration eﬃciency is insigniﬁcant from
90.45% to 91.51% for PM2.5. This is probably attributed to the
fact that polypropylene is a type of nonpolar polymer. As a
result, the polarized charges induced on the polypropylene
ﬁbers are much weaker than the polar PAN nanoﬁbers.
Therefore, in order to demonstrate the in situ poling eﬀect, the
PAN nanoﬁbers were selected. In addition, the inﬂuence of the
nanoﬁber thickness on the removal eﬃciency was also
investigated with data shown in Figure S6 and Table S2. It
is obtained that the APNF with the thickness of 13.0 μm
presents the optimal overall ﬁltration performance with the
highest QF (shown in Table S2).
To reveal the superiority of the APNF in terms of service
life, dust holding capacity was obtained through a long-time
test. During the test, the ambient PM2.5 concentration prior to
ﬁltration was kept stable. The dust holding capacity refers to
the mass of the captured particulates per unit area as the
removal eﬃciency degrades to 85% of the initial removal
eﬃciency. Then, the dust holding capacity is calculated by the
following eq 324,25

of the metal network. As demonstrated in Figure 3c, the metal
network with diﬀerent mesh density (i.e., mesh grade 200 and
mesh grade 500, SEM image shown in Figure S3) exhibits
similar removal eﬃciency as the poling voltage increases. This
is because the electric ﬁeld generated by the two types of metal
networks is equally uniform, which is proved by the numerical
simulation results in Figure S4. However, due to smaller pore
size, the 500-grade mesh exhibits greater pressure drop as
compared to the 200-grade mesh (Figure 3d). As a result, the
500-grade mesh APNF presents inferior QF values (Figure
3d), which explains the adoption of the 200-grade mesh in this
work.
The second critical factor that aﬀects the ﬁltration
performance is the material of the nanoﬁbers, which correlates
to the surface charges resulting from the poling. To illustrate
this point, we selected three types of materials to fabricate the
nanoﬁbers, including PAN, polystyrene (PS), and poly(vinyl
alcohol) (PVA). Their calculated dipole moments for the
repeating units vary to a great extent, i.e., 3.6, 0.7, and 1.2 D,
respectively.16 The molecular models and the SEM images of
the three materials are shown in Figure S5. The detailed
process for preparing the nanoﬁbers of diﬀerent materials that
have equal average diameter of 200 nm is shown in the
Experimental Section (SI). Figure 3e and Figure 3f exhibit the
removal eﬃciency for PM2.5 and PM10 from the APNF made of
the three materials, respectively. Two major observations were
obtained. On one hand, for all of the three materials, the
removal eﬃciency unanimously increases as the poling voltage
is loaded, showing a positive correlation. This is because
surface polarization is a common nature of polymers within an
electric ﬁeld. On the other hand, the extent of the eﬃciency
enhancement diﬀers among the three materials. The most
prominent improvement (i.e., 12.3%) comes from the PAN-

Δm = (m − m0)/S

(3)

where m (g) and m0 (g) are the mass of the APNF after and
before the long-time test, respectively, and S (m2) is the surface
area of the APNF. The test was conducted at the constant
airﬂow velocity of 0.21 m/s. After 48 h, the PM2.5 removal
eﬃciency of the normal nanoﬁbers reduces from 86.85% to
73.56% (Figure 4a), representing a 15% reduction compared
E
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to the initial eﬃciency and indicating the failure of the ﬁltering
material. Based on eq 3, the dust holding capacity of the
normal PAN nanoﬁbers is calculated to be 2.41 g/m2. In
contrast, the APNF with the 2 kV poling exhibits a drop of the
removal eﬃciency from 98.15% to 90.18% after 48 h. With
only 7% eﬃciency reduction compared to the initial value, the
APNF is still functional without failure. After further test, the
dust holding capacity of the APNF was then found to be 8.43
g/m2. Therefore, the APNF proves to have signiﬁcantly
superior dust holding capacity with more than 3-fold
enhancement in comparison to the normal nanoﬁbers. Similar
results were also obtained for the PM10 removal. The SEM
images in Figure 4c−e present the morphology evolution of
the normal nanoﬁbers, the APNF, and the metal mesh as the
captured particulates accumulate, respectively. Regardless of
the poling, the captured particulates tend to bond tightly onto
the nanoﬁbers and gradually aggregate to form larger particles
at the junctions of the nanoﬁbers. As the particulates
accumulate, the nanoﬁbers are subject to be clogged up,
which is consistent with previous observations in the
literature.1,21 From the SEM images, it can be explicitly
obtained that the APNF can capture apparently more
particulates than the normal nanoﬁbers within the same time
frame. Even though the APNF has captured more particulates,
it still presents higher removal eﬃciency, which is attributed to
the in situ poling. Besides, it is worth mentioning that most of
the particulates captured by the APNF are deposited onto the
nanoﬁbers instead of the metal mesh (Figure 4e), which rules
out the possibility that the removal eﬃciency enhancement
may originate from the electrically charged metal layers.

