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Rheologically controlled design of nature-inspired
superhydrophobic and self-cleaning membranes
for clean water production
Kang Jia Lu 1, Dieling Zhao1, Yuanmiaoliang Chen2, Jian Chang3 and Tai-Shung Chung 1,2✉

Conventional fabrication technologies of superhydrophobic and self-cleaning membranes for wastewater treatment often involve
complex surface modifications, and massive usage of nanomaterials or organic solvents. In this work, we developed a pure
rheological spray-assisted nonsolvent induced phase separation (SANIPS) approach to fabricate self-cleaning polyvinylidene
fluoride (PVDF) membranes with high porosity and hierarchical micro/nanostructures. The resultant membranes exhibit water
contact angles and sliding angles in the range of 151.9–156.2° and 9.6–22.6°, respectively. We found that the spraying step caused
local distortion of the membrane surface and induced a two-stage phase inversion, leading to the formation of multilevel polymeric
crystal structures. Moreover, the morphological structures and other membrane properties (e.g., mechanical strength and liquid
entry pressure) could be tuned by applying spraying materials with different physicochemical properties. The superior anti-wetting
and self-cleaning properties of the resultant membranes have been demonstrated by treating hypersaline wastewater, comprising
10% sodium chloride and 2000 p.p.m. Rose Bengal dye via direct contact membrane distillation (DCMD) tests. The SANIPS
membrane showed a remarkably stable vapor flux of 36.0 kg m−2 h at a feed temperature of 60 °C, and a salt rejection over 99.9%
throughout the long-term test of 100 h. We envision this facile and green fabrication method will pave the way for large-scale
production of superhydrophobic and self-cleaning membranes for diverse water treatment processes.
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INTRODUCTION
Inspirations from natural nonwetting surfaces have stimulated the
rapid development of superhydrophobic and self-cleaning sur-
faces in the past two decades1. In recent years, the membranes
with water contact angles over 150° and sliding angles <10°, have
drawn increasing attention in the field of wastewater treatment
because of their remarkable water resistance, high rejection, low
fouling tendency, and good long-term stability2–5. For example,
membranes with superhydrophobic–superoleophilic properties
have been reported to be effective in separating water from oil
by either filtration or absorption methods6–8. Superhydrophobic
membranes have also been employed as a liquid barrier and a
contact surface for water evaporation in membrane distillation
(MD), where water vapor generated from the hot feed stream
permeates through the hydrophobic porous membrane, and gets
condensed and collected by the cold distillate stream9–14.
Intensive investigations on natural superhydrophobic surfaces,

such as lotus or taro leaves reveal that a stable liquid–vapor–solid
composite interface formed on low-surface-energy hierarchical
structures is the key to achieve superior water repellence and self-
cleaning properties15,16. Inspired by nature, many artificial highly
hydrophobic membranes developed in recent years combine
modifications with greater surface roughness and lower surface
energy as summarized in Table 1. Depositing nanomaterials, such
as TiO2 nanoparticles or carbon nanotubes on polymeric
substrates has been the most common method to mimic
hierarchical surface structures1,17–20. However, grafting a uniform
layer of nanomaterials on polymeric substrates can be time
consuming and chemically intensive because most hydrophobic

polymers, such as polyvinylidene difluoride (PVDF), polypropylene,
and polytetrafluoroethylene are chemically inert. Moreover, the
risk of leaching these nanomaterials becomes a growing concern
due to their potential toxicity to both human beings and
environments21. Alternative ways of creating porous and rough
surface structures are through delayed nonsolvent induced phase
separation (NIPS) or vapor induced phase separation (VIPS)22–24. In
a NIPS process, a polymer solution is cast on a flat plate and then
immersed in a nonsolvent coagulant bath, where phase inversion
takes place due to the exchange between solvents in the nascent
membrane and nonsolvents in the coagulation bath12. If a soft
coagulant bath containing a certain percentage of alcohols24–26,
N-N-dimethylacetamide (DMAc)22, or triethyl phosphate (TEP)27

was employed, phase inversion will be retarded both thermo-
dynamically and kinetically. The delayed phase inversion allows
polymer crystals to grow into larger sizes, and thus significantly
enhances the membrane roughness and water contact angles25.
Nevertheless, the massive use of organic solvents increases the
cost and carbon footprint. In a VIPS process, the newly cast
membrane is exposed to humid air for a fixed duration, which
allows a formation of a partially solidified top surface in air due to
moisture condensation28. After being immersed in the coagulant,
the newly formed skin impedes the phase inversion rate, and thus
facilitates the growth of polymer crystals. Nevertheless, it often
takes a prolonged exposure time in order to achieve the desirable
surface roughness. Moreover, contact angle hysteresis or sliding
angle is rarely reported in these studies. Electrospinning is another
alternative way of fabricating highly porous membranes with
complex hierarchical structures8,14,20,29,30. However, most of the
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nanofibrous membranes still require addition of nanomaterials or
other modifications in order to achieve superhydrophobicity8,14,20,29.
Besides generating hierarchical surface structures with multi-

