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Fabrication of Nanoporous Alumina Ultrafiltration Membrane 
with Tunable Pore Size Using Block Copolymer Templates

Chun Zhou, Tamar Segal-Peretz, Muhammed Enes Oruc, Hyo Seon Suh,  
Guangpeng Wu, and Paul F. Nealey*

Control over nanopore size and 3D structure is necessary to advance 
membrane performance in ubiquitous separation devices. Here, inorganic 
nanoporous membranes are fabricated by combining the assembly of 
cylinder-forming poly(styrene-block-methyl methacrylate) (PS-b-PMMA) block 
copolymer and sequential infiltration synthesis (SIS). A key advance relates 
to the use of PMMA majority block copolymer films and the optimization of 
thermal annealing temperature and substrate chemistry to achieve through-
film vertical PS cylinders. The resulting morphology allows for direct fabrica-
tion of nanoporous AlOx by selective growth of Al2O3 in the PMMA matrix 
during the SIS process, followed by polymer removal using oxygen plasma. 
Control over the pore diameter is achieved by varying the number of Al2O3 
growth cycles, leading to pore size reduction from 21 to 16 nm. 3D characteri-
zation, using scanning transmission electron microscopy tomography, reveals 
that the AlOx channels are continuous through the film and have a gradual 
increase in pore size with depth. Finally, the ultrafiltration performance of the 
fabricated AlOx membrane for protein separation as a function of protein size 
and charge is demonstrated.

DOI: 10.1002/adfm.201701756

1. Introduction

Nanoporous membranes with uniform 
pore size have gained growing interest in 
the last decade since they enable separa-
tions at the micro- and nanoscale in water 
filtration, molecular sorting, drug delivery, 
and molecular sensing applications.[1–6] 
The performance of nanoporous mem-
branes or ultrafiltration (UF) membranes 
depends on several critical properties: 
high selectivity is achieved by tailoring 
the pore size and obtaining narrow pore 
distribution, while high flux can be 
achieved by high porosity, nontortuous 
pathways, and high pressure gradient 
across the membrane.[4,7] Common com-
mercial nanoporous membranes, like 
polymeric UF membranes, generally 
exhibit random structure pores, tortuous 
pore paths, wide pore size distribution, 
and are relatively thick.[4,6] Recently, high 
density porous arrays of inorganic and 

hybrid organic–inorganic materials were demonstrated using a 
variety of nanofabrication techniques such as focused ion and 
electron beams[7,8] and rapid thermal annealing of nanocrystal-
line silicon.[9,10] However, most of these methods are suitable 
for small-scale fabrication while separation processes typically 
require large areas. Block copolymers (BCPs), on the other 
hand, are easily processed from solutions and are amenable to 
the large-scale roll-to-roll fabrication,[11,12] offering a simple and 
scalable solution for membrane fabrication.

BCPs have been widely used to generate templates and scaf-
folds for fabrication of nanostructured materials, as chemi-
cally dissimilar polymer chains covalently linked together self-
assemble into periodic arrays of lamellar, cylindrical, spherical, 
and gyroid morphologies with characteristic feature sizes 
of 5–50 nm.[13] To create membranes with high pore densi-
ties, cylinder-forming BCPs are typically used, and porosity 
is obtained either by selectively removing one block by post-
assembly etching processes,[14–16] or by using nonsolvent 
induced phase separation.[17,18] Previous studies have demon-
strated the ability to fabricate nanoporous membranes with 
well-ordered pores, narrow pore size distribution, and high 
pore density using self-assembled BCPs.[2,14–16,19–22] However, 
tuning the pore size to create size selectivity by design is still 
a major challenge in the field. An additional challenge in poly-
meric and BCP membranes is the membranes’ high fouling 
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tendency that occurs due to the inherent hydrophobicity of 
polymers.[10] On the other hand, inorganic membranes, such 
as anodic aluminum oxide (AAO) membranes and titanium 
dioxide membranes, exhibit attractive thermal, chemical, and 
mechanical stability, greater fouling-resistance, and often 
photo catalytic ability.[10]

Recently, sequential infiltration synthesis (SIS), a tech-
nique derived from atomic layer deposition (ALD), has been 
developed to selectively grow inorganic species (such as ZnO, 
TiO2, and Al2O3) in polymers that contain polar moieties, ena-
bling inorganic nanostructure fabrication from polymer and 
BCP templates.[23–27] The SIS process is based on the selective 
binding of gaseous organometallic precursors to polar moie-
ties,[28] which produces a hybrid organic-inorganic composite. 
Subsequent polymer removal results in inorganic nanostruc-
tures templated by the original block copolymer morphology. 
SIS has been demonstrated to significantly enhance etch con-
trast in BCP lithography, to enable fabrication of high aspect 
ratio inorganic nanostructure, as well as to enhance Z con-
trast for scanning transmission electron microscopy (STEM) 
imaging and tomography of BCP films.[24,29–33]

