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A B S T R A C T   

The significant public health concerns related to particulate matter (PM) air pollutants and the airborne trans-
mission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have led to considerable interest in 
high-performance air filtration membranes. Highly ferroelectric polyvinylidene fluoride (PVDF) nanofiber (NF) 
filter membranes are successfully fabricated via electrospinning for high-performance low-cost air filtration. 
Spectroscopic and ferro-/piezoelectric analyses of PVDF NF show that a thinner PVDF NF typically forms a 
ferroelectric β phase with a confinement effect. A 70-nm PVDF NF membrane exhibits the highest fraction of β 
phase (87%) and the largest polarization behavior from piezoresponse force microscopy. An ultrathin 70-nm 
PVDF NF membrane exhibits a high PM0.3 filtration efficiency of 97.40% with a low pressure drop of 51 Pa at 
an air flow of 5.3 cm/s owing to the synergetic combination of the slip effect and ferroelectric dipole interaction. 
Additionally, the 70-nm PVDF NF membrane shows excellent thermal and chemical stabilities with negligible 
filtration performance degradation (air filtration efficiency of 95.99% and 87.90% and pressure drop of 55 and 
65 Pa, respectively) after 24 h of heating at 120 ◦C and 1 h immersion in isopropanol.   
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1. Introduction 

Particulate matter (PM: PM0.3, PM2.5, PM1.0) has recently emerged as 
a substantial global public healthcare concern with rapid urbanization 
and excessive fossil fuel use [1,2]. PM0.3 (particle sizes ≤ 0.3 µm) is the 
most penetrating particle size (MPPS) by the conventional filtration 
method (Scheme 1a), and it is considered the most hazardous compo-
nent [3–7]. PM0.3 is a severe threat to public health because long-term 
exposure to these fine specks of dust can cause respiratory diseases, 
lead to lung cancer, and eventually, result in mortality [8–11]. Addi-
tionally, the recent severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) spreads rapidly through tiny water droplets [12,13], 
resulting in a massive surge in daily confirmed cases and deaths [14,15]. 
Therefore, urgent demands exist for air filtration to prevent the spread of 
SARS-CoV-2 and provide cleaner air for our respiration. The reduction of 
airborne PM, which may contain virus-contaminated droplets from 
airflow, has been critically regarded as an effective method for public 
health improvement. Various strategies have been proposed to remove 
PM from airflow; however, the simple physical membrane filtration of 
PM is considered to be a feasible solution to mitigate these issues [16, 
17]. 

To develop a highly efficient air filtration membrane, fibrous-web 
filters have been fabricated using various techniques, such as melt 
blown (MB), needle punched, and wet-laid processes [6,18–20]. How-
ever, these methods typically experience large-scale aperture, limited 
fiber diameter reduction, and severely aggregated conjunction, which 
results in limited air filtration performance for fine particles [21,22]. 
Currently, a thick MB filter that includes an electret is widely used as a 
PM sieving membrane. As PM passes through porous filter media, the 
strong electrostatic attraction of PM to filter fibers enables significant 

reduction in filter fiber loading and a subsequent low pressure drop with 
high filtration efficiency [23,24]. However, several remaining limita-
tions require attention, including a large fibrous diameter, filtration 
performance loss, and non-reusability [22,25]. The filter functions are 
predominantly based on the electret charge effect, which is effective 
under limited conditions, requiring an oil- or alcohol vapor-free envi-
ronment. The deterioration of electrostatic force and filter efficiency 
have been observed as a charge loss when the MB filter is exposed to an 
organic solvent, such as isopropanol, ethanol, and acetone [26–28]. 
Furthermore, the non-reusability of MB filters is a recent concern owing 
to the extensive need for masks to prevent the spread of coronavirus 
(COVID-19) [29]. The use of nanoporous membrane to mechanically 
sieve PM is emerging as an alternative strategy to overcome the limi-
tations of MB filters that use the depth filtration mechanism [30]. 
However, the high pressure drop of conventional nanoporous mem-
branes remains a critical challenge for commercialization. 

