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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- Fast solvent evaporation is developed to produce UPCFs on porous substrates

- Selective swelling to cavitate block copolymers to form interconnected mesopores

- UPCFs enable the preparation of highly permeable membranes
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Thin polymer coatings covering on porous substrates are a common
composite structure required in numerous applications, including mem-
brane separation, and there is a strong need to push the coating thick-
nesses down to the nanometer scale to maximize the performances.
However, producing such ultrathin polymer coatings in a facile and effi-
cient way remains a big challenge. Here, uniform ultrathin polymer
covering films (UPCFs) are realized by a facile and general approach
based on rapid solvent evaporation. By fast evaporating dilute polymer
solutions spread on the surface of porous substrates, we obtain ultrathin
coatings (down to�30 nm) exclusively on the top surface of porous sub-
strates, forming UPCFs with a block copolymer of polystyrene-block-
poly(2-vinyl pyridine) at room temperature or a homopolymer of poly(vi-
nyl alcohol) (PVA) at elevated temperatures. Upon selective swelling of
the block copolymer and crosslinking of PVA, we obtain highly perme-
able membranes delivering�2–10 times higher permeance in ultrafiltra-
tion and pervaporation than state-of-the-art membranes with compara-
ble selectivities. We have invented a very convenient but highly
efficient process for the direct preparation of defective-free ultrathin
coatings on porous substrates, which is extremely desired in different
fields in addition to membrane separation.

KEYWORDS: fast evaporation; ultrathin film; block copolymer; selective
swelling; membrane separation

INTRODUCTION
The deposition of polymer solutions onto smooth solid substrates is a

common route to produce polymer coatings, for example, protective layers
or layers delivering specific functionalities, on abroad rangeof substrates. Es-
tablished applications of polymer coatings lie in the fields of painting and
printing,1 biomedicine,2 photovoltaics,3 optoelectronics,4 and membrane
technology.5,6 The substrates utilized in the abovementioned cases are
mainly nonporous. If polymer solutions are applied to porous substrates,
the nonvolatile polymer components are commonly penetrated into the sub-
strate pores, resulting in undesired blocking thatmay affect the device perfor-
mances.7–10 Thus, concentrated polymer solutions with high viscosities are
typically adopted for the preparation of polymer films on porous supports.
For example, most microfiltration and ultrafiltration membranes were pro-
duced by the deposition of concentrated polymer solutions onto macropo-
rous nonwoven fabrics followed by precipitation inwater: nonsolvent-induced
phase separation.11 In thisway, propagation of the polymer solutions into the
pores of the nonwoven fabrics is retarded, but the permeance of thus-pro-
duced membranes is correspondingly sacrificed due to huge membrane
thicknesses typically exceeding 100 mm.12 To generate polymer coatings
with thicknesses in the 10 mm range on porous substrates, the pores of
the latter were prefilled with a liquid (typically water), followed by deposition
of a polymer solution immiscible with the liquid prefilled in the substrate
ll
pores.13–15However, comparedwith ultrathin polymer filmswith thicknesses
down to the nanometer scale, the polymer coatings with thicknesses in the
10–100 mm range exhibit great resistance to mass transfer. Therefore, ultra-
thin covering films with robust stability are always pursued to meet the de-
mand of fast mass transport.16–18 Particularly for membrane-based separa-
tions, the trade-off between selectivity and permeance significantly hampers
the improvement of membrane performances.19 Consequently, reducing the
thickness of selective layers contributes to enhancing the permeancewithout
sacrificing selectivity, thus possibly breaking the trade-off to promote the ef-
ficiency of membrane separations. Interfacial polymerization (IP) is a well-
adapted strategy for the synthesis of ultrathin polymer films on porous sup-
ports16,17; however, IP is based on the ultrafast reactions between highly
active monomers, and only very limited types of polymer films can be thus
produced. Film transferring is considered as an alternative method to
generate thin films on porous substrates, which has been used to produce
composite structures toward diverse applications, including separation
membranes.20 Unfortunately, transferring becomes extremely difficult or
even impossible if the film to be transferred is too thin in thickness or too
large in lateral size. Hence, a facile yet effective strategy to directly build
thin polymer films with thicknesses down to the nanometer scale on porous
substrates still remains a big challenge.