In this work, we harness Al2O3 SIS to fabricate highly 
ordered, isoporous, AlOx membranes with tunable pore size, 
templated by BCP self-assembly, and demonstrate the selectivity 
capabilities of this membrane through charge-based separa-
tion of similar sized proteins. Self-assembled films of cylinder-
forming poly(styrene-block-methyl methacrylate) (PS-b-PMMA) 
with PS cylinders in PMMA matrix were used to template the 
AlOx membranes. The assembly was tuned through careful 
control of boundary conditions to create perpendicular PS cyl-
inders for templating nontortuous membranes. The templating 
of AlOx membrane from BCP film was characterized through a 
combination of scanning electron microscopy (SEM), grazing 
incident small angle X-ray scattering (GISAXS), and scanning 
transmission electron microscopy (STEM) tomography, giving 
detailed description of the AlOx membrane and its 3D mor-
phology. With the additional degrees of freedom that the SIS 
process provides, we varied the AlOx membrane pore diameter 

between 21 and 16 nm, using a single BCP template. Finally, 
the thin AlOx membrane was combined with a supporting 
AAO membrane to create mechanically robust hierarchical 
AlOx/AAO membrane. Utilizing the pH-responsive surface 
charge of metal oxides, we efficiently separated similar sized 
proteins with both high selectivity and high flux using the hier-
archical membrane.

2. Results and Discussion

The fabrication process of BCP-templated AlOx membrane is 
illustrated in Figure 1. A silicon wafer coated with a ≈100 nm 
thick water-soluble sodium salt of poly(acrylic) acid (PAA-Na) 
layer was used as a substrate. The substrate chemistry was 
modified and controlled by depositing a 10 nm thick random 
copolymer mat with varied PS content. Cylinder-forming 
PS-b-PMMA (C2050) films (Mn = 20.2-b-50.5 kg mol−1, center 
to center spacing L0 = 38.3 nm) were self-assembled on the 
random copolymer mat at various thicknesses. The polymer 
films were floated in deionized water and were transferred 
onto 60 µm thick AAO membranes with average pore size 
of 100 nm. Al2O3 SIS was performed directly on the hierar-
chical BCP/AAO membrane, selectively growing Al2O3 in the 
PMMA domains. Finally, the membrane sample was exposed 
to oxygen plasma to remove polymer components, generating 
ultrathin highly ordered porous AlOx membranes on AAO 
support.

2.1. Self-Assembly Study of Cylinder Forming PS-b-PMMA with 
PS Cylinders

For utilizing BCP films as separation membranes, it is desired 
to induce the assembly of perpendicular-oriented cylinders 
due to their high density and direct pathway through the film. 
While the assembly of cylinder-forming PS-b-PMMA with 
PMMA cylinders is well documented,[34–38] less is known about 
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Figure 1. Schematic illustration of BCP-templated AlOx membrane fabrication process. PS-b-PMMA (C2050) BCP films were self-assembled on a 
random copolymer mat on top of a water-soluble PAA-Na layer. The BCP and the random copolymer films were floated off in water and transferred 
onto AAO membranes. The polymer film was treated with Al2O3 SIS to selectively grow Al2O3 within the PMMA microdomains. After the reaction, the 
samples were etched by oxygen plasma to remove the polymer, resulting in nanoporous AlOx membrane.
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PS-b-PMMA with PS cylinders assembly. Han et al. reported 
nonpreferential brush and mat chemistries that can generate 
perpendicular-oriented PS cylinders in extremely thin C2050 
films (BCP thickness of ≈0.5 L0).[39] However, these conditions 
were not sufficient to induce perpendicular orientation in films 
thicker than 0.5 L0. To rigorously study PS cylinder assembly 
in PS-b-PMMA films and to identify the thermodynamically 
favorable boundary conditions to achieve the desired orienta-
tion, the effects of the substrate chemistry and the annealing 
temperature on the domain orientation in C2050 thin films 
(≈0.8 L0) were investigated using top-down SEM imaging 
(Figure 2). Silicon wafers coated with the crosslinked polysty-
rene-random-poly(methyl methacrylate) mats with different 
styrene mole fractions FSt (ranging from 0.21 to 0.85, 21S-85S) 
were used as substrates. The thermal annealing temperature, 
T, was varied between 190 and 270 °C, and the films were 
annealed for 30 min.