The application of the slip effect to mitigate the limitations of 
nanoporous membrane filters has gained significant interest; it enables a 
lower pressure drop as air molecules bypass the mean free path 
(65.3 nm) over the fiber, simultaneously resulting in a high PM filtering 
efficiency (Scheme 1b) [1,31,32]. Therefore, an electrospun nano-
fibrous filter can surmount the limitations of a large-diameter electret 
filter. The electrospinning method enables facile nanofiber (NF) mem-
brane fabrication with an ultrathin diameter (10–1000 nm) under a high 
electric field [33–35], which is considered to be an advanced physical 
filter that adopts the slip effect region of the air flow. Other strategies 
have been extensively implemented to increase the capture of fine dust, 
including chemical functionalization [36] and filter charging [37]. 
Among them is ferro/piezo-electricity, which employs a unique elec-
troactive property with stable spontaneous polarization to efficiently 

Scheme 1. Schematic illustration of PVDF NF air filter. (a) Representative curve of the MPPS (0.3 µm). (b) Emergence of the slip effect with fiber diameter variation. 
(c) Impact of ferroelectricity on capturing PM. (d) Phase transformation of PVDF and its effect on air filtration with different filter diameters. 
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trap microdust with a large built-in electric field (Scheme 1c) and pre-
vent the inhalation of PM. 

Among the diverse polymers for electrospun NFs, polyvinylidene 
fluoride (PVDF) has attracted substantial research attention owing to its 
excellent mechanical properties, good thermal stability, feasible pro-
cessing, high chemical resistance and flexibility, and highly electro-
active properties. PVDF consists of five possible crystalline phases, 
which include α, β, γ, δ, and ε [38–40]. The β phase PVDF is a 
well-known polar phase with excellent ferroelectric and piezoelectric 
properties [41,42]. However, the thermodynamically stable phase of 
PVDF is the non-electroactive α phase. There have been significant ef-
forts to realize a β structure with high phase purity; however, the simple 
fabrication of β phase PVDF NF air filters has not yet been realized. It 
remains challenging to realize a high-performance filter with a robust 
and easily scalable NF membrane using pure β phase PVDF. 

Herein, we report an electrospun high-performance PVDF NF filter 
membrane with self-polarized ferroelectric phase and an ultra-thin 
diameter. We utilized the slip effect of air molecules with nanofiber by 
controlling the diameter and uniformity of the electrospun PVDF NF 
membrane via the addition of sodium dodecyl sulfate (SDS) as a con-
ducting surfactant. Particularly, the presence of the β phase in the 70-nm 
membrane results in the greatest phase polarization versus bias voltage 
curve characterization for the intrinsic piezo-/ferroelectricity of PVDF 
NF materials. The optimized 70-nm PVDF NF membrane exhibits a low 
pressure drop with high PM0.3 filtration efficiency (FE), and a high 
quality factor. Moreover, the optimized 70-nm PVDF membrane also 
exhibits excellent chemical and thermal stability and high retention of 

air FE under isopropyl alcohol immersion and heat treatment. 

2. Materials and methods 

2.1. Materials 

PVDF (21510 Solef) was purchased from Solvay Specialty Polymer 
(Belgium). N,N- dimethylacetamide (DMAc), 2-butanone (MEK), and 
SDS were purchased from Sigma-Aldrich (USA). All chemicals were used 
without further purification. 

2.2. Preparation of polymer solution 

PVDF powder (15 wt%) was dissolved in a mixed solvent of DMAc 
and MEK (DMAc:MEK = 5:5). Varying contents of SDS, from 0.05 to 
0.5 wt% of the PVDF, were then added to the solution. The polymer 
solutions were stirred overnight at 25 ◦C. 