The formation of covering films by coating solutions on porous substrates
usually involves two competing processes, the Brownian motion of solutes
and evaporation of solvents, determining the spatial distribution of the so-
lute.7 For instance, when the solvent evaporation dominates the process,
the concentration gradient increases with the evaporation time, and the so-
lute accumulates at the solution/air interface to form a thin coverage in the
absence of infiltration. Undoubtedly, the final structure and solute distribution
greatly depend on the evaporation rate of the solvent.21 Therefore, we spec-
ulate that the control over the evaporation rate of the solvent, which can be
easily realized in the experiment, may open up a new avenue to effectively
govern the polymer distributions and film thicknesses, thus offering the pos-
sibility to engineer ultrathin polymer films with significantly decreased thick-
nesses on porous substrates.

Here, we report the preparation of ultrathin polymer covering films
(UPCFs) enabled by fast evaporation of solvent and demonstrate their excel-
lence as platforms for producing highly permeable membranes. Ultrafast
evaporation of solvents induces the generation of a thin skin layer on anodic
aluminum oxide (AAO) substrates, preventing the infiltration of solutes into
substrate pores. With the subsequent treatments to as-prepared UPCFs,
such as cavitation of block copolymers (BCPs) by selective swelling and
crosslinking of poly(vinyl alcohol) (PVA), the resultant BCP and PVA mem-
branes show excellent ultrafiltration and pervaporation performances char-
acterized by high permeance at no or little expense of selectivity. Our findings
establish a new platform to develop ultrathin covering films with diverse
building blocks for ultrafast membrane separations.
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Figure 1. Fabrication of PS-b-P2VP UPCFs (A) Schematic diagram for the film preparation. (B) Digital images during the film preparation. (C and D) Surface SEM images of
the bare AAO substrate and the UPCF. (E and F) Cross-sectional SEM images of the UPCF. (G) Cross-sectional fluorescent image. (H and I) Bottom and cross-sectional SEM
images of the UPCF after removing AAO substrates. The UPCF was prepared by coating a 0.05 wt% PS-b-P2VP/CS2 solution.

Article
T
he

In
no

va
ti
on
RESULTS AND DISCUSSION
The commercial AAO substrate utilized in this work consists of a thin size-

selective layer of 100 nm thickness containing pores with a diameter of
�20 nm (hereafter referred to as a “size-selective AAO layer,” Figure S1).
The size-selective AAO layer is supported by a 60 mmthick AAO layer contain-
ing aligned cylindrical pores with diameters scattering about 200 nm. To pre-
pare uniform and continuous UPCFs having thicknesses down to �30 nm,
we deposited dilute solutions of gelating polymers onto the size-selective
AAO layers under conditions of fast solvent evaporation (Figure 1A). Thus,
a bulk reservoir of the deposited solution covers the size-selective AAO layer
from which the solvent evaporates. Diffusion processes in the solution are
initially fast enough to prevent the occurrence of pronounced concentration
gradients; the evaporation kinetics is determined by evaporative flux. There-
after, mass transport slows down due to the progressing decrease in the sol-
vent concentration. Solvent depletion at the evaporation surface is then no
longer compensated by diffusion and a skin of the nonvolatile solutes forms
at the solution surface.22,23 Here, the formation of a polymer skin at the sur-
face of the solution is also promoted by the evaporation-induced drop in tem-
perature and by the tendency of the selected polymers to gelate. After com-
plete solvent evaporation, the polymer skin is thus converted into a crack-free
and continuous UPCF. The deposited polymer is mainly located in the UPCF
while deposition of the polymer component into AAO pores is largely
prevented.

We prepared UPCFs from the BCP of polystyrene-block-poly(2-vinyl pyri-
dine) (PS-b-P2VP), which can easily be cavitated by selective swelling-
induced pore generation so that mesoporous PS-b-P2VP-UPCFs (mUPCFs)
are accessible.24–27 Here, carbon disulfide (CS2) was deliberately selected
as the solvent due to its high volatility (vapor pressure 309 mm Hg at
21�C) and its low boiling point of 46.5�C.28 Solutions of atactic PS in CS2
2 The Innovation 2, 100088, February 28, 2021
are known to form unusually stable gels. Since atactic PS cannot crystallize,
gelation is related to specific solvent-polymer interactions.29,30 The PS is pref-
erentially exposed to CS2 as PS possesses a higher solubility in this solvent
than P2VP.31 One hundred-microliter portions of PS-b-P2VP/CS2 solutions
were spread on the size-selective AAO layers at 20�C ± 5�C (Figure 1B).
The initially opaque AAO substrates immediately turned transparent, indi-
cating fast imbibition. For a concentration of 0.05 wt% PS-b-P2VP, the AAO
turned opaque again after �70 s (Video S1), implying complete evaporation
of CS2 (Figure 1B, film-AAO). The fast evaporation of CS2 is also revealed by
recording theweight change during the evaporation (Figure S2). After coating
a 0.05wt%PS-b-P2VP/CS2 solution, the obtainedUPCF shows a smooth and
continuous surfacemorphology, and no cracks, pinholes, or other defects are
visible (Figure 1D). The dense structure contrasts sharply with the bare AAO
substrate (Figure 1C). Moreover, the coating solution with a concentration of
0.03wt%and0.1wt% isalsoapplicable to formacrack-freeUPCF (FigureS3).
With the fast evaporation of CS2, the PS-b-P2VP is predominantly located in
the UPCF, demonstrated by the unimpeded pores without any blocking (Fig-
ures 1E and S4). The formed UPCFs exhibit tunable thicknesses in the range
of�30–215 nm, with the solution concentration increasing from 0.03 wt% to
0.1 wt% (Figures 1F and S5). The cross-sectional fluorescent image also
demonstrates the formation of an ultrathin PS-b-P2VP film (Figure 1G).
AAO substrates were then degraded to clearly observe the film structure,
as shown in Figures 1H and 1I. Short protrusions with a length of
�650 nm exist on the bottom of PS-b-P2VP-UPCFs, which we interpret as
negative replicas of the pore mouths of size-selective AAO layer.