On FSt mats, 21S-63S, the surface morphology progressed 
from parallel cylinders to perpendicular cylinders with 
increasing FSt, and vertical cylinders were observed when 
FSt was around 0.63. As FSt was increased above 0.63, the area 
fraction of vertically oriented structures decreased, and perpen-
dicular cylinders formed only over small areas on 85S. Even 
for films assembled on 63S, and in particular for temperatures 
below 230 °C, nonperfect morphologies were observed with 
some bridging between adjacent cylinders, in agreement with 
previous work conducted at 190 °C.[39]

Since the annealing temperature also plays an important 
role in modulating the domain orientation, the effect of the 
annealing temperature was studied. When the substrate com-
position induced perpendicular morphology (0.56 ≤ FSt ≤ 0.73), 
a wider perpendicular process window was observed with an 
increase in the annealing temperature. While at 190 °C, only 
at FSt = 0.63, a majority of vertically oriented structures was 
observed, at 270 °C, C2050 assembled into vertically oriented 
structures between 0.56 ≤ FSt ≤ 0.73. In addition, the number of 
parallel defects decreased when the annealing temperature was 
increased from 190 to 270 °C.

Self-assembly behavior of a BCP film is governed by the inter-
facial interactions both at the bottom and top of a film. Thus, 
the annealing temperature that affects the surface energy of PS 
and PMMA (γs and γm, respectively) is as critical as the surface 
chemistry of substrate to achieve the targeted BCP orientation. 
γs and γm become nearly equal at 250 °C, which is considered to 
be the optimized annealing temperature for symmetric lamella 
forming PS-b-PMMA films.[40,41] However, in perpendicular ori-
entation of C2050, larger PMMA fraction is exposed at the free 
surface compared with symmetric lamella forming PS-b-PMMA 
films; thus, conditions for slightly PMMA preferential free sur-
face are desired. At 270 °C, γm becomes lower than γs, yielding 
a more stable free surface for this asymmetric PS-b-PMMA 
film and leading to defect-free perpendicular PS cylinders, 
as was seen by top-down SEM in Figure 2 (63S and 73S). For 
comparison, the optimized annealing temperatures for PMMA 
cylinders in the PS matrix (C4621, Mn = 46-b-21 kg mol−1) were 
reported as 210–230 °C, at which the free surface is slightly 
PS preferential.[36,38] It is important to note that the annealing 
temperature also plays a role in the nucleation at free surface 
and in the pattern coarsening dynamics.[36,42] Faster coarsening 

dynamics could be an additional reason for better defined 
cylinders formed in the high temperature regime. As shown 
in Figure 2, optimization of annealing temperature in com-
bination with fine turning of substrate chemistry enabled us 
to achieve desired perpendicular PS cylinders in the PMMA 
matrix.

In order to maintain the mechanical strength of BCP 
films and AlOx membranes, it is desirable to use semithick 
block copolymer films as templates (thickness >100 nm). 
To examine the film morphology as a function of thick-
ness, three sets of C2050 films with thickness ranging from 
20 to 401 nm were compared and the surface morpholo-
gies of films were imaged after annealing at 270 °C for 3 h 
(Figure 3). The high temperature which was chosen to induce 
perpendicular morphology in C2050 also facilitates rapid 
assembly of BCP films. Therefore, we assumed that the BCP 
films have reached close to equilibrium state in 3 h. On 63S 
modified silicon substrates which were shown to be a non-
preferential substrate for C2050 thin films (Figure 2), high-
degree of perpendicular structures were obtained in most of 
the film thicknesses. Such thickness-independent orientation 
indicates that both the bottom and top surfaces of BCP films 
are nonpreferential.[43,44] In addition, the grain size increased 
with the film thickness, in agreement with Ji et al.’s study on 
cylinder-forming PS-b-PMMA with PMMA cylinders (C4621, 
Mn = 46-b-21 kg mol−1).[38]

On 30S and 85S modified substrates, different behavior 
was observed compared with films assembled on 63S. In films 
thinner than 141 nm for 30S and 93 nm for 85S, the films 
exhibited various morphologies including hole/island, hexago-
nally perforated lamellae, and parallel cylinder, rather than per-
pendicular hexagonally packed cylinders. On the other hand, 
films thicker than 141 nm (on 30S) and thicker than 93 nm (on 
85S) showed perpendicular morphology with only few parallel 
defects at the top surface, similar to what was observed in films 
assembled on 63S.