level roughnesses, it is often necessary to lower surface energy in
order to achieve superhydrophobicity. Fluorinated materials,
including fluorine-containing plasma gases, TeflonTM amorphous
fluoroplastics, fluorographite, and fluoroalkylsilane, are most
commonly applied because of their low surface energies and
remarkable water repellences29,31–34. However, their relatively
high cost and poor biodegradability impede the application on a
wider and larger scale.
In this work, we present a facile and green method to fabricate

superhydrophobic PVDF membranes via spray-assisted nonsol-
vent induced phase separation (SANIPS). Spraying is adopted to
manipulate the morphology of semicrystalline polymer mem-
branes by controlling the phase inversion speed and crystal-
lization growth rate. The method does not require any further
posttreatment and uses water as the sole coagulation medium.
We have revealed the underlying mechanisms and systematically
investigated effects of key parameters in this SANIPS method. The
superhydrophobicity and self-cleaning ability of the resultant
superhydrophobic membranes have been tested under direct
contact membrane distillation (DCMD) mode with high-salinity
dye wastewater as the feed solution. Last but not least, universally
applying the SANIPS method to fabricate highly porous and
hierarchical surface structures has been validated, using other
commercially available semicrystalline polymeric materials, such
as poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)
and polyacrylonitrile (PAN).

RESULTS
Superhydrophobic and self-cleaning properties of resultant
membranes
Flat sheet polymer membranes were prepared via the SANIPS
method as illustrated in Fig. 1a. Membranes were named as
SANIPS-A, SANIPS-E, and SANIPS-W, corresponding to air, ethanol,
and water as the spraying materials, respectively. A control
membrane (NIPS) without spraying treatment was also prepared
for comparison (Supplementary Table 1). In contrast to the small

Table 1. A survey of highly hydrophobic membranes, and their fabrication and modification methods.

Refs. Base membranes Fabrication methods of base
membranes

Surface modification methods Contact/sliding
angles (°)

Applications

18 PVDF flat sheet
membrane

N.A. (commercial) TiO2 deposition followed by 1H, 1H, 2H, 2H-
perfluorododecyltrichlorosilane coating

CA: 163°;
SA: N.A.

DCMD

5 Ceramic
membrane

Coating a ZrO2 membrane
layer on an alumina support

Grafting with fluoroalkylsilane CA: 153°;
SA: N.A.

CO2 capture

4 ZIF-8/PDMS
membrane

Dip coating UV/ozone treatment followed by deposition
of semifluorinated molecules

CA: 152.4°;
SA: ~7°

Bioalcohol
pervaporation

24 PVDF flat sheet
membrane

NIPS method with alcohol
coagulants

No CA: 144–148°;
SA: N.A.

DCMD

22 PVDF flat sheet
membrane

(a) NIPS with mixtures of
water/DMAc as
coagulation baths;
(b) VIPS

No (a) CA: 114–141.5°;
SA: N.A.
(b) CA:144–150.6°;
SA: N.A.

N.A.

23 PVDF flat sheet
membrane

VIPS No CA: 91–136.3°;
SA: N.A.

DCMD

26 PVDF hollow fiber
membrane

NIPS with mixture of water
and isopropanol as
coagulation bath

Teflon® AF 2400 coating CA: 140–151°;
SA: N.A.

DCMD

20 PVDF-HFP
nanofibrous
membrane

Electrospinning with
incorporation of carbon
nanotubes

No CA: 151.4–158.5°
SA: N.A.

DCMD

29 PVDF nanofibrous
membrane

Electrospinning CF4 plasma treatment CA: 140.8–160.9°;
SA: 51 – 52°

AGMD

14 Polysulfone
nanofibrous
membrane

Electrospinning Poly-dimethylsiloxane (PDMS) coating and
cold-press posttreatment

CA: 141.7–153.9°;
SA: N.A.

DCMD

8 Polyimide
nanofibrous
membrane

Electrospinning P-phenylenediamine and 1H, 1H, 2H, 2H-
perfluorodecanethiol coating

CA: 143.5–155.1°;
SA: ~ 6.5°

Oil–water
separation

This work PVDF flat sheet
membranes

Spray-assisted nonsolvent
induced phase separation
(SANIPS)

No CA: 151.9–156.2°;
SA: 9.6–22.6°

DCMD

Cast a membrane

(a)

Complete phase inversion in water

Spray gas or liquid 

Spraying material

Water bath

Air stream
Moisture

(b)