Assuming that the porosity of AAO substrates amounts to 50%, the sub-
strate correspondingly has an integrated pore volume of �15 mL. Thus,
100 mL PS-b-P2VP/CS2 solution ensures a complete filling of the AAO pores,
and the excess solution forms a bulk reservoir covering the size-selective
www.cell.com/the-innovation
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Figure 2. Selective Swelling of PS-b-P2VP-UPCF/AAO
Composite Membranes (A) Schematic diagram of the se-
lective swelling.
(B and C) Surface SEM images of the pristine and polished
PS-b-P2VP-mUPCF/AAO membranes. The membrane was
prepared with a 0.05 wt% precursor solution followed by
swelling in 70�C ethanol for 1 h, and the inset in (B) shows
the pore size distribution.
(D) Illustration of the shrunken sieving sizes induced by
stagger stacking.
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AAO layer. This speculation is also demonstrated by the appearance change
of AAO during preparation, as discussed above. In this case, PS-b-P2VP
should uniformly locate on the surface and entire porewalls of AAO substrate
after CS2 evaporation. Surprisingly, we can only observe a PS-b-P2VP film on
the top layer of AAO substrates. The UPCF formationmechanism is given as
follows. After solution spreading, theCS2 evaporationwill not only result in the
depletion of the solvent and the enrichment of PS-b-P2VP at the solution sur-
face, but also cause a drop in temperature. Rapid gelation of the PS blocks of
PS-b-P2VP in the presence of CS2, possibly superimposed by vitrification of
PS and/or P2VP, will transform the solution from viscoelastic fluid to visco-
elastic solid, generating a thin PS-b-P2VP skin that separates PS-b-P2VP/
CS2 solution from air.7 Benefitting from the excellent compatibility between
PS and CS2, the succeeding evaporation of CS2 is unobstructed with the ex-
istence of a PS-b-P2VP skin. Complete evaporation of the CS2 transforms the
thin PS-b-P2VP skin into a UPCF on the AAO substrate. Besides, during the
infiltration of solution into AAO pores, irreversible adsorption of PS-b-P2VP
molecules on the size-selective AAO layermay hinder further PS-b-P2VPmol-
ecules to enter the narrowAAO pore necks according to the findings reported
by Karagiovanaki et al.32 In addition, the fast evaporation of CS2 rapidly in-
creases the solution concentration, contributing to the immobilization of
PS-b-P2VP on the top of AAO. These results synergistically lead to the gener-
ation of continuous films having short protrusions underneath them. Thewet-
ting of glass slides, which was used to hold AAO substrates, by CS2 solution
but no PS-b-P2VP on themdemonstrates the proposedmechanism. Further-
more, considering that the adopted volatile solvent dominates the formation
process of thin coverings, it is highly possible to directly prepare thin inorganic
coatings on porous substrates for producing composite materials, which
exhibit promising applications in diverse areas.