2.3. Fabrication of nanofibrous membrane 

PVDF nanofibers were fabricated by an electrospinning system 
(ESR200PR2, NanoNC Co. Ltd., South Korea). The syringe for the 
polymer solution was directly linked with one or five metallic spinneret 
needles (27 G) and was installed onto a movable supporting frame. As 
simply depicted in Fig. 1a, electrospinning of the PVDF solution was 
performed with a feed rate of 0.5 mL/h and a high DC voltage of 28 kV 
at the spinneret needle tip with a fixed distance of 16 cm from the 

Fig. 1. Surface morphology of nanofibrous membrane at various diameters. (a) Electrospinning processing configuration of the PVDF polymer and SDS additive. FE- 
SEM images of (b) electrospun pristine PVDF sample and (c) 0.5 wt% SDS-containing sample. (d) Average PVDF nanofiber diameter variation with SDS concen-
tration change. 

T.T. Bui et al.                                                                                                                                                                                                                                    



Colloids and Surfaces A: Physicochemical and Engineering Aspects 640 (2022) 128418

4

spinneret tip to the grounded collector. The entire experiment was 
conducted at a humidity level of approximately 20%. 

2.4. Characterization of nanofibrous membrane 

The morphology of the electrospun PVDF and SDS-PVDF nanofibrous 
membranes was characterized using field-emission scanning electron 
microscopy (FE-SEM, JSM-6700 F) at the MEMS⋅Sensor Platform Center 
of SungKyunKwan University and ImageJ (National Institutes of Health 
and Laboratory for Optical and Computational Instrumentation, Uni-
versity of Wisconsin). Chemical properties of the PVDF samples were 
analyzed using Fourier transform infrared spectroscopy (FTIR, IFS-66/S, 
TENSOR27, Bruker, USA). Grazing incident X-ray diffraction (GIXRD) 
patterns were obtained with an X′Pert Pro (PANalytical, Netherlands) 
using Cu Kα radiation. A commercial atomic force microscope (AFM, XE- 
120, Park Systems, South Korea) connected to a lock-in amplifier 
(SR830, Stanford Research Systems, USA) was used to image the 
topography of the electrospun NFs and determine their ferroelectric 
properties at nanoscale. An alternating current modulated voltage of 
1.5 Vrms with a frequency of 17 kHz was applied to a Pt/Ir-coated Si tip 
(PPP-EFM, Nanosensors, Switzerland), which was used as the top elec-
trode. Piezoresponse hysteresis loops of a single PVDF NF on an Au- 
coated Si substrate were measured by positioning the tip on top of a 
selected position and monitoring the piezoresponse signal as a function 
of the dc bias applied to the bottom electrode. The local hysteresis loop 
measurement was carried out on three single nanofibers for each PVDF 
NF diameter. The air FE (%) and pressure drop (ΔP) of nanofibrous 
membranes were tested using the Automated Filter Tester 8130 (TSI, 
USA) with airflow of 5.3 cm/s and NaCl aerogel particles (average 
diameter: 0.3 µm) as simulated PM. Each obtained result was averaged 
by three tests. The quality factor (QF) was estimated to evaluate the 
overall performance of the filter membrane using Eq. (1): 

QF = −
ln(1 − η)

ΔP
(1)  

where η and ΔP are the air FE and pressure drop, respectively. 

2.5. Chemical and thermal stability test of PVDF NF filter 

For the chemical stability test, the filter membranes were completely 
immersed in IPA for various periods and subsequently dried in ambient 
air for 12 h. For the thermal stability test, the filter membranes were 
heated at different temperatures for 24 h in a vacuum oven. 

3. Results and discussion 

3.1. Morphology analysis of nanofibrous membrane 

The reticular support structure and tortuous pore channels of 
nanofiber-based filters enable the effective passage of air molecules 
while trapping the PM. If the nanofibrous diameter is close to the mean 
free path length of the air molecules (65.3 nm), the slip effect induced by 
the interaction of the airflow stream around the periphery of adjacent 
nanofibers can be effectively utilized [1]. With effective control of the 
conductivity and viscosity of the polymer solution, the optimized elec-
trospinning process and control of the PVDF polymer solution with SDS 
as an additive may achieve the desired morphology of the PVDF nano-
membrane. As shown in Fig. 1b, the 15 wt% concentration of bare PVDF 
exhibits non-uniform large-diameter fibers in the range of 80–250 nm. 
These are mixed with an oval-shaped beaded structure that is five-fold 
larger than a typical fiber in the direction of the fiber length. The 
resultant beads on fibers may be attributed to the low viscosity of the 
polymer solution, which causes the imbalance between surface tension, 
electrostatic repulsion, and the instability of the Taylor cone at the 
spinneret tip [43]. The uncontrolled beaded structure may be 

