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ABSTRACT: Nanoporous materials derived from block copolymers (BCPs), with rich
morphological diversity and designable functionality, have attracted extensive interest in
membrane separation, drug delivery, and catalysis. However, it is still challenging to realize
the cavitation of dense BCPs through a fast and cost-effective strategy. Here, we report
microwave-boosted selective swelling (MBSS), an ultrafast and universal cavitation
approach, to introduce prominent porosities into BCPs within 30 s. When applying the
microwave heating on swelling solvents, the dipole rotation of polar molecules leads to a drastic collision to give a quick temperature
increase. Besides, the furious rotation enables a fast diffusion of swelling solvents into BCPs and accelerates the selective swelling of
BCPs, achieving a pronounced volume expansion to give nanoporosities in seconds. This microwave-enabled strategy is greatly
universal, capable of cavitating not only polystyrene-based BCPs but also highly rigid polysulfone-based BCPs. Interestingly,
performing MBSS on BCP-coated macroporous supports realizes the ultrafast pore formation, producing composite membranes
exhibiting excellent ultrafiltration performances. This microwave-based approach allows extremely facile preparation of BCP-based
nanoporous materials, which is essential for their mass production and real-world applications.

■ INTRODUCTION
Porous architectures derived from polymers, possessing
attractive advantages including rich pore geometries, tunable
pore sizes, and facile functionalization, have aroused
tremendous attention over past decades.1,2 Particularly, porous
polymers offer various kinds of ordered structures and
customizable properties, which recommend them to be highly
promising candidates for engineering advanced separation
membranes.3 Block copolymers (BCPs) have been demon-
strated to be important precursors to porous materials with
well-defined, sub-100 nm structures.4,5 The pore formation in
BCPs is mainly realized by the following methods, that is,
selective removal of labile components in BCPs,6 nonsolvent
induced phase separation,7 and selective swelling.8 Among
these pore-making strategies, the newly emerged selective
swelling-induced pore formation is distinguished because it
provides extremely convenient and nondestructive access to
reversible nanopores with a variety of pore geometries.
Selective swelling requires only soaking BCPs into a swelling
agent at elevated temperatures for a period of typically several
hours and drying after removing the BCPs from the swelling
agent. By this method, uniform pores with ordered
morphologies are created throughout the entire volume of
the BCPs no matter they are in the form of nanoscopic fibers,9

thin films,10 and bulk materials including thick films and
monoliths.11 In addition, the control over swelling conditions
(e.g., solvent types, temperatures, and durations) is capable of
tailoring the swelling degree to give designed pore sizes and
porosities.5 Recently, we demonstrated that thus-created pores
can be closed, reversing the porous polystyrene-block-poly(2-
vinyl pyridine) (PS-b-P2VP, S2VP) film to its initial non-

porous state once exposing the swelling-treated film into a
solvent selective to PS (e.g., cyclohexane and n-pentane).12 As
a universal pore-making strategy, the selective swelling is able
to create pores in various BCPs including polystyrene-block-
poly(ethylene oxide) (PS-b-PEO, SEO),10 polystyrene-block-
poly(2-dimethylaminoethyl methacrylate) (PS-b-PDMAEMA,
SDAM),13 and even non-PS-based BCPs, for instance,
polysulfone-block-poly(ethylene glycol) (PSF-b-PEG,
SFEG)14 and fluorinated polynorbornene.15

In the selective swelling of BCPs, the swelling degree,
corresponding to pore sizes and porosities, can be conveniently
controlled by swelling temperatures and durations. Of note,
the swelling temperature plays a dominating role in
determining the swelling degree.16 Thermal heating to elevate
the temperature of the swelling system facilitates the
interaction between the solvent molecules and polymer chains
and promotes the segmental mobility of both blocks;10