To convert nonporous PS-b-P2VP-UPCFs into mUPCFs, we introduce a
nondestructive pore-making strategy: selective swelling (Figure 2A). Specif-
ically, a PS-b-P2VP-UPCF prepared by deposition of a solution of 0.05 wt%
PS-b-P2VP in CS2 was treated in ethanol at 70�C for 1 h. Here, the selection
of ethanol as the swelling agent is because it is a good solvent to P2VP but
poor solvent to PS, leading to the selective swelling of P2VP domains. After
immersing the nonporous PS-b-P2VP-UPCFs into hot ethanol, ethanol mole-
culeswill preferentially enrich in P2VPdomains becauseof the strong interac-
tion between them. Then, P2VP domains tend to swell and expand their vol-
umes, and the volumetric expansion will inevitably cause the deformation
of the PS matrix bringing about an increase in the film thickness. Upon the
removal of the film from ethanol bath, the P2VP chains start to deswell and
collapse with the evaporation of ethanol. Thanks to the glassy PS matrix,
the spaces initially occupied by the expanded P2VP domains are well main-
ll
tained, thus producing nanopores covered with P2VP chains.27 Notably,
mUPCFs swollen at different temperatures exhibit a similar structure,
showing a continuous-spongy network of curved, interconnected PS-b-
P2VPcylinderswithadiameterof�40nm(Figures2B,S6, andS7). Inspection
of SEM images reveals that themUPCFs contain continuous mesopore sys-
temswith diameters ranging from�20 to�60 nm.Although the size of these
pores is larger than that of the size-selectiveAAO layer, the stagger stackingof
porous PS-b-P2VP layers and AAO top layers at the interface gives a signifi-
cantly reduced pore size, as shown in Figures 2C, 2D, and S8. Thus shrunken
channelswill promote the selectivity of thePS-b-P2VP-mUPCF/AAOcompos-
ite membranes, and similar improvements in selectivity induced by the stag-
ger stacking also can be found in other nanoporous materials, such as cova-
lent organic frameworks stacked in the offset eclipsed fashion.33,34 More
importantly, the mesopores on both sides of the interface deliver a low resis-
tance to solvent and solute, thus promising an enhanced selectivity without
noticeably sacrificing permeance. Benefitting from the enrichment of hydro-
philic P2VPon themembranesurface, aswell as thecavitation, thewater con-
tact angle is reduced from 94� to 80� after selective swelling, giving a good
wettability that favors water permeation (Figure S9). No obvious structural
change can be observed after the ultrasonication treatment, demonstrating
the stability of coating layers on substrates (Figure S10).

As shown in Figure 3A, the separation performance of PS-b-P2VP-
mUPCF/AAO composite membranes is relatively robust against variations
of the preparation conditions, including PS-b-P2VP concentrations, as well
as swelling temperatures and durations. For instance, increasing the PS-b-
P2VP concentration in the initially applied PS-b-P2VP/CS2 solutions from
0.03 wt% to 0.1 wt% results in a moderate decrease in water permeance
from�1,275 to �1,042 L m�2 h�1 bar�1. Increasing the temperature during
selective swelling leads tomore pronounced cavitation of themUPCFs and in
turn to increased water permeance.35 When the swelling temperature in-
creases from 65�C to 75�C, the water permeance increases from �915 to
�1,099 L m�2 h�1 bar�1. Moreover, the swelling duration causes negligible
influence on the water permeance. In all these cases, the rejections to bovine
serumalbumin (BSA) (Mw = 67 kDa) are>92%and remain nearly unchanged.
It is worth noting thatmUPCF/AAO composite membranes show tight rejec-
tions to proteins while they still exhibit a high water permeance of up to
almost half the permeance of bare AAO substrates, which show no rejection
to BSA. ThemUPCF/AAO composite membrane also displays a rejection of
�95% and �22% to ovalbumin (Mw = 45 kDa) and cytochrome c (Mw =
12.6 kDa), respectively, giving an approximatively molecular weight cut-off
of �42 kDa (Figure 3B). Apart from the abovementioned high porosities
and stagger structures, this excellent separation performance may originate
The Innovation 2, 100088, February 28, 2021 3
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Figure 3. Separation Performance of PS-b-P2VP-mUPCF/
AAO Composite Membranes (A) Performances with various
PS-b-P2VP concentrations, swelling temperatures, and
durations.
(B) Rejections to various objects with different molecular
weights.
(C) Emission spectra of the feed, filtrate, and retentate
obtained by concentrating CdTe QDs.
(D) Comparison on the separation performance of various
membranes. Inset in (C) shows fluorescent photographs of
the feed (Fe), filtrate (Fi), and retentate (Re). The results
shown in (B–D) were obtained from themembrane prepared
with a 0.05 wt% precursor solution followed by swelling in
70�C ethanol for 1 h.
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from polar and water-permeable P2VP blocks as well.36 Furthermore, the
benefit of CS2 adoption can be easily perceived by comparing the separation
performances of membranes prepared with other solvents (Figure S11).
Given the tight selectivity of ourmembranes, the resultantmUPCF/AAO com-
positemembranes are applicable to recover valuable nanoparticles fromwa-
ter. As a demonstration, we implemented the concentration of CdTe quan-
tum dots (QDs) with a diameter of 4 nm dispersed in water, as shown in
A B