Fig. 1 The SANIPS method. a Schematic diagram and b proposed
mechanism of the SANIPS method.
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water contact angle of the control NIPS membrane (75.8°), all the
SANIPS membranes exhibit water contact angles over 150° (Fig. 2a).
Besides pure water, SANIPS membranes also show great
repellence toward various types of aqueous solutions that contain
0.2 mM sodium dodecyl sulfate (SDS), 1% Rose Bengal, 2000 p.p.m.
graphene oxide (GO), or 10% ethanol (Fig. 2b), indicating their
potential for wide applications in the field of wastewater
treatment. Figure 2c and Supplementary Video 1 record the
movement of a water droplet on the tilted NIPS and SANIPS-A
membranes. The water droplet rapidly rolls off from SANIPS-A,
while it remains adhered to the NIPS membrane. In fact, the water
droplet will not come off even when the NIPS membrane is turned
upside down. The self-cleaning properties of different membranes
are assessed by immersing them in a Rose Bengal aqueous
solution of 1 wt%. As shown in Fig. 2d, Supplementary Fig. 1, and
Supplementary Video 2, the water surface is distorted downward
when SANIPS membranes are immersed in water, as a result of the
strong water repellency of the superhydrophobic surface. When
being taken out from the dye solutions, all the SANIPS membranes
remain unstained, contrasting sharply with the control NIPS
membrane.
Figure 2e and Supplementary Fig. 2a compare the surface

morphologies, and topologies of NIPS and SANIPS membranes.
Different from the smooth surface of the NIPS membrane, surfaces
of all SANIPS membranes feature hierarchically structures and high
surface porosities (Table 2). It is widely accepted that a liquid
droplet stays in a Cassie–Baxter state on a superhydrophobic
surface, where the liquid is retained on the liquid–solid–vapor
interface, and wetting is prevented by air pockets trapped
between the solid and liquid phases10,35. The apparent contact
angle θ* is given by the Cassie–Baxter relationship cosθ*=−1+
fs(1+ cosθ), where θ is the equilibrium contact angle and fs is the
wetted area of the solid–liquid interface on a projected area of
unity36,37. The equation highlights the importance of minimizing
the solid fraction at the contacting surface between membrane
and water. Therefore, high surface porosity and roughness are

beneficial to achieve a large water contact angle. In addition, the
significance of multilevel roughness in improving the robustness
of the Cassie–Baxter state has been emphasized by many
scholars36. Consequently, the SANIPS membranes exhibit much
superior water repellence to the smooth NIPS membrane. On the
other hand, Fig. 2e and Supplementary Fig. 2a also show that
different spray materials result in distinct surface morphologies
and topologies. The special role of spraying during the phase
inversion process and the effects of different spray materials on
membrane properties will be elucidated in the following
discussions.

Effects of air spray
As shown in Fig. 2e and Supplementary Fig. 2, the control NIPS
membrane exhibits an asymmetric structure with a relatively
smooth and dense top surface, and a cross section with cellular
structure and figure-like macrovoids, which can be ascribed to
rapid liquid–liquid demixing using a strong nonsolvent (i.e., water)
as the coagulant medium25,38–40. However, even though the
SANIPS-A membrane was also subsequently precipitated in a
water bath after the air spraying, it possesses a highly porous top
surface with a multilevel roughness and a symmetrical macrovoid-
free sponge-like cross section. In general, macrovoids are
undesirable as they are mechanically weak points that may
facilitate pore wetting and lead to membrane failure in the long
run41.
To investigate the effects of air spraying on membrane

formation, we took the picture of the nascent membrane
immediately after it was treated by the compressed air before
being submerged in water and compared it with the newly cast
control membrane. As shown in Fig. 3a, air spraying turns the
original mirror-like surface with specular reflection to a frosted
surface with diffuse reflection, indicating the occurrence of surface
solidification. The nascent membrane samples were also observed
using a polarized light microscope (PLM), which is a common tool
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Fig. 2 Surface hydrophobicity and morphological structures. aWater contact and sliding angles on different membranes. Error bars present
standard deviations. b A picture of air-treated SANIPS membrane (SANIPS-A) with an area of 11.5 cm × 8 cm. The inserted image shows
droplets of (i) 0.2 mM SDS and (ii) 2000 p.p.m. GO aqueous solution, (iii) Rose Bengal dyed water, and (iv) 1:9 ethanol/water mixture on the
membrane top surface; scale bar: 1 cm. c Pictures of dropping Rose Bengal dyed water droplets on SANIPS-A and nonsolvent induced phase
separation (NIPS) from 0 to 1 s. Membranes were tilted at an angle of 10°; scale bar: 1 cm. d Self-cleaning test of NIPS and SANIPS-A by
immersing the membranes in a Rose Bengal dye solution. Dye concentration in c and d is 1 wt%. e FESEM images of top surfaces of NIPS and
SANIPS membranes; scale bar: 50 μm. Inserted FESEM images are enlarged pictures of membrane top surfaces; scale bar: 5 μm.
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to monitor phase inversion during the formation of polymeric
membranes27,42. As shown in Fig. 3b, the control membrane
remains transparent in air, while the air-treated one shows
microscale fine corrugations on the membrane surface, reaffirm-
ing that phase inversion occurs during the air spraying process.
The rapid phase inversion of SANIPS-A may be attributed to the