therefore, an increase in the swelling temperature not only
accelerates swelling speed but also enhances the swelling
degree. To obtain adequate porosities in BCPs, selective
swelling is operated at relatively high temperatures, typically in
the range of 50−75 °C, and this is a process of thermal
swelling. However, the sluggish heat conduction accompanied
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by the temperature gradient in the process of the conventional
thermal heating slows down the progress of selective swelling.
Additionally, the relatively slow thermal motion of solvent
molecules during the thermal heating may not only retard the
diffusion of the swelling agent into the dense BCPs but also
weaken the interaction between the solvent and blocks. As a
consequence, the selective swelling driven by the conventional
thermal heating typically requires ∼1−15 h to achieve
adequate porosities in BCPs. Such swelling durations are not
long compared to several tens of hours or even days required
by selective removal. However, considering that polymers can
be processed into films or fibers within seconds the swelling-
based pore-making step is still too slow to enable the
continuous processing of porous polymer materials, for
example, separation membranes.17 Therefore, from the stand-
ing point of large-scale manufacturing and real-world
applications, it is highly desired for more faster and efficient
strategies to enable the selective swelling of BCPs, thus making
possible the continuous production of nanoporous BCPs.
Microwave heating is a qualitatively unusual heating

technique compared to the traditional thermal heating, and it
has been known to be a simpler, much faster, and more cost-
effective heating process.18−20 When subjected to the electric
field, microwave-responsive molecules start to rotate with an
ultrafast speed, and the violent collision between neighbor
molecules leads to a rapid increase in the temperature.
Microwave heating has been extensively used in our daily life
and in scientific research. Particularly, microwave heating has
already been used to anneal BCP thin films by taking its strong
capability of fast heating. Buriak et al. developed a microwave-
assisted annealing process to accomplish the fast alignment of
BCP structures.21,22 Morris and co-workers also reported the
microwave-assisted solvothermal self-assembling of BCPs, and
the required time for the production of ordered structures was
shortened from hours to minutes.23,24 Generally, the micro-
wave-responsive media, for instance, silicon wafers with high
resistivities and polar solvents, are required in these works as
the heating element to directly generate extensive heat,
providing adequate energy for the migration of polymer chains
to achieve the structural rearrangement in seconds. Consider-
ing that selective swelling is typically performed in polar
solvents and there are rich polar moieties in BCPs, we expect
that microwave heating may work as a highly efficient strategy
to enable the selective swelling-induced pore generation of
BCPs, realizing the fast production of nanoporous BCP
materials.
Herein, we present a fast, convenient, and cost-effective

strategy, namely, microwave-boosted selective swelling
(MBSS), for the preparation of BCP-based nanoporous
materials. The drastic rotation of solvent molecules under
the electric field realizes a rapid increase in the temperature
and greatly enhances the interaction between swelling agents
and polymer chains, thus expediting the swelling process with
an exceptionally shortened duration down to 20 s. The
introduced porosity in BCPs can be easily tuned by changing
microwave powers and durations. This microwave-enabled
strategy is generally applicable to generate nanopores in a
variety of BCPs, and the fast pore making is not limited to BCP
thin films, and it is also suitable to bulk BCP materials, for
example, thick sheets and monoliths. Taking advantages of this
MBSS, we prepared ultrafiltration membranes with excellent
permselectivities by microwave swelling BCP coatings on
macroporous substrates.

■ EXPERIMENTAL SECTION
Materials. Four BCPs including polystyrene- and polysulfone-

based polymers were used as precursors for the selective swelling-
induced pore generation. S2VP [Mn(PS) = 55 kg mol−1, Mn(P2VP) =
18.5 kg mol−1, polydispersity index (PDI) = 1.07] and SEO [Mn(PS)
= 60 kg mol−1, Mn(PEO) = 36 kg mol−1, PDI = 1.07] were purchased
from Polymer Source Inc., Canada. SFEG [Mn(PSF) = 62.5 kg mol−1,
Mn(PEG) = 16.6 kg mol−1, PDI = 2.00] was provided by Nanjing
Bangding. SDAM [Mn(PS) = 66.6 kg mol−1, Mn(PDMAEMA) = 20.8
kg mol−1, PDI = 1.16] was synthesized according to our previous
work.13 Solvents including ethanol (99.7 wt %), acetic acid (AcOH,
99.5 wt %), and chloroform (99 wt %) were obtained from local
suppliers. Silicon wafers as spin-coating substrates were purchased
from Zhejiang Guifeng Electronics Ltd. Poly(vinylidene fluoride)
(PVDF) substrates, as supports for the preparation of ultrafiltration
membranes, with a nominal pore size of ∼0.22 μm were supplied by
Tianjin Jinteng. Bovine serum albumin (BSA, 98 wt %, Mw = 66 kg
mol−1) and phosphate-buffered solution (PBS) tablets were obtained
from Sigma-Aldrich and MP Biomedicals, respectively. Deionized
water (conductivity: 8−20 μs cm−1, Wahaha) was used in all the tests.
All the chemicals were used without further treatment.