suppressed by increasing the polymer concentration to improve solution 
viscosity; however, it also induces a larger fiber diameter. However, it 
has been observed that modifying the polymer solution conductivity 
with ionic surfactant results in improved morphology uniformity and 
thinner-diameter fibers. This is owing to the decrease in the surface 
tension of the solution, which produces a greater Coulombic interaction 
and results in an improved stretchability of the electrospun liquid jet. 
Therefore, SDS was introduced to mitigate the surface tension and 
enhance charge density or solution conductivity [42,44]. 

Fig. 1b–d clearly exhibit the morphological transformation of elec-
trospun NFs under the influence of different amounts of SDS surfactant. 
Specifically, the bead-containing fibers were gradually eliminated with 
increased SDS concentration (Fig. S1), and NF web uniformity was 
finally achieved. Moreover, as shown in Fig. 1b–c, the fiber diameter 
becomes substantially thinner with the addition of SDS. The SDS-free 
PVDF NF web exhibits the largest average diameter of approximately 
250 nm, and the NF with 0.5 wt%-SDS has a very thin NF web of 
approximately 70 nm with the highest homogeneity, which is close to 
the aforementioned mean free path of the air molecules. 

3.2. Chemical characterization of PVDF nanofibers 

As shown in Fig. 2, FTIR and GIXRD measurements were taken to 
gain a comprehensive understanding of the PVDF polymorphs in the 
electrospun PVDF nanofibers. The FTIR spectra in Fig. 2a indicate the 
phase transformation of PVDF from the thermodynamically stable α 
phase of the powder sample to the ferroelectric β phase of the nano-
confined electrospun nanofiber sample. The vibrational band of the α 
phase, located at 765 cm− 1, 855 cm− 1, and 976 cm− 1 in the PVDF 
powder sample, gradually fades in the solution cast membrane and 
almost disappears at the electrospun nanofiber samples. The vibrational 
bands of the β phase, located at 840 cm− 1 and 1279 cm− 1, present weak 
signals for the pristine PVDF powder; however, the bands become more 
visible in the solution cast membrane. The β vibrational mode is sharply 
enhanced in the electrospun nanofibers owing to the high electric force 
of the electrospinning system [45,46]. According to the absorbance 
values obtained from the FTIR measurement, the fraction of β phase 
among crystalline region (F(β)) can be quantitatively determined using 
the Beer–Lambert law by neglecting amorphous region with the 
following equation: 

F(β) =
Xβ

Xα + Xβ
=

Aβ(
Kβ
Kα

)

Aα + Aβ

(2) 

Xα, Xβ are the degree of crystallinity of α and β phases, respectively. 
Aα and Aβ are the absorbance values of the α and β phases at 765 cm− 1 

and 840 cm− 1, respectively. Kα (6.1 ×104 cm2/mol) and Kβ (7.7 ×104 

cm2/mol) are the absorption coefficients at the corresponding wave-
numbers. The ratio of Kβ/Kα = 1.3 is considered to be a constant for this 
Eq. (2) [47–49]. As shown in Table 1, the obtained F(β) values are 
considerably different to those of the samples before and after being 
processed by electrospinning. Specifically, while the PVDF powder with 
a dominant nonpolar α phase exhibits a poor F(β) of 39.42%, the solu-
tion cast thin film sample exhibits a F(β) of approximately 55%. The F(β) 
dramatically increases to 70.15% for the 250-nm electrospun fibers 
without the SDS surfactant, and it eventually reaches 87% for the 
70-nm-fiber sample (with 0.5 wt% of SDS). 

