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Nanoslitting of phase-separated block copolymers
by solvent swelling for membranes with ultrahigh
flux and sharp selectivity†

Leiming Guo and Yong Wang*

Long and narrow slit-shaped pores are predicted to have enhanced

permeation and selectivity. We report, for the first time, the effi-

cient production of membranes containing densely packed slitted

pores with a pore width of o15 nm from block copolymers (BCPs).

Such membranes exhibit sharp selectivity and ultrahigh water flux.

Membrane-based separation is one of the key technologies in
producing affordable clean water for industry and daily life.1

Membrane separation is predominantly based on the size-
sieving mechanism, and the performance of a membrane is
dictated by the size, size distribution, porosity, and geometry of
membrane pores as well as the surface chemistry of pore walls.2

Nowadays, the majority of membranes used in industry possess
a tortuous pore structure with irregular or near-circular pore
openings on the membrane surface. Such an ill-defined pore
structure impairs both the selectivity and fouling resistance of the
membrane because of its wide pore size distribution and crooked
pore profile.3 Efforts have been made to develop membranes
having straight cylindrical pores,4–7 and track-etched polymeric
membranes8 and anodized aluminum oxide membranes9 are
the two best-known examples. Even further, it was theoretically
predicted more than a decade ago that slit-shaped pores with
a high aspect ratio are superior to cylindrical pores in terms of
selectivity, permeability, and fouling resistance.10,11 Some experi-
ments based on microfabricated filters with slitted openings
confirm the promise of slit-shaped pores.12–15 Simulated results
demonstrated that slitted pores with a pore length two times
larger than the pore width exhibited almost a doubled flux at the
same membrane porosity and transmembrane pressure, and
that longer slitted pores produce higher permeability.16 Moreover,
slitted pores were shown to have better fouling resistance by
changing the cake formation patterns.17

However, lithography-based microfabrication is currently the
only approach capable of controllable fabrication of uniform
slitted pores down to the sub-micrometer scale. Unfortunately,
by microfabrication, it is technically difficult to make slits
narrower than 100 nm with a high density of slits to ensure an
acceptable porosity. Moreover, microfabrication is a much more
tedious and expensive method to fabricate membranes18 as
compared to the typical process of phase inversion membrane
formation. Currently, the affordable preparation of membranes
with sub-50 nm slitted pores remains a great challenge.

Herein, we report, for the first time, fabrication of membranes
with uniform slitted pores down to 15 nm, which is based on the
nondestructive nanoslitting of phase-separated BCP thin films
simply by solvent swelling. BCPs are hybrid macromolecules
composed of at least two covalently linked homopolymer chains.
BCPs tend to microphase separate, producing well-defined,
periodic nanostructures with feature sizes falling in the range of
5–50 nm.19 Under appropriate conditions, the in-plane orientation
of BCP films with cylinders of the minority block aligned parallel
to the surface of the BCP film can be achieved.20,21 Slitted pores
can subsequently be created in the BCP film if we convert the
in-plane aligned solid cylinders into hollow channels. As shown in
Scheme 1, the BCP film spincoated on a silicon wafer was solvent
annealed to induce the in-plane orientation of the minority
microdomains (panel a). Subsequently, hydrofluoric acid was
utilized to dissolve the sacrificial silicon oxide layer (panel b),
and the BCP film floating on the liquid surface was collected by
a macroporous substrate membrane (panel c). The BCP film
supported on the substrate membrane was then swelling-treated
to generate slitted pores in the BCP layer (panel d). Thus-obtained
composite membranes having the slitted BCP layer as the separa-
tion medium deliver ultrahigh permeation and sharp selectivity
which are greatly higher than commonly used membranes with
cylindrical pores.

We used a cylinder-forming BCP, polystyrene-block-poly(2-vinyl
pyridine) (PS-b-P2VP, MPS