Preparation of BCP Films. To gain a clear observation in the
change of BCPs during the MBSS process, BCP solutions were spin-
coated on silicon wafers to obtain thin films. Specifically, the S2VP,
SEO, SFEG, and SDAM powders were separately dissolved in
chloroform to prepare BCP solutions with concentrations of 2, 1, 2,
and 2 wt %, respectively. After vigorous stirring, the homogeneous
solutions with designed volume of 70−100 μL were spin-coated on
silicon wafers at 2000 rpm for 30 s. Thus-prepared films were dried in
a 60 °C oven for at least 3 h to remove the residual solvent. The films
were stored at room temperature before further use.

MBSS of BCP Films. The microwave-enabled selective swelling of
BCP films was performed on a refitted household microwave oven
[G80F23CN2P-B5(R0), Galanz, China]. BCP films were first
immersed into ∼80 mL ethanol prefilled in a polytetrafluoroethylene
vessel. The vessel was then put into the microwave oven, and the
microwave swelling was conducted under desired powers and times.
After microwave heating, the film was immediately taken out from
ethanol, avoiding a further swelling of the film in the hot ethanol. To
give a direct comparison with the microwave swelling, the BCP films
were also subjected to 50 °C ethanol for hours to conduct thermally
selective swelling in the absence of microwave.

MBSS of S2VP Composite Membranes. To showcase the high
efficiency of microwave heating on the pore generation of BCP
membranes and its real-world application, S2VP composite
membranes were prepared and subjected to the both microwave
and thermal selective swelling. Composite membranes were prepared
by following our previous work.25 Briefly, the S2VP powders were
dissolved in chloroform to obtain a 2 wt % homogeneous solution.
The solution (50 μL) was then coated onto the water-prefilled PVDF
substrate followed by treating under 120 °C for ∼20 min.
Subsequently, the prepared composite membranes were immersed
into ethanol followed by the microwave heating at 400 W for various
durations. The composite membranes were also treated in 60 °C
ethanol for different hours to perform the thermal swelling.

Characterizations. Surface and cross-sectional morphologies
were observed using a field-emission scanning electron microscope
(SEM, Hitachi S-4800, Japan). Before SEM observations, samples
were sputter-coated with a thin layer of Pt/Pd to enhance their
conductivities. The pore sizes of BCP films and composite
membranes were statistically analyzed by measuring 100 pores in
the obtained SEM images using the software of Nano Measurer. A
spectroscopic ellipsometer (Complete EASEM-2000U, J.A. Woollam)
with an incidence angle of 70° was applied to investigate the thickness
change of the film during selective swelling. Water contact angles
(WCAs) were measured by a contact angle goniometer (DropMeter
A100, Maist), and the average value was reported by measuring at
least five samples. The ethanol temperature was recorded immediately
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after the microwave treatment by a thermocouple thermometer
(Fluke).
Filtration Tests. The water permeance and rejection tests were

conducted on a dead-end filtration cell (Amicon 8010, Millipore).
Composite membranes were first prepressed under 0.5 bar for 30 min
to achieve a stable permeance and tested under the same trans-
membrane pressure. BSA, dissolved in the PBS aqueous solution at a
concentration of 0.5 g L−1, was employed as the feed solution for
rejection tests. The concentration of BSA solutions in feed and
filtration was measured by a UV−vis absorption spectrometer
(NanoDrop 2000c, Thermo). The pure water permeance and the
rejection rate were calculated by the following equations

J V At P/( )= Δ (1)

where J represents the water permeance (L m−2 h−1 bar−1), and A, t,
and ΔP are effective membrane area (m2), the testing time (h), and
the trans-membrane pressure (bar), respectively.

R C C(1 / ) 100%p f= − × (2)

where R represents the rejection rate (%), Cp and Cf are the BSA
concentration (g L−1) in the permeation and feed solution,
respectively.