Additionally, the XRD diffraction peaks of the α(100) phase at 17.7◦

and β(110) phase at 20.26◦ in Fig. 2b confirm the phase change from α to 
β within the nanofibers [50,51]. In accordance with the FTIR results, the 
PVDF powder reflects three major XRD peak positions at 18.27◦, 19.7◦, 
26.5◦, and 33.2◦, which are matched with the monoclinic α crystalline 
phase [45,52,53]. The clear phase transformation into the β phase is 
observed for the solution cast thin film and electrospun PVDF nanofiber. 
The calculated ratio of the β phase to α phase (Aβ/Aα) in Fig. S2 and 
Table 1 indicates that the enhancement of the β diffraction peak can be 
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observed in accordance with the relative reduction of the nanofibrous 
diameter. The gradual displacement of the α phase by the β phase in 
250-nm PVDF nanofibers may be induced by the poling effect of the 
PVDF chain by a large electric field during electrospinning. Moreover, 
the higher concentration of the β phase in the small-diameter samples is 
attributed to an enriched charge density from the addition of SDS and 
confinement with a small diameter. The charged polymer jets with a 
smaller diameter experience a more powerful stretching force associated 
with the applied high electric field, thereby facilitating the PVDF phase 
transition from the α phase to the β phase [54]. 

3.3. Local polarization switching in PVDF nanofibers by piezoresponse 
force microscopy 

Piezoresponse force microscopy (PFM) is an advanced scanning 
probe microscopy (SPM) technique based on the strong coupling be-
tween polarization and electromechanical behavior. PFM measures the 
dynamic electromechanical response of the ferroelectric material when 
an ac voltage is applied to the SPM tip in mechanical contact with a 
sample surface [55]. Because of the inverse piezoelectric effect, the 
electric signal imposed on the SPM tip makes the ferroelectric material 
expand or contract at nanoscale. This is measured as cantilever deflec-
tion through a change in laser spot position on a photodetector in the 
SPM head unit. The ac component of the cantilever deflection is 
measured using lock-in techniques and then its amplitude and phase are 
used to determine the local piezoelectric strength and orientation of the 
ferroelectric domain. The PFM amplitude indicates the magnitude of the 
local electromechanical coupling, while the PFM phase affords the 
ferroelectric domain orientation. In particular, PFM hysteresis loops, in 

which electromechanical response is measured as a function of applied 
dc bias, are used to determine the ferroelectricity of nanomaterials. It is 
generally accepted that the local PFM loops are good agreement with 
macroscopic polarization-electric field (P-E) measurements despite the 
fundamentally different mechanism in local and macroscopic switching 
[55]. From the 70-nm, 120-nm, and 250-nm PVDF NF membrane sam-
ples, topographic images of the PVDF nanofibers (diameters of 70 nm, 
120 nm, and 200 nm) corresponding to the PFM measurements are 
shown in Fig. 3a–c, respectively. The PFM measurement setup and 
switching/probing waveforms are illustrated in Fig. 3d. To avoid 
non-hysteretic electrostatic contribution to the PFM signal, the piezor-
esponse was probed after the dc bias was turned off, yielding off-field 
hysteresis loop [56]. Local piezoelectric hysteresis loops of the PVDF 
nanofibers differently sized in diameters were recorded as a function of 
the applied dc bias voltage. The measured loops exhibited ferroelectric 
characteristics, butterfly amplitude (A) loops and 180◦ phase (φ) flips 
when the amplitude was at a minimum, as shown in Fig. 3e and f, 
respectively. In inorganic ferroelectric materials, electrostrictive defor-
mation is much smaller than piezoelectric one and thus can be ignored. 
However, our PVDF nanofibers are semi-crystalline and the electro-
striction resulting from amorphous and non-polar phases may not be 
ignored. The piezoelectric effect as an electrostriction biased by the 
polarization or linearized electrostriction can be expressed via the 
following equation:[57]. 