The change in coupling between the mat chemistry and 
surface morphology at the various thicknesses reveals the 
effect of boundary conditions on surface morphology in semi-
thick films. At thickness smaller than ≈100 nm, the polymer–
substrate boundary condition dominates the assembly and 
determines the domain orientation of the block copolymer 
throughout the film thickness. At thicknesses above ≈100 nm, 
on the other hand, the polymer–substrate and polymer–free 
surface boundary condition are decoupled, and the polymer–
free surface interaction determines the domain orientation of 
cylinders near the film surface regardless of the chemistry of 
the underlying substrate. This decoupling of boundary condi-
tions in thick BCP films is in good agreement with previous 
reports on other cylinder forming BCP.[36,38]

To utilize BCP films as templates for inorganic membranes, 
it is important to have perpendicular cylindrical domains 
through the entire film thickness that would lead to membranes 
with high connectivity and direct pathways. Nonpreferential 
boundaries are necessary but not sufficient condition to ensure 
through-film continued cylinders; at thick and semithick films, 
noncoupled nucleation occurs simultaneously at the substrate 
and at the free surface, which could result in noncontinuous 
perpendicular cylinders even when perpendicular assembly 

Adv. Funct. Mater. 2017, 1701756
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occurs at both interfaces.[36,38,42] In order to ensure continuous 
PS cylinders and template thin AlOx membrane that would 
enable high flux, the BCP film thickness was selected to be 
141 nm and 63S was selected as the mat chemistry. The good 

assembly of C2050 film was demonstrated in lower magnifica-
tion SEM image shown in Figure S1 (Supporting Information). 
The continuity of cylinder channels will be further discussed in 
Sections 2.2 and 2.3.

Adv. Funct. Mater. 2017, 1701756

Figure 2. Top-down SEM images of 30 nm (0.8 L0) thick C2050 films on chemically modified substrates containing different mole fractions of styrene 
and annealed at various temperatures. Dark gray and light gray borders indicate defect-free perpendicular PS cylinders in PMMA matrix, and nearly 
defect-free perpendicular cylinders with few defects around grain boundaries, respectively.



www.afm-journal.dewww.advancedsciencenews.com

1701756 (5 of 12) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2.2. BCP-Templated AlOx Membrane

To fabricate the BCP-templated AlOx mem-
branes, Al2O3 SIS was performed using mul-
tiple trimethylaluminum/water (TMA/H2O) 
exposure cycles followed by oxygen plasma 
to remove the polymer (see the Experi-
mental Section for details). Figure 4 shows 
the morphology of the BCP film, the hybrid 
BCP–Al2O3 nanostructure after 3 cycles of 
TMA/H2O SIS, and the nanoporous AlOx 
membrane after oxygen plasma etching, 
using both SEM imaging (Figure 4a) and 
GISAXS (Figure 4b). SEM images show that 
the hexagonal morphology at the surface 
was maintained during SIS and plasma etch 
processes and the Al2O3 growth occurred pri-
marily in the PMMA domains, in agreement 
with previous SIS studies.[25,26] The AlOx 
membrane showed mostly cylindrical pores 
with few short openings caused by merging 
and splitting of cylinder domains around 
grain boundaries, and large-scale defects 
were not observed (Figure S2, Supporting 
Information). To analyze the ordering 
through the entire film thickness, films were 
characterized by GISAXS. The incidence 
angle αi between the X-ray and the film’s 
surface was set to 0.200°, above the critical 
angle of the BCP. For all three samples, mul-
tiple strong vertical peaks were present only 
in the qy direction, corresponding to perpen-
dicularly oriented domains. Four intense 
multiple-order Bragg-rod peaks at scat-
tering vector ratios of q q/ * 1 : 3 : 4 : 7= ,  
as shown in Figure 4c, indicated hexag-
onal packing in all three samples, in agree-
ment with the SEM results (Figure 4a). The 
average center-to-center distance in the plane 
of films, measured from the peak position of 
first four peaks, was 38.3 nm for all samples, 
confirming that the SIS and the etch pro-
cess did not change the periodicity of lateral 
structures and that the AlOx membrane was 
indeed templated by the BCP film. Addition-
ally, the absence of diffuse elliptical scattering 
(Debye–Scherrer ring), which corresponds 
to tilted or randomly oriented domains,[45,46] 
supports that the formation of vertically ori-
ented cylinders is throughout the film. While 
the periodicity was maintained through the 
processes, the number of high order peaks in 
the GISAXS significantly differs between the 
samples. The hybrid BCP–Al2O3 had an addi-
tional high order diffraction peak compared 
with the pristine BCP film, while the AlOx 
nanostructure had as many as ten diffraction 
peaks, highlighting the long-range order of 
the AlOx membrane. The increase in high 
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Figure 3. Top-down SEM images of C2050 films with different thickness on 30S, 63S, and 85S. 
Samples were annealed at 270 °C for 3 h under a nitrogen atmosphere. Green, yellow, and 
red colors indicate defect-free perpendicular PS cylinders in PMMA matrix, PS cylinders with 
defects around the grain boundaries, and other morphologies, respectively.
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order peaks originates from the increase in X-ray scattering 
contrast betwen PS and Al2O3 incorporated in PMMA domains 
and between AlOx and air in the nanoporous AlOx structure 
formed after the oxygen etching.