■ RESULTS AND DISCUSSION
Figure 1 illustrates the MBSS of S2VP films in ethanol, and a
plastic tube is fed through a small hole into the Teflon vessel to

discharge the evaporated ethanol (Figure 1c). The pore
formation by microwave swelling mainly contains four steps:
rotation of ethanol molecules, uptake of ethanol, swelling of
S2VP, and drying by solvent evaporation. Ethanol molecules
start to rotate drastically under the microwave environment,
and the collision between them gives a rapid increase in the
temperature. Subsequently, the immersion of the S2VP film in
warm ethanol leads to the diffusion of ethanol molecules into
the originally dense film. Because P2VP possesses much
stronger affinity to ethanol than PS, ethanol molecules are
preferentially enriched in the P2VP domains, that is, the uptake
of ethanol occurs. Then, the P2VP domains start to swell and
expand their volumes, resulting in a progressive increase in film
thicknesses. Obviously, the drastic rotation of ethanol
accelerates the diffusion process and enhances the interaction
between P2VP and ethanol, leading to a rapid swelling of
P2VP in a significantly shortened duration. In the following
drying step after removing the S2VP film from the ethanol,
ethanol initially enriched in the swelling S2VP film evaporates.
Consequently, the P2VP chains deswell and collapse while the
spaces previously occupied by the expanding P2VP domains
are maintained as they are fixed by the PS matrix in the glassy

state, thus forming nanopores with pore walls lined with
collapsed P2VP chains.
Starting from exposing the swelling agent under microwave,

we first measured the temperature change of ethanol (polarity
= 4.3) during the MBSS process under 800 W. The
temperature of ethanol is gradually increased from ∼21 to
∼79 °C after microwave heating for 30 s, then it reaches a
plateau corresponding to the boiling point of ethanol (Figure
2a). The drastic increase in the ethanol temperature

demonstrates the outstanding capability of the microwave in
rapidly generating heat.26,27 S2VP thin films coated on silicon
wafers were then subjected to the MBSS process under various
microwave conditions, and the morphological changes on
these films were investigated. Surprisingly, the selective
swelling-induced pore formation under the microwave could
be triggered immediately and finished within 60 s when
applying a low power of 400 W in ethanol. We can observe a
pore-enlarging progress after swelling for only 15 s under the
power ranging from 160 to 800 W, as shown in Figure 2b.
Clearly, many small pores accompanied with some pits are
formed after swelling at 160 W for 15 s (Figure 2b), displaying
a relatively low swelling degree of the film. Rising the applied
power accelerates the cavitation of BCPs and enhances the
swelling degree under the same duration. Here, much larger
pores are formed after swelling for 15 s at 400 and 800 W.
With the swelling duration extended from 15 to 40 s, the S2VP
films achieve higher swelling degrees with enlarged pores
(Figures 2b and S1). In this case, numerous interconnected
pores are generated with increased porosities. To gain more
insights into the MBSS process, the average pore size of S2VP
films microwave-heated at 400 W was then measured with
results shown in Figure 2c. After microwave swelling for 15 s
under this power, discrete pores with an average size of ∼19.5
nm are introduced into S2VP films, and the size is enlarged to
∼23.8 and ∼30.1 nm after microwave heating for 20 and 40 s,

Figure 1. MBSS of S2VP films. (a) Schematic illustration for the
preparation of nanoporous S2VP films; (b) molecular structure of
S2VP; (c) digital image of the microwave oven; (d) digital image of
the BCP film in the Teflon vessel.