combined effects of several factors. First, the compressed air flow
causes convective cooling and reduces the surface temperature of
the thin film. In the meantime, moisture condensation is
accelerated due to the rapid cooling, resulting in a fast phase
inversion at the membrane surface. To verify our speculation,
mass changes of NIPS and SANIPS-A nascent membranes in air
have been closely monitored, and Fig. 3c shows the normalized
results as a function of time. Mass of the control NIPS membrane
increases at a relatively constant rate of ~0.0042% per second in
the first 120 s due to the continuous absorption of moisture in air.
Mass of SANIPS-A, by contrast, increases drastically by 0.67%
immediately after the air spraying, which evidences that moisture
condensation is significantly accelerated. Interestingly, after the air
spraying is terminated, the mass increasing rate of SANIPS-A
quickly drops to 0.003% per second, even lower than that of NIPS.
This can be ascribed to the partial solidification of the top surface
that impedes the subsequent solvent evaporation and moisture
diffusion.
On the other hand, the effect of air spraying is more than simply

accelerating the phase inversion process. To elucidate this point,
we compared the SANIPS-A with membranes prepared via VIPS
(Supplementary Table 2). Supplementary Fig. 3 shows that
hierarchical structures and superhydrophobicity cannot be
achieved even with a prolonged exposure duration of 30 min.
Therefore, we conclude that the spraying process contributes
more than simply expediting the phase inversion. The turbulent
compressed air stream also causes local distortion of membrane
surface, which plays a critical role in the formation of hierarchical
roughness.
After air spraying, the nascent membrane is transferred to a

water coagulant bath to complete the phase inversion. Different
from the NIPS method where solvent and nonsolvent exchange
rapidly at the membrane–water interface, the water in-flow and
the N-methyl-2-pyrrolidone (NMP) out-flow in the nascent SANIPS-
A membrane is greatly hindered by the newly formed top skin.
Thus, a delayed demixing occurs that allows polymer crystals to
grow and form a macrovoid-free cross section structure full of
spherulitic globules. The mechanism of the SANIPS process has
been illustrated in Fig. 1b.

Effects of different spraying materials
After understanding the specific roles of air spraying in the phase
inversion progress, we studied the effects of different spray
materials on membrane formation. Ethanol and water were
selected because of their low costs and low toxicity. In addition,
they have different physicochemical properties as tabulated in
Supplementary Table 3 (ref. 25). Figure 2e shows the surface
morphological images of the membrane treated by ethanol
spraying (SANIPS-E), which has a uniform open structure and
multilevel coralloidal morphology. By contrast, the water-treated
membrane (SANIPS-W) reveals distinct volcano structures on its

relatively less porous top surface. Topological images (Supple-
mentary Fig. 2a) and roughness data (Fig. 4a) disclose an
interesting phenomenon. With a large scan size of 60 μm×
60 μm, the roughness increases in the order of SANIPS-A < SANIPS-
E < SANIPS-W, while this trend reverses on a smaller scan area of
10 μm× 10 μm. The former trend can be attributed to the
formation of different microscale structures. As shown in Fig. 2e,
the microscale structure of SANIPS-A is constituted by clusters of
nanoscale polymer crystals. However, for SANIPS-E and SANIPS-W,
the bombardment of liquid droplets causes the formation of large
ridges separated by wide valleys (Fig. 2e, Supplementary Fig. 2a),
resulting in their higher roughnesses. At a smaller scan size, the
instrument focuses on the nano-level structures and the valleys of
SANIPS-E and SANIPS-W. The transition from the expanded
spherulitic crystal structure to a flatter network structure
corresponds to the decrease in roughness in the order of
SANIPS-A > SANIPS-E > SANIPS-W.
As compared to air spraying, the introduction of liquid

nonsolvents as the spraying materials cause more rapid
solvent–nonsolvent exchange, thus inducing faster phase inver-
sion at dope-liquid contacting spots43. The size of liquid droplets
depends largely on the intermolecular attraction. Ethanol, which
has a weak intermolecular force as indicated by its low surface
tension of 21.97 mNm−1 at 25 °C (ref. 44), can form a finer mist
than water45. As shown in Fig. 3b, a relatively uniform phase
separation is achieved on the membrane surface after ethanol
spraying. Nevertheless, several dark spots can be observed
possibly due to the collision of ethanol droplets and the resulted
nuclei agglomeration of phase-inversed polymer chains, which
later grows into microscale humps (Supplementary Fig. 2a). On the
other hand, the PLM image of SANIPS-E shows opaquer than
SANIPS-A (Fig. 3b), implying a more rapid phase inversion after
ethanol spraying. This is because the evaporation of ethanol leads
to a lower temperature at the membrane surface and facilitates
the top skin formation, leaving a shorter time for the polymer
crystals to grow. Therefore, SANIPS-E exhibits a less rough
coralloidal structure on the nanoscale as compared to SANIPS-A
as shown in Fig. 2e.
Water, however, possesses a high surface tension of 71.99 mN