C D

4 The Innovation 2, 100088, February 28, 2021
Figure 3C. The emission spectrum of the QDs in feed shows a strong peak
at�570 nm and intense fluorescence signal (inset in Figure 3C). In contrast,
the filtrate exhibits no peak and fluorescence signal, indicating a prominent
repulsion of QDs by ourmembranes. The increased fluorescence of retentate
reveals that the size sieving rather than adsorption plays a dominating role in
the QDs recovery. Compared with our previously reported BCP-based mem-
branes26,37,38 and other membranes prepared by various materials,39–47 the
Figure 4. Crosslinked PVA-UPCF/AAO Composite Mem-
branes for the Dehydration of Ethanol by Pervaporation
(A and B) Surface and cross-sectional SEM images of the
membrane prepared with 100 mL PVA solution.
(C) Schematic diagram for the pervaporation.
(D) Permeance and separation factors of membranes pre-
pared with various dosages of PVA solution.
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PS-b-P2VP-mUPCF/AAO composite membranes show outstanding selectiv-
ities with �2–10 times higher water permeance (Figure 3D), indicating their
high efficiency formembrane-based separations, such asprotein purification,
nanoparticle concentration, and recovery of nano-sized precious metals
from water.

Post-cavitation of dense PS-b-P2VP-UPCFs leads to mesoporous UPCFs
that can be adopted for highly permeable ultrafiltration. Alternatively, as-
coated dense UPCFs are considered as promising candidates for pervapora-
tion through the solution-diffusionmodel.48,49 To this end,we prepared cross-
linked PVA-UPCFs for the recovery of ethanol from dilute aqueous solution.
The rapid evaporation of solvent results in uniform and continuous PVA-
UPCFs supported by AAO substrates (Figures 4A and 4B). The control over
solution volume during coating enables a tunable film thickness. Concretely,
we can obtain filmswith thicknesses of�307 and�585 nmwhen applying a
solution volume of 100 and 200 mL, respectively. After crosslinking the PVA
with maleic anhydride,50 the dehydration performance of the obtained PVA-
UPCF/AAO composite membranes were investigated. Taking advantage of
the fact that water diffuses faster through PVA than ethanol,51 we used
PVA-UPCF/AAO composite membranes to concentrate water at the
permeate side, as illustrated in Figure 4C. As a result, while the water content
in the feed amounts to �10 wt%, water is successfully concentrated to >75
wt% in the permeate after pervaporation through our membranes. The sep-
aration factor and the flux are determined to be 14.7 and 600 g m�2 h�1 for
the PVA-UPCF/AAOcompositemembrane that resulted from100mLPVAso-
lution (Figure 4D). Increasing the volume of the deposited PVA solution to
200 mL improves the separation factor to 27.6, while a high flux of 463 g
m�2 h�1 is still retained. In terms of permeance, such dehydration perfor-
mances are excellent compared with previously reported pervaporation
membranes prepared by other methods.52–54

CONCLUSIONS
In conclusion, we have developed composite membranes that showmul-

tiple times higher permeance than state-of-the-artmembraneswhile selectiv-
ities are comparable. The composite membranes consist of UPCFs with
thicknesses down to a few 10 nm coated on porous substrates, anodic
aluminamembranes. The UPCFs formwhen diluted solutions of gel-forming
polymers are deposited onto the substrates under conditions of fast solvent
evaporation. As the solvent evaporates from the solution covering the sub-
strates, the nonvolatile polymer solutes enrich at the solution surface. At
advanced evaporation stages a thin layer of gelated and/or vitrified polymer
forms as a skin on the polymer solution. After complete solvent evaporation,
this skin eventually covers the porous substrate. To demonstrate the applica-
tion of thus-produced structures, we prepared nanoporous ultrathin PS-b-
P2VP covering films by deposition fromsolutions in CS2 followedby selective
swelling-induced pore generation. The combination of excellent selectivity
and excellent permeancecharacterizing the compositemembranes obtained
in this way can be explained by a reduction of the effective pore size in the
size-selective layer while efficient percolating pore networks are maintained.
Crosslinked ultrathin PVA covering films showed excellent pervaporation per-
formance as exemplarily demonstrated by the dehydration of ethanol. More-
over, the preparative approach reported here is a generic methodology to
coat nanoporous substrates with ultrathin polymer films while avoiding poly-
mer deposition into the substrate nanopores. Thismethod is expected to find
important applications in a diversity of fields.
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