Figure 2. Investigation on the surface morphologies and pore sizes of
S2VP films. (a) Temperature change of ethanol during microwave
heating at 800 W; (b) surface morphologies of films after microwave
swelling for 15 and 40 s under different powers, and the scale bar
applies to all images; (c) change in pore sizes after microwave swelling
at 400 W for various times; (d) distribution of pore sizes after
microwave swelling at various powers for 30 s.
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respectively. The prolonged duration under the microwave
heating increases the interaction time between P2VP chains
and ethanol, leading to a pronounced volume expansion of
P2VP domains with the formation of enlarged pore sizes. We
then analyzed the average pore size of the S2VP films swollen
at various microwave powers for 30 s. The pore size is
gradually increased from ∼14 nm through ∼26.2 to ∼30.4 nm
with powers rising from 160 to 800 W (Figure 2d). Besides,
the distribution of pore sizes becomes wider under a higher
power as the interconnected pores are unevenly generated in
this condition. The increase in pore sizes here can be ascribed
to the interaction intensity between P2VP chains and ethanol.
High microwave powers will promote the rotation speed of
ethanol molecules and intensify the interaction in return.
Therefore, much larger pores are obtained under a higher
microwave power. These results suggest that the pore sizes can
be easily controlled by adjusting microwave durations and
powers, implying that we can tailor the pore sizes for particular
applications by tuning microwave conditions. Actually, most
swelling agents reported in our previous works are polar
molecules, which means they are responsive to the microwave
and can be used as the media to enable the MBSS. For
instance, the ultrafast cavitation of S2VP films are realized by
performing the microwave in AcOH (polarity = 6.2), giving a
prominent porosity after swelling at 800 W for 20 s (Figure
S2).
As the selective swelling of BCP films confined on substrates

usually leads to vertical expansion,28 we then measured the
thickness change after microwave heating under different
conditions. As shown in Figure 3a, the pristine nonporous

S2VP film has a thickness of about 93 nm, which is increased
to about 127 nm after swelling at 160 W for only 15 s. Further,
the thickness keeps slightly increasing without giving a
remarkable rise until swelling for 40 s. The thickness change
matches well with the morphologic transition observed under
SEM, which does not show noticeable difference in surface
structures after swelling from 15 to 30 s. After extending the
swelling duration to 40 s, the film displays a significant increase
in thickness to ∼187 nm, which is nearly doubled compared to
the initial thickness before microwave swelling. With powers
enhanced to 400 and 800 W, thicknesses of the films for 15 s
are sharply increased to ∼178 and ∼195 nm, respectively.
Then, the thickness shows a moderate increase with a
prolonged time from 20 to 40 s and finally reaches ∼212
and ∼223 nm, respectively. Hence, the microwave power
mainly determines the swelling degree at a short microwave
time (within 30 s). As higher microwave powers can accelerate
the collision of swelling solvent, it promotes the interaction
degree between polymer chains and solvent molecules,

resulting in an enhanced swelling degree. With adequate
swelling durations, the volume expansion of P2VP domains is
eventually saturated,28 thus the film thickness reaches a
plateau, regardless of the microwave power. According to the
selective swelling mechanism on amphiphilic BCPs, the
swelling in selective solvents facilitates the migration of
hydrophilic chains on the film surface,8,28 improving the
hydrophilicity of films. WCAs of S2VP films were then
measured with results shown in Figure 3b. The pristine S2VP
film has a high WCA of about 87° as the PS chain enriched on
the surface after spin-coating due to its low surface energy.29

After MBSS treatment, the WCAs are gradually decreased and
reach a relatively stable value of ∼55°. The decline in WCAs
can be caused by the enrichment of hydrophilic P2VP chains
onto the film surface because of the strong affinity between
P2VP chains and ethanol during the MBSS process.12

Obviously, the decline tendency of WCAs under varied
powers is opposite with the thickness change. Because the
prolonged microwave swelling duration simultaneously facili-
tates the volume expansion and surface enrichment of P2VP, it
will result in increased thicknesses and improved hydro-
philicities.
To directly give a comparison between microwave and

thermal swelling, we examined the swelling behavior of S2VP
films by the thermally selective swelling in ethanol at a
frequently-used temperature of 50 °C. The film thickness
shows a notable increase of about 30 nm after thermal swelling
for 0.5 h (Figure S3). However, it shows a negligible increase
in thickness with further thermal swelling for even 7 h. The
increase rate of thickness using two swelling strategies is
illustrated in Figure 4a. Clearly, the increase rate produced by

microwave swelling reaches 90.7% after treating for only 15 s,
and it increases to 127.0% after 40 s. In contrast, the increase
rate under thermal swelling remains below 50% within a long
swelling duration of 7 h, revealing the superiority of this
microwave-enabled strategy. The porosity of films was then
calculated based on the thickness change.28 The highest
porosity of S2VP film realized by thermal swelling in hot
ethanol is ∼26%, and the value is approximately half of the
porosity obtained under 400 W for 15 s (Figure S4). High
porosities will accelerate the mass-transfer efficiency of thus-
produced nanoporous BCP materials when they are used as
separation membranes. Importantly, the energy consumed by
the MBSS under 400 W for 15 s is estimated to be 6×103 J,
and it saves ∼99.3% of energy when performing the thermal
heating on the film for 30 min by water bath (9×105 J). Based