m−1 at 25 °C due to the strong hydrogen bonding44. As a result,
the water mist contains larger droplets than those in the ethanol
mist. In other words, with the same amount of spraying materials,
there are fewer water droplets than ethanol droplets. A
comparison of PLM images between SANIPS-E and SANIPS-W
(Fig. 3b) confirms our hypothesis because the phase inversion
spots in SANIPS-W are much less than SANIPS-E. Moreover, the
difference in solubility parameter between water and PVDF is
much greater than that between ethanol and PVDF (i.e., 24.6 vs.
3.3 MPa1/2)25,27, which makes water a far stronger nonsolvent than
ethanol toward PVDF. Thus, when water droplets hit the nascent
membrane, a drastic phase separation occurs immediately at the
contact points, creating volcano structures as exhibited in Fig. 2e
and Supplementary Fig. 2b. When the membrane is submerged in
a water bath, liquid–liquid demixing takes place at the interface
between water and the unsolidified polymer solution. As a result, a
morphology consisting of volcanos and a relatively less porous
skin is formed. Interestingly, among SANIPS-A, SANIPS-E, and

Table 2. A summary of surface porosity, and surface pore sizes of NIPS and SANIPS membranes.

Surface properties NIPS SANIPS-A SANIPS-E SANIPS-W

Surface porosity (%) 5.6 ± 0.2 54.4 ± 0.1 47.6 ± 0.2 34.5 ± 0.1

Mean pore size (nm) 4.4 ± 0.1 227.3 ± 45.7 221.0 ± 22.5 168.4 ± 13.4

Min pore size (nm) 2.0 ± 0.0 30.3 ± 7.7 25.4 ± 5.2 21.3 ± 3.4

Max pore size (nm) 31.2 ± 0.7 6290.4 ± 206.8 4069.3 ± 126.5 1156.4 ± 58.7
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SANIPS-W, the SANIPS-W membrane has the thinnest wall
thickness (Fig. 4b). This arises from the fact that it has the least
porous top skin (Fig. 2e), which exerts the highest resistance for
water intrusion during the liquid–liquid demixing.
Consistent with the trend in the morphology, the SANIPS-W

membrane has the highest tensile stress and Young’s modulus
among these three SANIPS membranes (Fig. 4c) due to its smallest
surface porosity and pore size (Table 2), and highly interconnected
cross-sectional structures (Supplementary Fig. 2b). Although
SANIPS-A and SANIPS-E exhibit almost similar porosity, wall
thickness and cross-sectional structures, the latter has higher
tensile stress and Young’s modulus than the former mainly due to
the smaller surface porosity and pore size. Despite that MD
operates at a mild pressure, membranes with greater mechanical
integrities are still highly desirable because in the large-scale
application a hydraulic pressure must be applied to counter-
balance the pressure drop, which can be high when a high flow
rate, or a long and congested module is used.
Figure 4d compares liquid entry pressure (LEP) of different

membranes. Generally, LEP is the applied hydraulic pressure at
which water can penetrate through the membrane. It is an
important indicator of anti-wetting property for a membrane.
Thanks to the remarkable water repellences, all the SANIPS
membranes exhibit LEP values >2 bar. SANIPS-E even achieves a
remarkable LEP of 3.58 bar, outperforming most existing DCMD
membranes18,46–48. SANIPS-E has the highest LEP value because it
has (1) the highest water contact angle (Fig. 2a), (2) smaller surface
porosity and pore size than SANIPS-A (Table 2), and (3) unique

reentrant surface structures and spherulitic cross-sectional struc-
ture that are essential for robust hydrophobicity32,35,36. The LEP
measurement proves the superior anti-wetting abilities of SANIPS
membranes.

DCMD tests
The wetting resistance and self-cleaning abilities of NIPS and
SANIPS membranes have been further tested by treating a feed
solution containing 2000 p.p.m. Rose Bengal and 10% sodium
chloride (NaCl) via DCMD. As shown in Fig. 5a, NIPS experiences a
gradual decrease in flux after 1 h, while all the SANIPS membranes
maintain stable fluxes throughout the 5 h tests. Interestingly,
despite the significant flux reduction, the rejection of NIPS is still
>99.9% throughout the test. That implies the flux decline is mainly
ascribed to surface wetting, and pore blockage by dye molecules
and salt crystals. Thus, the rejection data are not displayed due to
their negligible changes throughout the tests. Inserted images in
Fig. 5a compare different membranes after DCMD tests. Red stains
from Rose Bengal are clearly observed on NIPS, indicating a severe
dye adsorption. On the contrary, all the SANIPS membranes
remain clean due to their excellent self-cleaning abilities.
Supplementary Fig. 4a compare the surface morphology between
NIPS and SANIPS-W after DCMD tests, which verifies the superior
self-cleaning ability of the SANIPS membrane to the traditional
NIPS membrane.
DCMD tests show that SANIPS-E and SANIPS-W have slightly