Analysis of the GISAXS data also reveals a hump in the 
high q range of the hybrid BCP–Al2O3 film scattering pat-
tern (Figure S3, Supporting Information). This hump was not 
observed in the nanoporous AlOx structure formed after oxygen 

Adv. Funct. Mater. 2017, 1701756

Figure 4. a) SEM images of 141 nm thick C2050 BCP film, BCP film treated with 3 TMA/H2O cycles of SIS, and nanoporous AlOx structure formed after 
O2 etching. b) Corresponding GISAXS scattering pattern at incident angle αi = 0.200°. c) Line intensity scanned along the in-plane direction around 
Yoneda peak versus qy.
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etching. We hypothesize that the Al2O3 particles formed during 
the SIS process have weak ordering with average spacing of 
≈3.5 nm, while the AlOx in the porous membrane is closely 
packed. This observation is in good agreement with previous 
reports on the dimension shrinkage during post-SIS etch 
process.[30,47] Detailed distribution of inorganic nanoparticles 
during SIS process is under ongoing investigation.

To investigate the pore-size tunability, 141 nm thick BCP 
films assembled on 63S modified substrates were treated with 
various number of TMA/H2O cycles followed by oxygen plasma 
etching. Increasing the number of SIS cycles resulted in hex-
agonally packed pores with decreasing pore sizes, as shown 
by top-view SEM imaging (Figure 5a). The average pore diam-
eters at the film surface were 21.3 ± 0.8, 19.1 ± 0.9, 18.2 ± 0.9, 
and 16.1 ± 1.0 nm when BCP films were exposed to 2, 3, 4, 
and 5 TMA/H2O cycles, respectively (Figure 5b and Table 1); 
the corresponding open area fractions f are listed in Table 1. 
The pore size was linearly dependent on the number of SIS 
cycles (Figure 5c), but as the average pore diameter decreased, 
the pore size distribution gradually became wider.

The decrease in pore size is the result of higher Al2O3 con-
tent in the PMMA domain with additional cycles, which leads 
to thicker AlOx matrix after oxygen etching. The Al2O3 growth 
at the surface becomes less uniform with additional cycles, as 
evident from the increase in standard deviation with cycles. 
However, since Al2O3 growth in SIS occurs throughout the film 
thickness, a more thorough inspection of the 3D structure is 
needed in order to fully understand the growth of Al2O3 with 
SIS cycles. By controlling the growth of Al2O3 in the BCP, we 
were able to decrease the pore size by ≈25%, demonstrating 
the ability to tune the pore size from a single BCP template.  
Further decrease in pore size can be conducted using additional 
SIS cycles or ALD coatings.

2.3. The 3D Structure of AlOx Membranes

While the pore size at the membrane surface is an impor-
tant factor, the membrane performance is determined by its 
entire 3D structure. In order to probe the 3D morphology of 

the pores and verify that the cylinder channels are indeed con-
tinuous throughout the entire membrane thickness, STEM 
tomography[33] was used to directly resolve the 3D structures 
of the membrane with high resolution. For STEM imaging, 
141 nm thick BCP film assembled on 63S modified substrate 
was floated (together with the random copolymer layer) onto 
deionized water and was transferred onto a silicon nitride 
window,[48] followed by Al2O3 SIS and O2 etch under the same 
conditions previously described.

Visualization of the 3D reconstructed volume of AlOx 
membrane prepared using 3 SIS cycles, obtained by angular 
dark field (ADF) STEM tomography, is shown in Figure 6a 
and Movie S1 (Supporting Information); for clarity, the AlOx 
is colored in blue and the pores are transparent. To better 
understand the pores structure, the reconstructed volume was 
digitally sliced in xy and yz planes, creating slices parallel and 
perpendicular to the substrate, respectively. Figure 6b–d shows 
0.68 nm thick xy slices taken at the top, middle, and bottom 
of the film (z ≈ 58 nm, z ≈ 34 nm, and z ≈ 6 nm, respectively, 
where z ≈ 0 nm is the SiNx substrate). The bright regions in the 
ADF-STEM images are the strong scattering AlOx, while the 
darker regions are the pores. The xy slices show perpendicular 
pores throughout the AlOx thickness with some decrease in 
perpendicularity at the bottom of the membrane (Figure 6d). 
The tomographic characterization indicates that the original 
BCP film, which templated the AlOx membrane, had perpen-
dicular-oriented PS cylinders in the entire film thickness, in 
good agreement with the GISAXS characterization results 
(Figure 4). The perpendicularity of the pores can also be clearly 
seen in the cross-sectional yz slice (Figure 6e). The AlOx mem-
brane thickness, measured from the yz slices, was ≈62 nm; i.e., 
the film shrunk in z direction by 56% during etching, similar to 
recent studies on ZnO, AlOx, and TiOx nanostructures formed 
by SIS in polymers.[23]