voltage of 2 kV, the removal eﬃciency, the quality factor, and
the dust holding capacity for PM2.5 are enhanced by 17%,
130%, and 250%, respectively. More importantly, the
fabrication process of the APNF is compatible to large area
roll-to-roll manufacturing and can be potentially made into air
ﬁlters. If used for air puriﬁcation purposes, the air ﬁlters that
utilize the APNF have prominent advantages including
promoted puriﬁcation speed, lowered noise, reduced power
consumption, and extended service life.

■

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.8b07203.
Experimental Section; Fiber diameter distribution and
pore size distribution of the electrospun PAN nanoﬁbers
(Figure S1); Photograph of the experimental setup for
characterizing the ﬁltering materials (Figure S2); SEM
images of the metal layers (Figure S3); Electric ﬁeld
distribution obtained by COMSOL numerical simulation (Figure S4); Molecular models and SEM images
of diﬀerent polar polymers (Figure S5); The thickness of
the electrospun PAN nanoﬁbers (Figure S6); Table S1:
The ﬁltration performance of the APNF compared with
the normal nanoﬁbers at the airﬂow velocity of 0.21 m/
s; Table S2: The ﬁltration performance of the APNF and
the normal PAN nanoﬁbers as aﬀected by the thickness
at the airﬂow velocity of 0.21 m/s (PDF)

■

3. CONCLUSIONS
The proved features of the APNF indicate signiﬁcance for real
applications in air puriﬁcation equipment. First, without adding
the airﬂow resistance, the APNF can result in higher removal
eﬃciency while keeping the airﬂow constant. As a consequence, it can generate a higher clean air delivery rate, which is
normally abbreviated as CADR, a key parameter for air
puriﬁers. Here, CADR can be obtained using the following eq
430
CADR = E × L × R
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(4)

where E and L represent the single-pass removal eﬃciency and
the airﬂow rate, respectively, and R represents the short-circuit
factor (R = 1 under well-mixed conditions). In general, L and
R are constants in the same air ﬁltration testing condition.
Then, the CADR is positively correlated with the single-pass
removal eﬃciency E. As a result, air ﬁlters using the APFN are
expected to yield a CADR enhancement of 17% based on the
obtained results above. Second, because the APNF possesses
enhanced removal eﬃciency, the airﬂow can be sacriﬁced,
while the CADR is still kept constant. The reduced airﬂow
then will bring about lowered wind noise and saved power
consumption from the electric fan. Moreover, the multifold
increase of the dust holding capacity apparently favors the
service life of the air ﬁlters. Then, consumable cost as well as
maintenance cost are expected to be saved by over 70%.
In summary, we developed an APNF that possesses
signiﬁcantly enhanced ﬁltration eﬃciency and dust holding
capacity without increasing the pressure drop of normal
nanoﬁbers. Owing to the in situ applied electric ﬁeld, the
nanoﬁbers as well as the particulates are polarized, leading to
gigantically promoted ﬁltration performance. At the poling
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