higher vapor fluxes than SANIPS-A. To further increase the fluxes,
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the PVDF concentration in the dope solutions was reduced by 3%
to prepare SANIPS-LE and SANIPS-LW. As shown in Supplementary
Fig. 4, both membranes exhibit multilevel roughness and
remarkable superhydrophobicity. Their fluxes and wetting resis-
tances were then tested in long-term DCMD processes to treat a

feed solution containing 2000 p.p.m. Rose Bengal and 10% NaCl at
60 °C (Fig. 5b). The lower polymer concentration results in
remarkable average fluxes of 26.5 and 36.0 kg m−2 h−1 for
SANIPS-LE and SANIPS-LW, respectively. The flux of the latter is
higher due to the thinner membrane thickness (Supplementary
Fig. 4f). In addition, both membranes show stable performances
and salt rejections over 99.9% throughout the entire 100 h tests,
demonstrating their great potential in treating high-salinity dye
wastewater. Consistent with the aforementioned LEP values,
SANIPS-LE exhibits less flux fluctuations than SANIPS-LW.

Other commercial semicrystalline polymers
To explore the potential of using this SANIPS method for
fabricating highly porous membranes with superhydrophobicity
and multilevel roughness, PVDF-HFP and PAN membranes were
prepared via NIPS and SANIPS methods (Supplementary Table 4).
Compressed air and water, instead of ethanol, were employed as
spraying materials to minimize the use of organic solvents. As
shown in Fig. 6a, b, the SANIPS method significantly increases the
surface roughness and porosity, and greatly suppresses the
formation of macrovoids for both PVDF-HFP and PAN membranes.
As a result, SANIPS PVDF-HFP membranes exhibit near super-
hydrophibicity and self-cleaning ability, as indicated by their large
contact angles and small sliding angles (Fig. 6c). Surprisingly, the
spraying treatment pulls down the contact angles of PAN
membranes to a near superhydrophilic level (Fig. 6d). This is
ascribed to the hydrophilic nature of PAN that favors a complete
wet state (Wenzel state). As predicted by Wenzel’s correlation:
cosθ*= rcosθ, where r is the roughness (i.e., the ratio of the total
solid surface area to the projected area), the apparent contact
angle decreases with the increase of roughness for a hydrophilic
surface36. Similar to the enhancement in hydrophobicity, improv-
ing membrane hydrophilicity is also highly desirable in several
membrane applications, such as ultrafiltration and microfiltration
because a high hydrophilicity not only promotes water absorption
and transfer, but also improves fouling resistance to organic
contaminants49,50. Future research should aim to fine-tune the
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fabrication parameters to develop membranes with superhydro-
phobicity and superhydrophilicity for various applications.

DISCUSSIONS
This work introduces a SANIPS method to develop superhydro-
phobic and self-cleaning PVDF membranes, with high porosities
and tunable multilevel roughnesses. We believe that the spraying
step not only induces a rapid partial surface solidification but also
causes local distortion of the membrane surface, and thus
generates the first level roughness. Subsequently, when the
nascent membrane is transferred into water coagulant, the newly
formed skin will impede the solvent–nonsolvent exchange, and
result in delayed demixing and the growth of second level
roughness. In addition, membrane morphological structures can
be tuned by applying different spraying materials. Materials with
low surface tensions and solubility parameters, such as air and
ethanol result in hierarchical spherulitic or coralloidal structures.
On the opposite, water, a strong nonsolvent with a high surface
tension, facilitates the formation of volcano-like humps on an
open network structure.
Without any further surface modification, the SANIPS PVDF

membranes exhibit superior repellence toward various types of
aqueous solutions and show remarkable flux (36.0 kg m−2 h−1),

salt rejection (>99.9%), and long-term stability in treating feed
solutions containing 10 wt% NaCl and 2000 p.p.m. Rose Bengal at
60 °C via DCMD. Moreover, we have demonstrated that the
SANIPS method can be readily generalized to other semicrytalline
polymers to significantly amplify their inherent hydrophobicity or
hydrophilicity via increasing the surface roughness and porosity.
The SANIPS method provides a posttreatment-free and cost-

effective way of designing porous membranes with superwett-
ability. Additional degrees of freedom are introduced to the
membrane fabrication as compared to the conventional NIPS and
VIPS methods. In the SANIPS method, the phase inversion rate can
be modulated by applying spraying materials with various
physicochemical properties. Unlike in NIPS or VIPS where the
nonsolvent takes either liquid or vapor form22–24, spraying
materials in SANIPS can be in the form of gas, liquid mixture, or
even solid suspension. Moreover, the physical impact of the
compressed flow causes local distortion of the membrane
structure and introduces an extra level of roughness.
On the other hand, the study of the SANIPS method is still at an

infant stage. Further studies should be conducted to investigate
the effects of spraying parameters, such as the nozzle type and
droplet size. Theoretical and experimental correlations connecting
the spraying parameters and physicochemical interactions
between the spraying materials and the dope systems to the
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membrane structure and other properties should be established.
With more future research, we are expecting extensive imple-
mentations of this method in both academia and industry to
develop powerful membranes with super wetting properties for a
wide range of applications.