w = 50 000 and MP2VP
w = 16 500 g mol�1) in

the study. The chloroform solution of the copolymer with a
concentration of 0.5 wt% was spin-coated on silicon wafers,
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producing a nonporous BCP film with a thickness of 42 nm as
measured by ellipsometry. We annealed the BCP film in a
saturated vapor of 1,1,2-trichloroethane (TCE). Control experi-
ments revealed that annealing at room temperature for ca. 260 s
induced a well-developed in-plane orientation of the BCP film, as
demonstrated by the atomic force microscopy (AFM) height image
(Fig. S1, ESI†). The dark stripes correspond to the in-plane
oriented P2VP cylinders embedded in the PS matrix (bright
regions), as indicated by the position of the P2VP microdomains
below the PS matrix after solvent annealing.21 The center-to-center
spacing between adjacent P2VP cylinders is ca. 43 nm. The
annealed BCP film was transferred onto a macroporous poly-
ethersulfone (PES) membrane by etching away the sacrificial
silicon oxide layer, the film maintained its structural integrity
and formed a bilayered composite structure. The BCP film
supported on the PES substrate was subsequently immersed in
ethanol at 50 1C for 3 h, followed by air drying. As shown in
Fig. 1a, long and narrow hollow channels with a width of 12.5 nm
appeared on the surface of the ethanol-treated BCP film. These
long channels, i.e., slitted pores, are parallel to each other in local
areas and are densely arranged in the film in a winding mode,
similar to the arrangement of P2VP cylinders in the annealed BCP
film prior to the ethanol treatment. The center-to-center spacing
between adjacent slitted pores was ca. 42 nm, which resembles
that of the adjacent P2VP cylinders before the ethanol treatment.
Therefore, it is the original solid P2VP cylinders that have been
transformed into slitted pores by ethanol swelling. The pore
formation follows the selective swelling-induced pore generation
mechanism which we have observed in other BCP systems.22–25

When immersed in ethanol, P2VP chains were swollen and a large
proportion of them migrated outside their original reservoir
whereas the PS phases were still in the glassy state and main-
tained the structural stability of the film. In the subsequent drying
step, the swollen P2VP chains collapsed on the film surface and
pore walls with the loss of ethanol, generating pores along the
positions of the original P2VP cylinders. Transmission electron
microscopy (TEM) confirmed the in-plane orientation of the pores
and a uniform pore width of 12.5 nm (Fig. S2, ESI†).26 Grazing
incident small-angle X-ray spectroscopy (GISAXS) was also used to
characterize the swelling-treated BCP membrane deposited on a
silicon substrate. The 2D GISAXS pattern of the membrane shows
a series of symmetric Bragg diffraction-truncated rods (Fig. S3, ESI†),

and the corresponding in-plane 1D scattering pattern displayed a
series of ordered scattering peaks, indicating its well-ordered and
periodic structure over the millimeter scale (Fig. 1b). Furthermore,
the center-to-center spacing between adjacent slitted pores was
determined to be 42.3 nm according to the position of the principal
diffraction peak (q* = 0.0148 Å�1), which agrees well with the
observation by SEM. In contrast, after ethanol swelling at 50 1C for
3 h, the as-coated film did not show higher order peaks except for
the primary peak (Fig. S4, ESI†).

The cross-sectional SEM images shown in Fig. 1c and d
demonstrated that the BCP layer was tightly and homogeneously
attached on the PES substrate after the ethanol treatment. The
BCP layer was ca. 42 nm in thickness, showing no noticeable
change in thickness before and after ethanol swelling. A close
examination revealed that the BCP layer was composed of two
layers of slitted pores originating from two layers of parallel
horizontal P2VP cylinders (Fig. 1e and f). These slitted pores
originated from P2VP cylinders which were swollen and cavitated
by selective swelling in hot ethanol. We deliberately exposed the
bottom layer by partly removing the upper layer and observed that
slitted pores were also present in the bottom layer (Fig. S5, ESI†).
Moreover, such slitted pores also existed in the bottom surface of
the bilayered BCP film which originally contacted the silicon
substrate. Therefore, the two layers of slitted pores were exposed
to each other and to the free face and the substrate membrane,
respectively, forming continuous paths for permeation. It is worth
noting that we also prepared a thinner in-plane oriented film with
a thickness of 25.6 nm, which contained only one layer of P2VP
cylinders. When supported on a silicon substrate, this thinner film

Scheme 1 Schematic illustration of the preparation of composite mem-
branes using block copolymer films with slitted pores as selective layers.

Fig. 1 (a) The surface SEM image of the TCE-annealed BCP film subjected
to ethanol swelling at 50 1C for 3 h; (b) the in-plane scattering profile of the
TCE-annealed BCP film subjected to ethanol swelling at 50 1C for 3 h;
(c) the cross-sectional SEM image of the BCP membrane transferred onto a
PES substrate and (d) the corresponding image of (c) with higher magnifica-
tion. Panels (e) and (f), the cross-sectional SEM images with tilt angles
illustrate the presence of two layers of pores in the BCP membranes. The
scale bar corresponds to 400 nm for (a) and (d), 5 mm for (c), and 200 nm for
(e) and (f).
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could also be converted into a porous membrane with one single
layer of slitted pores (Fig. S6, ESI†). Unfortunately, it was too fragile
to transfer onto other substrates as it burst into small pieces in the
transfer process.