Figure 3. Changes in thicknesses (a) and WCAs (b) of S2VP films
after performing MBSS under different conditions. Figure 4. Investigation on the thickness changes of S2VP films under

various swelling treatments. (a) Increase rate of thicknesses after
microwave swelling at 800 W and thermal swelling at 50 °C for
different durations; (b) Influence of substrates on the thickness under
different microwave powers.
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on a similar porosity, it will also spare >99.8% of time by
microwave swelling. The results demonstrate that the selective
swelling of BCPs by microwave heating holds unprecedented
advantages of low energy consumption and extremely high
productivity. As the silicon wafer can also absorb microwave
and generate heats,21 the MBSS process was then performed
on the S2VP film coated on the non-microwave-responsive
glass to evaluate the role of substrates during the microwave
heating. Under a low microwave power of 160 W, there is no
obvious increase in film thicknesses for both substrates within
30 s (Figure 4b). With a swelling duration of 40 s, the
thickness of the S2VP film on glass gives an increase of ∼24
nm from ∼105 to ∼129 nm. The increase is slightly lower than
the value (58 nm) given by the film on silicon wafers. With the
microwave power increased to 800 W, the thicknesses do not
show remarkable change for S2VP films coated on both
substrates after swelling for 5 s. Because there is an initiating
time of about 3 s after switching on the microwave oven, the
system has not absorbed sufficient microwave to initiate the
selective swelling, leading to a negligible increase in thickness
during this time. After swelling for 10 and 20 s, a significant
thickness increase can be observed for films deposited on both
substrates. Interestingly, the difference value (D-value)
between two films subjected to the same swelling duration
remains at ∼34 nm, which is similar with the value (30 nm)
presented at 160 W, 40 s. Here, we should note that the films
on two substrates are subjected to the selective swelling with
different degrees, but the D-value of two conditions is given in
a constant and small value, implying that the silicon wafer as a
heat source plays a weak role in boosting the cavitation of
S2VP films.
Amphiphilic BCPs with various compositions have found

promising applications in a diversity of fields (e.g., membrane
separation, catalysis). We then examined the universality of
MBSS in producing nanoporous materials with different BCPs
(Figure S5). Thin films of SEO, containing hydrophilic and
biocompatible PEO chains,10 were subjected to microwave
swelling in ethanol. A clear morphologic change of SEO films
can be observed after microwave swelling (Figure 5a). Small
pores are scattered over the film surface with a low porosity
after microwave swelling for 10 s, and large pores consisted by
three-dimensionally interconnected cylinders are formed after
60 s. We then investigated the microwave swelling behavior of
SDAM films with their featured tertiary amine groups in

PDMAEMA chains, which have attracted extensive interests
for catalysis.13 Similarly, a rapid pore generation process with
continually enlarged pores can be observed (Figure 5b),
revealing the universality of this microwave-enabled strategy in
rapidly cavitating PS-based BCPs. We then check the
applicability of MBSS to rigid polymers. PSF, as one of the
most commonly utilized engineering plastics, that exhibits a
glass-transition temperature of over 190 °C.30 PSF has been
covalently bonded with hydrophilic PEG to form PSF-based
BCPs (SFEG) for producing robust and fouling-resisting
membranes by selective swelling.14 However, through conven-
tional thermal swelling visible porosities can be hardly created
in SFEG films by PEG-selective solvents (e.g., ethanol, water)
due to the tight restriction of the PSF matrix on the PEG
domains. To address this issue, more aggressive swelling agents
like acetone are necessary to facilitate the selective swelling to
obtain adequate porosities.14 Thus, we thought to apply the
MBSS process to SFEG films by using relatively mild solvents
such as ethanol. As shown in Figure 5c, the microwave also
enables a fast pore generation in SFEG films, demonstrating its
high efficiency in boosting the selective swelling of PSF-based
BCPs. Moreover, under the same swelling condition the SEO
films always possess larger pores compared with the other two
BCP films due to their relatively higher molecular weight of
swellable chains (PEO). We note that under identical MBSS
conditions different BCPs exhibit changing swelling rates
because the blocks have different interactions to the swelling
solvent and possibly also they show different sensitivity to
microwave. Figure 6 shows the thickness increase rates of BCP