MATERIALS AND METHODS
Materials
Commercial PVDF homopolymer (Kynar® HSV 900) and PVDF-HFP
copolymer (Kynar Flex® 2801) were kindly provided by Arkema Inc. PAN
(Mw= 200,000 gmol−1) was acquired from Dolan GmbH. NMP (>99.5%),
ethylene glycol (EG, > 99.5%), and NaCl (99.5%) were purchased from
Merck. Ethanol (>99.98%) was ordered from VWR. Rose Bengal, methylene
blue, and methyl orange were all acquired from Sigma Aldrich. GO solution
(5mgmL−1) was purchased from Angstron Materials Inc. SDS was ordered
from Thermofischer Scientific. All the above chemicals were used as
received. Deionized (DI) water used in this work was produced by an Elga
Option R7 unit.

Membrane preparation
PVDF (HSV900), NMP (solvent), and EG (nonsolvent) were added into a
round-bottom flask and agitated at 60 °C overnight to obtain a
transparent polymer blend. EG serves as a pore former to increase the
membrane porosity, and it also acts as a nonsolvent that disturbs the
equilibrium of the dope system and triggers the polymer precipitation43.
Polymer solutions were then settled at 60 °C for 12 h to get rid of air
bubbles. Flat sheet polymer membranes were prepared as illustrated in
Fig. 1a. Firstly, the polymer solution was cast on a glass plate by a casting
knife with a height of 200 μm. Subsequently, compressed air or a
designated solution (~1 mL) was sprayed on the nascent membrane
using an airbrush with a nozzle size of 0.3 mm for 30 s. The spraying
duration of 30 s was selected based on the discussions in the Supporting
Information. The air gun was moved over the glass plate at a constant
speed of 5 cm s−1 to ensure a uniform spraying. If a liquid phase
spraying material was applied, the membrane was sprayed by
compressed air for another 5 s to facilitate the evaporation of the liquid
solution. The airbrush was connected to a mini air compressor (HSENG
AF18-2), which provided an average working pressure of 2 bar and an air
flow rate of 20–23 L min−1. The temperature and relative humidity of the
ambient environment were 25 °C and 60%, respectively. The dope
solution was maintained at 60 °C before the membrane fabrication. Next,
the membrane was immersed and kept in DI water for 20 h to complete
the phase inversion and then dried in a freeze dryer (S61-Modulyo-D,
Thermo Electron Corp.) for future usage. These membranes are referred
to as SANIPS PVDF membranes. Control membranes were prepared via
the NIPS method, where the newly cast membrane was directly
immersed in the coagulation bath of DI water for phase inversion. Dope
compositions and fabrication conditions of SANIPS and NIPS membranes
were summarized in Supplementary Table 1.

Characterizations
Surface morphology. Membrane morphology was observed by a field
emission scanning electron microscope (FESEM JEOL JSM-7610F). To
observe the cross-sectional structure, the sample was prepared by
fracturing the membrane in liquid nitrogen. To monitor the degree of
phase inversion in air, images of nascent membranes in air were taken
before they were transferred to the water bath. Moreover, high-contrast
microscopic images of nascent membrane surfaces in air were obtained by
a PLM (Olympus SZX16 Stereomicroscope). The SANIPS membrane
samples were firstly prepared by leveling a dope solution of 2 g on a
glass slide (4.63 ± 0.01 g, 25mm× 75mm) using a blade, then air, ethanol,
or water were sprayed on top of the sample surfaces for 2 s. PLM images
were processed by ImageJ software (NIH) to remove the background and
to further enhance the contrast.

Normalized mass change. The masses of small NIPS and SANIPS-A
samples were monitored for 120 s by an accurate balance (A&D, GR-200).
A total of 2 g of dope solution was levelled on a glass slide (4.63 ± 0.01 g,
25mm× 75mm) using a blade. Due to the viscous nature of the polymer
solution, a small amount of it might adhere to the blade. Therefore, instead
of taking 6.63 as the initial mass value, we recorded the actual total mass of

the dope film and the glass as the initial mass value. The initial value of
SANIPS-A was taken before the air spraying. During the 2 s of air spraying,
no mass value was taken because the pressure of the compressed air may
affect the balance reading. The second mass value was taken immediately
after the spraying treatment. Subsequently, the mass of the sample was
continuously recorded. Mass changes of different samples were normal-
ized by the actual initial net mass of the polymer solution as described in
Eq. (1):

Δm% ¼ mt �mi

mi �mg

� �
´ 100%; (1)

where mi (kg) and mt (kg) were the sample masses at time zero and time t,
respectively. mg (kg) was the mass of the glass slide.