deff = 2Qeff ϵ0ϵP (3)  

where Qeff (E) is an effective electrostriction coefficient, ϵ0 is the 
permittivity of vacuum, ϵ is the relative dielectric permittivity, and P is 
the spontaneous polarization. The piezoresponse of ferroelectric phases 
was still dominant in the PFM hysteresis loop, but the electrostrictive 
deformation caused by amorphous and non-polar phases might allow for 
vertically shifting the butterfly amplitude loops (Fig. 3e). The asym-
metry of the tip/nanofiber/Au configuration also resulted in the shift of 
both amplitude and phase loops along the voltage axis (Fig. 3e and f). 
Notably, only 70 nm diameter nanofibers showed excellent butterfly 
amplitude and square phase loops. The steep slope at a coercive voltage 
in the amplitude loop implies the large d33 value of the nanofiber [58]. 
These coincide with FTIR and XRD observations above. 

Fig. 2. Phase identification of PVDF nanofiber. (a) FT-IR spectra and (b) XRD patterns of PVDF at various forms and diameters.  

Table 1 
β phase fraction and the ratio of β phase versus α phase at various PVDF forms.  

Sample β fraction (%) Aβ/Aα 

PVDF powder  39.42 – 
Solution cast PVDF  54.62 0.44 
250-nm PVDF NF  70.15 0.90 
120-nm PVDF NF  83.70 1.42 
70-nm PVDF NF  87.0 1.61  
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3.4. Air filtration efficiency 

The synergetic combination of ferroelectricity and the slip effect of 
ultrathin PVDF NFs can enhance the PM0.3 capturing capability. Fig. 4a 
highlight the distinctive performance in filtering fine dust in various 
mass areas of 120-nm and 70-nm PVDF NF webs compared with the 
larger size (250 nm) of the SDS-free PVDF filter. Interestingly, the 250- 
nm PVDF NF filter has the lowest FE at the same loaded basis weight of 
the fibers. Despite an increase in the mass area of up to 2.5 g/m2, the FE 
of the 250-nm PVDF NF filter is approximately 46.4% at a pressure drop 
of 30 Pa. This is clearly caused by the large fiber diameter and the 
negative effect of the beaded structure, which consumes a partial mass of 
the injected polymer. However, at the loaded basis weight of 0.25 g/m2, 
the 120-nm PVDF NF membrane showed improvement in its FE of 
74.65% with an equivalent pressure drop of 29 Pa. As clearly indicated 
in Fig. 4b, the most optimal performance was precisely achieved at the 
70-nm fibrous membrane, with an air-FE of 97.387% and a pressure 
drop of 51 Pa accompanied by QF = 0.07 Pa− 1 at the loaded mass area 
of 0.125 g/m2. Further decrease of nanofiber mass area can result in 
higher quality factor due to the drastic reduction of pressure drop [59], 
which is shown in Fig. S3. As confirmed via spectroscopy and piezo-
electric force microscopy, the largest ferroelectricity of the 70-nm PVDF 

nanofiber may be highly effective in the PM0.3 capture of the nanofiber 
membrane and subsequent enhancement of air FE. It has been reported 
that the remnant polarization of ferroelectricity results in an enhanced 
electrostatic interaction of filter membrane which is beneficial for 
micro-dust capture [37,60]. As previously mentioned, the 70 nm 
diameter is close to the mean free path of air molecules, which enables 
them to bypass the thin nanofibers and results in a significant decrease 
in pressure encountered by the air stream and filter membrane. 