These slitted pores possess a uniform pore width of 12.5 nm
and considerably longer lengths in the range of several to tens of
micrometers, implying very large aspect ratios up to several 1000.
More importantly, the membrane with the densely packed slitted
pores had a porosity as high as 34% as determined by image
analysis (Fig. 2). Such a porosity is remarkably large as hexagonally
patterned cylindrical pores typically result in a porosity of approxi-
mately 10%.27 Previously, we prepared membranes with cylindrical
pores perpendicular to the membrane surface from the same
copolymer by selective swelling of the perpendicularly aligned
BCP in ethanol at 50 1C for 3 h.28 The diameter of the cylindrical
pores was 12 nm, which is nearly equal to the width of the slitted
pores obtained in this work. The surface porosity of the membranes
with cylindrical pores was 14.8%, implying that the membranes
with slitted pores have more than doubled in porosity as compared
with membranes with circular pores derived from the same BCP.

We used water contact angle (WCA) and X-ray photoelectron
spectroscopy (XPS) analyses to trace the migration of P2VP chains
in the TCE annealing and ethanol swelling processes. The as-coated
PS-b-P2VP film exhibited a WCA of 84.61. However, after TCE
annealing, the WCA increased to 92.31, a value similar to that of
the PS homopolymer, indicating that the surface of the BCP film
was largely covered by PS chains. After swelling in ethanol, the WCA
was greatly decreased to less than 601, implying a hydrophilic
surface. Longer swelling durations led to smaller WCAs (Fig. S7,
ESI†). XPS analysis on surface compositions confirmed this trend.
The atomic ratio of nitrogen to carbon (N/C) decreased from 3.2%
in the bulk to 2.1% in the TCE-annealed film (Fig. S8, ESI†). After
swelling in ethanol at 50 1C for 3 h, the N/C of the as-coated film
and the TCE-annealed film increased to 5.9% and 6.7%, respec-
tively. This result suggests that the annealed copolymer film was
more easily cavitated, allowing more P2VP chains to migrate on the
membrane surface. As evidence of this proposal, we only observed a
few isolated pores on the surface of the as-coated copolymer film
subjected to ethanol treatment at 50 1C for 3 h (Fig. S9, ESI†). In
addition, when the swelling duration increased from 3 h to 24 h,
the N/C underwent a slight increase from 6.7% to 6.9%, indicating
that more P2VP chains migrated on the BCP film surface.

As shown in Fig. 3a, the membrane with the BCP selective layer
swollen at 50 1C for 24 h exhibited an amazingly high water flux of

3390 L (bar m2 h)�1 and a retention rate of 75% for bovine serum
albumin (BSA). Such a high flux is one to two orders of magnitude
higher than the flux of commercial ultrafiltration membranes with
comparable retention.29,30 The separation property of the compo-
site membranes can be tuned over a relatively wide range by
changing the swelling durations. For example, the retention to
BSA was improved to 96.3% by using a shorter swelling duration
of 1 h even though the water flux was decreased to 308.5 L
(bar m2 h)�1. We observed the general trend that longer swelling
durations led to wider pores. A swelling duration of 1 h only
produced isolated pores along the positions of the original P2VP
cylinders (Fig. S10, ESI†) and a swelling time of 3 h was sufficient to
generate lined pores with a slitted shape. Even longer swelling
durations up to 24 h did not noticeably increase the pore width. For
this reason, BSA retention increased only at a moderate increment
when the swelling duration decreased from 24 h to 3 h. The much
steeper increase in water flux is partly attributed to the enhanced
hydrophilicity of the membrane surface with the extended duration
of swelling time as evidenced by XPS and WCA analysis. Even
though the BCP selective layer was only 42 nm in thickness, it
exhibited a reasonably good mechanical robustness upon deposi-
tion onto the PES substrate membrane as evidenced by the linear
relationship of fluxes and transmembrane pressures up to 0.13 bar
(Fig. S11, ESI†).

Zydney and coworkers developed the following equation to
estimate the ideal permeability of membranes with slitted pores:30

J ¼ e
t

h2

3mdm

� �
e0 (1)

where J is the filtrate flux; e is the surface porosity of the separation
layer, t is the tortuosity of pores, h is the width of slitted pores, m is
the solution viscosity, dm is the thickness of the selective layer; and

Fig. 2 (a) The SEM image of the surface of BCP membrane subjected to
solvent annealing and ethanol swelling at 50 1C for 24 h and (b) the
corresponding binary image of (a) developed by Image J. Scale bars in both
panels correspond to 1 mm.