films microwave-heated at 800 W for varied durations. With
the microwave time prolonged from 0 to 60 s, the thickness
increase rate of SEO films is gradually increased from 0 to
∼58.5% and the corresponding porosity eventually reaches
∼37% (Figure S6a). Under the microwave swelling, the
thickness and porosity of SDAM films show similar increase
tendencies to that of SEO films (Figure S6b). After microwave
swelling for 40 s, the SDAM film reaches the highest thickness
increase rate of ∼101.4% with the maximum porosity of ∼50%.
When extending the time to 50 s, the thickness of SDAM film
starts to reduce as the micellization accompanied with the
peeling of formed micelles occurs in this condition (Figure 5a).
As for SFEG films, after microwave swelling for 40 s, the
thickness increase rate is greatly increased from 0 to ∼77.2%,

Figure 5. Surface morphologies of different BCP films after
microwave swelling at 800 W for various seconds. (a) SEO; (b)
SDAM; (c) SFEG. The scale bar in (c) applies to all SEM images.

Figure 6. Increase rate of film thicknesses after selective swelling for
different durations. The microwave and thermal swelling is operated
at 800 W and 50 °C, respectively.
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which corresponds to a pronounced porosity of ∼44% (Figure
S6c). The thermal swelling behavior of SFEG films subjected
to hot ethanol was then investigated for comparison (Figure
S6d). The film presents a slight increase rate of thickness
(∼19.1%) after thermal swelling for 25,200 s (7 h), and the
highest porosity achieved here is ∼16%, which is much lower
than that of the SFEG film produced by MBSS at 800 W for 40
s (∼44%). That is, the MBSS not only endows SFEG films
with pronounced porosities in greatly shortened durations but
also avoids the entanglement of aggressive solvents in the
cavitation of rigid BCPs. In general, the rapid pore formation
under the microwave swelling is applicable to different BCPs,
and the microwave also realizes a fast selective swelling of
robust BCP films even in mild solvents.
The required conditions to make pores in BCPs by various

typical methods are summarized in Table S1. As for etching
and dissolving, the pore generation requires alkali or acid
environment and it takes uncertain times ranging from tens of
minutes to 1 month depending on specific BCPs.31−34 As for
thermal swelling, the cavitation is realized by immersing films
into solvents at the temperatures of ∼50−70 °C, and the
duration needed for generating visible pores is shortened to a
few hours.35 Impressively, via MBSS pores can be created
within 40 s for various BCP films at 800 W in ethanol.
Therefore, MBSS is established to be an accessible, fast, and
universal strategy for the preparation of nanoporous materials
using BCPs as the precursors.
In addition to BCP thin films, we demonstrate that MBSS is

also capable of cavitating BCP materials with different
structures and dimensions. Transparent self-standing films
were obtained by machine-casting SEFG solution on a glass
plate followed by drying (Figure 7a left). The SFEG film

becomes opaque with a milky white color after microwave
swelling at 800 W for 2 min (Figure 7a right). Thus-prepared
porous film has a thickness of ∼27 μm (Figure 7b), and the
pores are uniformly distributed through the entire thickness of
the film (Figures 7c and S7). Importantly, this casting method
coupled with the microwave swelling allows the facile
manufacturing of nanoporous membranes with large sizes
(Figure S8). The microwave swelling also realizes a rapid pore
generation of thick SFEG fibers produced by melt extrusion.
After microwave heating, the color of SFEG fiber changes from
gray to white (Figure 7d), and a prominent porosity is
introduced into the fiber having a diameter of ∼1.2 mm
(Figure 7e,f). Therefore, by integrating the aforementioned
scalable fabrication methods with rapid MBSS pore generation,

it is highly possible to continuously produce nanoporous BCP
materials.17

The nanopores produced by the cavitation of BCPs are
interconnected and can serve as sieving channels for
membrane separations.9,28,36 Here, we prepared composite
membranes by coating S2VP solutions on macroporous
substrates followed by MBSS to cavitate the coated BCP
layers. The morphological characterization reveals that
numerous of circular and isolated pores are formed on the
surface after microwave swelling for 15 s at 400 W (Figure
S9a). Extending the microwave duration leads to bicontinuous
pores with enlarged pore sizes (Figures 8a and S9b,c). The