Figure 6b–e shows that the pore size changes as a function of 
depth and the sidewalls become thinner at smaller z. To analyze 
the change in pore size with depth, the average pore diameter 
of 240 pores was measured in each xy slice of the tomography 
reconstructed volume using watershed segmentation and the 
pore diameter was plotted as a function of z (Figure 6f). Close 
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Figure 5. Pore size tuning through SIS cycles: a) SEM images of AlOx membranes templated by 141 nm thick C2050 film using 2, 3, 4, and 5 cycles of 
TMA/H2O SIS, followed by oxygen plasma etch. b) Pore size distribution calculated from ≈240 pores. c) Pore diameter as a function of cycle number.
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to the surface (z = 60 nm), average pore size of 26.1 ± 2.4 nm 
was measured, with minor change in diameter until z = 50 nm. 
Below z = 50 nm, the pore size gradually increased toward the 
substrate (until z = 20 nm), where at the bottom of the film 
(z = 8 nm), average pore size of 32.0 ± 4.1 nm was measured. 
Below z = 7 nm, the signal to noise ratio was too low for a reli-
able measurement. The measured pore size at the surface from 
the tomography data was higher than what was measured from 
the SEM images; we attribute this difference to the different 
interaction of the specimen with the electron beam and the 
detecting systems in the two imaging systems.

The change in pore size through depth indicates that for the 
SIS conditions used in this study, more Al2O3 growth occurred 

Adv. Funct. Mater. 2017, 1701756

Table 1. Average pore diameter, standard deviation, and open area 
fraction of AlOx membranes templated by 141 nm thick C2050 film 
using various cycles of TMA/H2O SIS, followed by oxygen plasma etch. 
The measurements were done using SEM images, 700 nm × 700 nm in 
size, with ≈240 pores.

Number of  
SIS cycles

Average pore  
diameter [nm]

Standard deviation  
(1σ) [nm]

Open area  
fraction (  f  )

2 21.3 0.8 0.280

3 19.1 0.9 0.226

4 18.2 0.9 0.205

5 16.1 1.0 0.160

Figure 6. STEM tomography characterization of alumina membrane templated by C2050 using 3 cycles of AlOx SIS followed by polymer etch: a) visuali-
zation of the reconstructed volume; the dimensions of the reconstructed volume are 635, 612, and 62 nm (x, y, z). b–d) 0.68 nm thick, xy slices of the 
reconstructed volume at z high of 6, 34, and 58 nm, respectively. z = 0 is defined as the height at the SiNx substrate. e) yz digitally sliced cross-section 
of the reconstructed volume. f) Pore diameter as a function of depth.
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at the top third of the film compared to the bottom of the film. 
Since SIS is a diffusion-limited process, more uniform Al2O3 
growth could be expected if longer exposure time is used.[49,50] 
Additionally, purge time could affect the SIS growth due to the 
unstable nature of physisorbed PMMA–TMA complex.[50] Opti-
mizing purge time could minimize the amount of precursor 
that is physically absorbed at the top of the film and allow 
covalent bonding to form between the metal precursor and the 
polymer moieties inside the film.[50] However, for separation 
applications, the widening of pores with depth is desired, since 
the narrow pore size enables high selectively and the widening 
of the pores leads to high flux.[15,17]

2.4. Similar Sized Protein Separation

Using a U-shaped diffusion cell (Figure 7a), separation tests 
were conducted on alumina membranes using two similar-size 
proteins in buffer solutions (see the Experimental Section). 
Bovine serum albumin (BSA) and bovine hemoglobin (BHb) 
were chosen as a model system since they have similar vol-
umes (14 nm × 3.8 nm × 3.8 nm and 6.4 nm × 5.5 nm × 5 nm, 
respectively) but different isoelectric points (4.7 and 7.0, respec-
tively);[51,52] thus, their electrical charge can be tuned by varying 
the pH value of the buffer solution (Figure S4, Supporting 
Information). The ionic strength of the buffer solution was 
chosen to be 0.01 m since it results in Debye length of ≈3.3 nm 
in the electric double layer (EDL) which is developed around 
the charged proteins and the charged pore walls (see the Exper-
imental Section). This Debye length is significant for pore sizes 
of ≈20 nm and proteins diameters of ≈6 nm.[21,53,54] The flux 
and the separation selectivity were compared between three 
membranes: (a) the hierarchical AlOx/AAO membrane devel-
oped in this study (AlOx membrane templated by the 141 nm 
thick BCP film treated with 3 cycles of Al2O3 SIS and trans-
ferred onto a commercially available AAO membrane with 
100 nm pores), (b) commercially available AAO membrane 
with 100 nm pores, and (c) commercially available AAO mem-
brane with 20 nm pores.