To evaluate the PM0.3 filtration performance enhancement of PVDF 
NF with a smaller diameter, the three representative nanofibrous 
diameter membranes were fabricated at a similar pressure drop at 
approximately 30–31 Pa. Fig. 4c shows the measured FE and equivalent 
QF, which exhibit a clear increase with a nanofibrous diameter reduc-
tion. As the nanofibrous diameter reaches 70 nm, the filter displays the 
highest FE of 90.1% and the highest QF of 0.075 Pa− 1 with a relative 
pressure drop of 31 Pa. Moreover, Fig. S4 and Table S1 show the obvious 
impact of the ultrathin PVDF NF filter membrane on PM0.3 air filtration 
when compared with previously reported NF membranes. Although 
some complicated nanostructure-based membranes could exhibit better 
air filtration performance, the complicated structure could hinder the 
large-scale industrial implementation of NF membrane. Fig. S4a shows 
the uniform 70 nm-PVDF NF filter as indicated by the lowest basis 

Fig. 3. Piezoresponse force microscopy measurement of PVDF NF. Topography images of PVDF NFs with a diameter of (a) 70 nm, (b) 120 nm and (c) 200 nm. (d) 
PFM measurement illustration. (e) Amplitude loop and (f) phase loop of PVDF NFs with diameter of 70 nm, 120 nm, and 200 nm. 

Fig. 4. Air filtration efficiency performance of nanofibrous filters. (a) The air filtration efficiency and pressure drop of representative 250-nm PVDF NF, 120-nm 
PVDF NF and 70-nm PVDF NF filters. (b) The QF and air filtration efficiency of 70-nm PVDF NF based air filter membrane. (c) The QF and air filtration effi-
ciency of representative 250-nm, 120-nm, and 70-nm PVDF NF filters with a pressure drop of 30–31 Pa. 
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weight of 0.5 g/m2 and a competitive FE of 99.45%. Among homoge-
neous NF membranes, Fig. S4b clearly exhibits the significantly low 
pressure drop of ultrathin PVDF nanofiber filter compared to the other 
materials. Fig. S4c–d and Table S2 compare the filtration performance of 
the simple nanofiber-based filter membranes, which are suitable to in-
dustrial scalability. The ferroelectric PVDF nanofiber web stands out as a 
strong candidate with a low air resistance and high PM0.3 capturing 
efficiency. 

3.5. Chemical and thermal stability 

The superior chemical and thermal stabilities of the electrospun 
PVDF NF filter were investigated by immersing the 70-nm fibers in an 
IPA bath for various time periods and annealing for 24 h at 40–120 ◦C 
under ambient air in an oven, respectively. Fig. 5a shows the superior FE 
of the PVDF nanofibrous membrane against polypropylene (PP) MB 
filters. Specifically, the PP MB membranes show a rapid decay of FE, 
from 99.91% to nearly 35%, after 15 min of immersion in IPA. The 
significant FE degradation is undoubtedly attributed to the charge loss of 
the PP MB filter by IPA penetration into the polymer matrix [26]. In 
contrast, the PVDF nanofibrous membrane (FE = 94.901%, ΔP = 45 Pa) 
exhibits a high filtration performance retention of 92.63% (FE =
87.903%, ΔP = 65 Pa) after 60 min of immersion in IPA. As shown in 
Fig. 5b–c, the slight decrease in FE is owing to the degradation of the 
general crystalline phases of the PVDF nanofiber by solvent impregna-
tion and subsequent ferroelectric β phase loss or dipole moment loss 
[61]. However, the 81.21% FE retention of the PVDF NF filter after an 
8 h immersion in IPA, as shown in Fig. S5a, clearly confirms the superior 
chemical stability of the PVDF NF filter compared with the stability of 
the PP MB filter. 

For thermal stability, Fig. 5d shows the excellent filtration perfor-
mance of the PVDF nanofibrous membrane under a high temperature 

treatment with an insignificant FE decrease (ΔFE = 1.89%) at 100 ◦C. 
Interestingly, the 120 ◦C treated sample exhibited an improved filter 
performance up to an FE of 95.99% and QF of 0.057 Pa− 1. As shown in 
Figs. 5e–f and S5b–c, the major vibrational bands from the FTIR spectra 
and the crystalline peaks from the XRD patterns of the β phase remain 
nearly unchanged under a high temperature treatment. The increasing 
behavior from a sample treated at 120 ◦C can be explained by the in-
crease in the β phase vibrational bands in Fig. 5e and the XRD patterns in 
Fig. 5f, which have a slightly sharper β phase peak at 120 ◦C and exhibit 
a gradual disappearance of the characteristic α phase. As reported in 
previous studies, the annealing treatment can induce a phase trans-
formation from the nonpolar α phase to the polar β phase owing to the 
reorientation of the PVDF molecular structure. This leads to a re- 
ordering of dipole moments, thereby sharpening the crystalline peak 
of the β phase and subsequent intense ferroelectricity at higher 
annealing temperatures [39,62]. Prolonged heating treatment at high 
temperature might result in the filtration performance degradation due 
to the slight deterioration of PVDF crystalline phases consisting of β 
phase [63], which is clearly depicted by XRD patterns in Fig. S6. 