Surface topology and roughness. Surface topology was analyzed by
Nanoscope III atomic force microscopy (Digital Instruments Inc.) with a
tapping mode (Acoustic AC). To capture the roughness on both nanoscale
and microscale, each sample was scanned with two scan sizes, namely,
10 μm× 10 μm and 60 μm× 60 μm. Since the obtained mean roughness
(Ra) and root mean square roughness (Rq) have the same trends, only Ra
was reported to avoid redundancy.

Membrane porosity. Membrane porosity was calculated based on the
following equation:

ε ¼ 1� mp

ρpAσ

 !
´ 100; (2)

where mp (kg) was the mass of the polymer. Since the mass of air was
negligible, mp could be approximated by the mass of the dry membrane.
A (m2) and σ (m) were the effective area and the average thickness of the
membrane. The membrane thickness was measured by examining its
cross section using FESEM images. ρp was the density of the PVDF
polymer.
The surface porosity and pore size were obtained by analyzing FESEM

images of the membrane surfaces via ImageJ software (NIH). The results
were summarized in Table 2.

Mechanical properties. Mechanical properties of membranes were ana-
lyzed by an Instron tensiometer (Model 3342, Instron Corp.). The starting
gauge length, membrane width and elongation rate were set as 50mm,
5mm, and 10mmmin−1, respectively. Five samples were tested for each
condition and the average was obtained.

Contact and sliding angles. The dynamic water contact angles and
sliding angles were measured with an optical contact angle measuring
system (OCA25, Dataphysics) equipped with a tilting base unit. A DI
water droplet with a volume of 6 μL was deposited on the membrane
surface at a dispense rate of 2 μL s−1. Contact angle was determined by
the static sessile drop method. To measure the sliding angle, the
platform was tilted at a rate of 1 degree per second. The titling angle at
which the water droplet started to roll off was recorded as the sliding
angle. All the measurements were conducted at room temperature
(~25 °C) with a relative humidity of 60%. Five samples were tested for
each condition.

Liquid entry pressure. LEP values of membranes were also measured using
a home-made setup as shown in Supplementary Fig. 5. In an LEP test, a
membrane size of 3 cm × 3 cm was mounted between two chambers that
were then clamped tightly together. The top chamber was filled with a
NaCl solution of 10%, while the bottom one was empty. Before the test, the
top chamber was connected to compressed nitrogen, and then the entire
testing unit was submerged in a DI water bath. During the test, the
pressure in the top chamber was regularly increased at a rate of 0.25 bar
per 10min by a control valve, and the conductivity of the water bath was
closely monitored. Once a constant increase in conductivity was observed,
the pressure was recorded as the LEP. Three tests were conducted for each
membrane.

DCMD tests
DCMD tests were performed on a lab scale setup as shown in
Supplementary Fig. 6. A membrane with an effective area of 2 cm2

was assembled into a plastic module holder. During the test, a feed
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solution containing 10 wt% NaCl and 2000 p.p.m. Rose Bengal was
contacting the superhydrophobic top surface of the membrane, and it
was circulated at a flow rate of 0.15 L min−1. Cold DI water was circulated
at 0.1 L min−1 on the other side to condense water vapor. The
temperatures of feed and distillate were maintained at 60 ± 1.5 °C and
15 ± 1.8 °C, respectively. The system was allowed to stabilize for 1 h
before the weight and conductivity of the distillate were continuously
monitored. The flux (Nw) and rejection (β) of the membrane were
calculated using Eqs. (3) and (4), respectively.

Nw ¼ ΔW
At

(3)

β ¼ 1� Cp
Cf

� �
´ 100%; (4)

where ΔW (kg) was the mass change of the distillate over a time duration t
(s). Cp and Cf (mol L−1) were NaCl concentrations in the distillate and feed
streams, respectively. Cp was calculated based on Eq. (5) by considering the
dilution effect:

Cp ¼ C1m1 � C0m0

m1 �m0
; (5)

where m0 and m1 were the initial and final masses of the distillate bath,
respectively. C0 and C1 were the initial and final salt concentrations of the
distillate stream, respectively, which could be calculated based on the
conductivity.
Pictures of membrane surfaces were taken after the DCMD tests. If the

membrane was partially wet, dye molecules would penetrate mem-
brane pores and change the color of the membrane surface, which
provided a qualitative way of observing the degree of surface wetting.
However, for the NIPS membrane, the observation could be affected by
the thin film of dye wastewater adhered to the membrane surface.
Therefore, to supress the interference of the attached dye wastewater,
the membrane was quickly rinsed in DI water for 1 s before the picture
was taken. The same procedure was applied to all the membranes to
keep consistent.
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