The average flux of the proteins at pH = 4.7 and pH = 7.0 
in a mixed protein diffusion experiment using these three 

membranes is presented in Figure 7b. The flux values were 
normalized according to the open area fraction of each mem-
brane, taking into account that 37% of AlOx pores are blocked 
by the AAO membrane underneath. At pH = 4.7, BSA diffused 
through AAO membrane with average pore size of 100 nm at 
high flux of (2.6 ± 0.1) × 10−9 m cm−2 s−1, and the flux of BHb 
was only slightly lower ((2.3 ± 0.1) × 10−9 m cm−2 s−1). These 
flux values are in good agreement with other protein separa-
tion results using membranes with the same characteristic pore 
size.[51,54] The selectivity of separation, calculated from the flux 
ratio between two proteins, was 1.1 ± 0.1 (Figure 7c). Although 
at pH = 4.7 BSA has neutral charge while BHb and the AlOx 
membrane are positively charged (Al2O3 isoelectric point is 9), 
the difference in the charge states has little effect on the sep-
aration selectivity since the effective pore size (with the EDL) 
is considerably larger than the hydrated protein diameters. 
The same behavior was seen at pH = 7.0, where both proteins 
showed high flux (BSA flux: (2.1 ± 0.1) × 10−9 m cm−2 s−1, and 
BHb flux: (2.2 ± 0.1) × 10−9 m cm−2 s−1), leading to low selec-
tivity of 1.1 ± 0.1.

When AAO membrane with average pore size of 20 nm 
was used for separating the two proteins, small increase 
in selectivity was measured (1.5 ± 0.2 and 1.3 ± 0.2 for the 
pH values of 4.7 and 7, respectively), but with low flux values of 
(1.8 ± 0.2) × 10−10–(2.8 ± 0.2) × 10−10 m cm−2 s−1. At pore diam-
eter of 20 nm, the effective pore size is close to the hydrated 
protein diameter and the proteins have to diffuse through 
60 µm thick membrane, resulting in lower flux compared to 
the 100 nm pore AAO membrane. The relatively small increase 
in selectivity was attributed to the large thickness of the mem-
brane and the wide distribution of pore sizes.[52]

When the hierarchical membrane with 62 nm thick top layer 
of porous AlOx templated by BCP (SIS membrane) was used to 
separate the proteins, both high flux and high selectivity were 
observed. At pH = 4.7, BSA flux was (1.4 ± 0.1) × 10−9 m cm−2 s−1  
and BHb flux was (1.8 ± 0.1) × 10−10 m cm−2 s−1, resulting in 
selectivity of 7.7 ± 0.1, while at pH = 7.0, BSA flux and BHb flux 
were (2.6 ± 0.1) × 10−10 and (1.1 ± 0.1) × 10−9 m cm−2 s−1, respec-
tively, resulting in selectivity of 4.1 ± 0.1. The high flux through 
the AlOx membrane and the threefold to fivefold increase in 
selectivity compared to the 20 nm pores size AAO membrane 

Figure 7. The separation of similar sized proteins: a) the separation performance of membranes was tested using a U-shaped cell. b) The flux of 
BSA and BHb measured at pH values of 4.7 and 7.0 through three different membranes: AAO membrane with average pore diameter of 100 nm, 
AAO membrane with average pore diameter of 20 nm, and a hierarchical membrane with BCP-templated AlOx membrane on top of AAO membrane 
with average pore diameter of 100 nm (AlOx SIS membrane). c) Separation selectivity of BSA/BHb at pH 4.7 and BHb/BSA at pH 7 for the three 
membrane types.
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are attributed to the ultrathin selective layer (62 nm, Figure 6) 
and the narrow pore size distribution (19.1 ± 0.9 nm, Figure 5), 
that enable to effectively harness the charged protein–mem-
brane interactions. At pH = 4.7, the positively charged BHb  
can barely diffuse through the positively charged membrane, 
while BSA, which does not carry electrical charges, can effi-
ciently diffuse through the 60 nm thick AlOx membrane. 
At pH = 7.0, BSA is negatively charged while BHb is neutral, 
leading to efficient diffusion of BHb through the hierarchical 
membrane.

The combination of hierarchical alumina membrane with 
thin separating layer and uniform nanoscale pores resulted 
in improved performance over commercial AAO membranes. 
Future development of this BCP-templated inorganic mem-
brane for water UF should include a comparison between 
this type of membrane and commercially available polymeric 
UF membranes. With the progress recently demonstrated in 
roll-to-roll processes for both BCP[11] and ALD[55] and further 
engineering of the support layer to create low-roughness, low-
cost, robust substrate, BCP-templated inorganic membrane 
could be fabricated on a large scale.