cross-sectional morphology shows that the porous S2VP layer
has a thickness of ∼2.1 μm (Figure 8b). From top to bottom,
the average pore sizes are only slightly changed in the range of
∼27.8−30.5 nm, indicating that the pores are uniformly
developed through the entire thickness of the S2VP layer
(Figures 8c and S10). Notably, the surface morphology of the
composite membrane displays a less porous morphology
compared to that of thin films coated on silicon wafers
under the same swelling condition (Figure 2b). This
attenuated cavitation on the surface is possibly originated
from the heat treatment at 120 °C during preparing composite
membranes. The treatment under a high temperature causes
the migration of PS chains onto membrane surfaces,9 thus
weakening the swelling degree due to the reduction of
swellable P2VP chains. The increased thickness may restrict
the swelling of S2VP layers as well. The permselectivity of the
composite membrane was then evaluated with results given in
Figure 8d. The composite membrane shows no water
permeance before swelling, and it achieves a water permeance
of ∼362 L m−2 h−1 bar−1 after microwave swelling at 400 W for
15 s. The permeance is gradually improved to ∼1009 L m−2

h−1 bar−1 with the microwave time extended to 40 s, matching
well with the morphological transition during the microwave
swelling. Subsequently, proteins of BSA (67 kDa) were applied
to assess the separation performance of the membranes. The
membrane exhibits a moderate rejection of ∼62.4% after
microwave swelling for 15 s and the rejection is decreased to

Figure 7. MBSS of self-standing SFEG materials under 800 W for 2
min. Digital images (a) and cross-sectional morphologies (b,c) of the
flat sheets prepared by machine casting; digital images (d) and cross-
sectional morphologies (e,f) of the fibers prepared by melt extrusion.

Figure 8. Morphologies and separation performances of the S2VP
composite membranes. Surface (a), cross-sectional (b), and magnified
cross-sectional (c) morphologies of the composite membranes
prepared by microwave swelling at 400 W for 40 s; (d) separation
performances of the composite membranes prepared by microwave
swelling at 400 W for different durations; (e) performances of
composite membranes prepared by thermal swelling and microwave
swelling.
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∼5.5% with the microwave time prolonged to 40 s. These
changes in the permselectivity of S2VP composite membranes
indicate the microwave is flexible in tailoring the membrane
performance in a relatively wide range for specified
separations.37,38 To showcase a direct comparison, we also
tested the performance of composite membranes subjected to
the thermal swelling in 60 °C ethanol for various hours. The
water permeance and rejection to BSA show trends similar to
membranes prepared by MBSS (Figure 8e). It is worth noting
that the membrane after thermal swelling for 10 h has a similar
performance to that of the membrane subjected to MBSS at
400 W microwave for only 15 s, implying their similar pore
structures generated by these two methods as well as the high
efficiency in producing ultrafiltration membranes by MBSS.

■ CONCLUSIONS

In summary, we develop a MBSS to rapidly introduce
nanopores into amphiphilic BCPs within 30 s. The microwave
heating on swelling agents facilitates the interaction between
polymer chains and solvent molecules, leading to an extremely
fast volume expansion of the dispersion phase. The swelling
degree of BCP films can be easily managed by microwave times
and powers. Notably, the microwave endows the BCP films
with higher porosities than the film cavitated by the thermal
swelling for hours. This ultrafast cavitation is suitable to
various kinds of BCPs and membranes with a variety of
structures including thin films, thick flat sheets, and fibers.
Moreover, the MBSS enables the fast cavitation of BCP-coated
composite membranes for molecular separations, delivering
tunable performances by simply adjusting microwave con-
ditions. The proposed microwave heating replaces the
traditional thermal heating as the power to induce the selective
swelling, facilitating the practical application of this pore-
making strategy. Moreover, the MBSS process suggested by
this work contributes to the large-scalable production of BCP
membranes by remarkably reducing the preparation time and
energy consumption and is expected to find important usages
in continuously producing nanoporous polymers for varied
applications not limited to membrane separations.
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