Fig. 3 (a) Water fluxes and BSA retentions of the composite membranes
with the BCP layers subjected to different durations of swelling from 1 h to
24 h; (b) pH-dependent water fluxes of the membranes prepared by
ethanol-swelling at 50 1C for 3 h; (c) the UV-vis spectra of the feed,
retentate, and filtrate involved in the separation of the mixture of 2 nm and
10 nm gold particles by the composite membrane subjected to ethanol
swelling at 50 1C for 3 h. The inset shows the corresponding photograph of
the feed, retentate (Rete), and filtrate (Filt); (d) the size-distribution curves
of the feed and filtrate.
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e0 is the surface porosity of the supporting membrane. From this
equation we can estimate that the effective pore width of the slitted
pores in the BCP membrane subjected to swelling at 50 1C for 24 h
is 11.0 nm, as we know that J = 3390 L (bar m2 h)�1, e = 0.34 (Fig. 2),
t = 1.5 (Fig. S12, ESI†), m = 1 � 10�8 bar s (the viscosity of water),
dm = 42 nm, and e0 = 0.17 (Fig. S13, ESI†). Considering that the
P2VP chains enriched on the pore wall will swell and reduce the
effective pore width, the calculated pore width is consistent with
the results observed by SEM.

Moreover, we observed that the permeability of the BCP
membrane with slitted pores had an inherent sensitivity to pH.
As shown in Fig. 3b, when the composite membrane with the
BCP selective layer was subjected to ethanol swelling at 50 1C for
3 h, the flux increased remarkably from 80 L (bar m2 h)�1 to
1120 L (bar m2 h)�1, as the pH of the testing solution was
adjusted from 2 to 5. This result reflects the progressive collapse
in the conformation of the P2VP chains that occurs with the
deprotonation of the pyridine groups when the pH increased
from 2 to 5, consequently leading to the enlargement of the
effective pore width of the BCP selective layer. A further increase
in the pH from 5 to 9 by adding more NaOH resulted in the
decline of the flux, probably caused by the increased ion
concentration since excessive ions (e.g., Na+ and Cl�) are known
to aggregate around the deprotonated P2VP chains, forcing them
to stretch and leading to a reduction in the effective pore width.

Due to the monodisperse pore width of the slitted pores in
the BCP selective layer, the composite membranes should deliver
a sharp selectivity in the separation of similarly sized solutes. We
tested the membrane prepared by swelling in ethanol at 50 1C for
3 h with a binary mixture of colloidal gold nanoparticles with
diameters of 2 nm and 10 nm. Fig. 3c displays the UV-vis
spectrum of the feed, retentate, and filtrate involved in the
separation. An absorption peak at the wavelength of 522 nm
was observed both in the spectrum of the feed and retentate, and
this peak was absent in the spectrum of the filtrate. These results
indicate that the membrane exhibited an absolute retention to
10 nm-gold particles as the peak at 522 nm is the characteristic
peak of the 10 nm-gold particles and 2 nm-gold particles do not
have an absorption peak. The color difference of the three
solutions (inset in Fig. 3c) also directly revealed the complete
retention of the 10 nm-gold particles. The feed showed a particle
size distribution peak corresponding to the 10 nm-gold particles,
while the 2 nm particles could not be detected by a laser size
analyzer (Fig. 3d), further confirming the absence of 10 nm gold
particles in the filtrate. In contrast, no peaks in the range from
0.4 nm to 20 nm were observed in the filtrate, confirming again
the absolute retention of 10 nm gold particles by the membrane.
The permeation of 2 nm gold particles into the filtrate was
evidenced by the presence of the gold element which accounted
for a 5% proportion of the total gold concentration in the feed.
We note that the rejection of 10 nm gold particles was predo-
minantly achieved by the size-sieving effect rather than adsorp-
tion. We note that the pH of the filtration solutions and the
thickness of the BCP layer together with some other parameters
also play a role in determining the selectivity of the membranes.

In conclusion, we report, for the first time, the fabrication of
membranes with uniform slitted pores by selective swelling of
in-plane aligned block copolymers. The BCP membrane with a
thickness of 42 nm can be transferred onto a macroporous
substrate to obtain a robust bilayered composite membrane.
Thus-obtained membranes present a water flux 10–100 times
higher than commercial membranes and a sharp selectivity.
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