4. Conclusions 

The ferroelectric PVDF nanofiber membrane for a PM0.3 filter was 
successfully fabricated with the introduction of SDS surfactant. With a 
high fraction of the β phase (87%), the 70-nm PVDF nanofibrous 
membrane from the solution that contained 0.5% SDS exhibited a clear 
phase polarization with the largest piezoelectric deformation. Under the 
synergetic combination of the slip and ferroelectric effects, the 70-nm 
PVDF filter membrane exhibited a high PM0.3 FE of 97.4%, a low pres-
sure drop of 51 Pa, and a high QF of 0.07 Pa− 1. Notably, the high- 
performance ultrathin 70-nm PVDF membrane also possesses excellent 
chemical and thermal stability with high retention of air FE under 

Fig. 5. Chemical and thermal stability of a PVDF nanofibrous membrane. (a) Filtration efficiency comparison of PVDF nanofibrous membrane and PP MB membrane 
after IPA treatment. (b) FTIR and (c) XRD of PVDF nanofiber immersed in IPA for various time periods. (d) Filtration performance of PVDF nanofibrous membrane 
after high temperature treatment. (e) FTIR and (f) XRD of PVDF nanofiber heated at various temperatures for 24 h. 
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various treatment conditions. Thus, we conclude that the ferroelectric 
PVDF NF filter is an outstanding candidate to mitigate microdust pol-
lutants and temporary COVID-19 prevention problems. 

CRediT authorship contribution statement 

Tan Tan Bui: Conceptualization, Investigation, Data curation, 
Writing − original draft. Min Kyoung Shin: Investigation, Data cura-
tion. Seung Yong Jee: Resources, Investigation, Data curation. Dang 
Xuan Long: Investigation, Data curation. Jongin Hong: Data curation, 
Supervision, Writing − original draft, Writing − review & editing, 
Funding acquisition. Myung-Gil Kim: Conceptualization, Data curation, 
Supervision, Writing − original draft, Writing − review & editing, 
Funding acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

This work was supported by the Chung-Ang University Graduate 
Research Scholarship in 2019 and by the Technology Innovation Pro-
gram (20004977) funded by the Ministry of Trade, Industry, & Energy 
(MOTIE, Korea). 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.colsurfa.2022.128418. 

References 

[1] X. Zhao, S. Wang, X. Yin, J. Yu, B. Ding, Slip-effect functional air filter for efficient 
purification of PM2.5, Sci. Rep. 6 (2016) 1–11. 

[2] K.-H. Kim, E. Kabir, S. Kabir, A review on the human health impact of airborne 
particulate matter, Environ. Int. 74 (2015) 136–143. 

[3] K. Lee, B. Liu, On the minimum efficiency and the most penetrating particle size for 
fibrous filters, J. Air Pollut. Control Assoc. 30 (1980) 377–381. 

[4] K.-S. Lee, N. Hasolli, S.-M. Jeon, J.-R. Lee, K.-D. Kim, Y.-O. Park, J. Hwang, Filter 
layer structure effect on the most penetrating particle size of multilayered flat sheet 
filter, Powder Technol. 344 (2019) 270–277. 

[5] C.H. Jung, H.-S. Park, Y.P. Kim, Theoretical study for the most penetrating particle 
size of dust-loaded fiber filters, Sep. Purif. Technol. 116 (2013) 248–252. 
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