3. Conclusion

In summary, we have demonstrated that PMMA-rich, cylinder-
forming PS-b-PMMA can be harnessed to template nanopo-
rous AlOx membranes with narrow pore size distribution and 
precise control over the pore size, and showed the protein sepa-
ration capabilities of this membrane. Perpendicular-oriented 
PS cylinders were self-assembled in PMMA-rich PS-b-PMMA 
films over a large range of film thickness by precisely control-
ling the substrate chemistry and the annealing temperature. 
Nanoporous AlOx membranes with tunable pore size were 
templated by the same BCP film through variating the amount 
of Al2O3 grown inside the PMMA domains in the SIS process. 
GISAXS and electron microscopy showed the highly ordered 
hexagonally packed structures of the BCP film, the hybrid inter-
mediate, and the AlOx nanoporous membrane, with STEM 
tomography revealing the high connectivity and nontortuous 
pore structure in three dimensions. The diffusion-limited infil-
tration and growth of Al2O3 precursors in the PMMA block 
resulted in a gradient in Al2O3 content through depth, with 
larger Al2O3 content at the top versus the bottom and hence an 
increase in pore size from top to bottom of the membrane, as 
evident from the STEM tomography. This nonhomogeneous 
depth profile is considered ideal for separation applications.

Combining the thin BCP-templated AlOx membrane with 
supporting AAO membrane resulted in hierarchical mem-
brane that was used for separating similar sized proteins. The 
ultrathin AlOx nanostructure and the narrowly distributed pore 
size enabled the hierarchical membrane to separate proteins 
with both high flux and high selectivity. The processes and 
membrane fabrication approach developed in this research 
provide a potential new route for making isoporous metal-
oxide membranes. We envision this route as a new platform for 
advanced and multifunctional membranes that would exhibit 
high separation selectivity, antifouling behavior, and photo-
catalytic activity.

4. Experimental Section

Materials: Cylinder-forming PS-b-PMMA (C2050, Mn = 20.2-b-50.5 
kg·mol−1, polydispersity index PDI = 1.07) was purchased from Polymer 
Source, Inc. Poly(acrylic acid) sodium salt solution (Mw ≈ 15 000 g·mol−1, 
35% mass fraction in water) was purchased from Sigma-Aldrich 
and used as received. Poly(styrene-r-methyl methacrylate-r-glycidyl 
methacrylate) (P(S-r-MMA-r-GMA)) containing ≈4 mol% of glycidyl 
methacrylate was synthesized by reversible addition fragmentation chain 
transfer polymerization with styrene mole fractions from 21% to 85% 
(denoted as 21S to 85S) determined by 1H nuclear magnetic resonance 
spectroscopy. Anodic aluminum oxide membranes (Anopore) were 
purchased from Sigma-Aldrich (20 and 100 nm pore size membranes 
with 60 µm thickness). Bovine serum albumin (66 kDa) and bovine 
hemoglobin (65 kDa) were purchased from Sigma-Aldrich, and used 
as received. The buffer powder for phosphate buffered saline was 
purchased from Sigma-Aldrich (catalog no. P3563). The pH values of the 
buffer solutions were tuned to 4.7 and 7.0 by adding a small amount of 
HCl or NaOH solution.

Sample Preparation: Silicon wafers were cleaned in a piranha solution 
(3:7 volumetric ratio of concentrated sulfuric acid and 30 wt% hydrogen 
peroxide solution) at 130 °C for 30 min and rinsed with deionized water 
prior to use. PS-r-PMMA-modified substrates were prepared by spin 
coating 1 wt% of 21S to 85S in toluene solution onto the cleaned Si 
wafer at 4000 rpm for 1 min, followed by annealing at 250 °C for 30 min 
under a nitrogen atmosphere to be fully crosslinked. C2050 films with 
thickness ranging from 22 to 401 nm were deposited from chlorobenzene 
solutions with concentrations of 1–8 wt% on the PS-r-PMMA-modified 
substrates. Samples were annealed at 190–270 °C for 30 min to 3 h 
under a nitrogen atmosphere. Al2O3 SIS was performed in Arradiance 
Gemstar ALD using alternating exposures to TMA and deionized H2O 
at 95 °C in semistatic mode. N2 gas flow was used as purge and carrier 
gas. The base pressure of the reactor was 50 mTorr before introducing 
the precursors. During each setting exposure period, the TMA valve 
was opened for 1 s, after which the valve was closed and the samples 
were exposed for 10 min, and then pure N2 gas was flowed through 
the chamber at 200 sccm for 5 min to purge any unreacted precursor. 
A same exposure/purge process was used for the H2O precursor to 
complete one SIS cycle. The long exposure time was chosen to ensure 
the precursors could diffuse through the entire thickness of the film. The 
SIS cycle number was varied between 2 and 5. The polymers were etched 
with O2 reactive ion etching (RIE) using Oxford Plasma-Pro NGP80. The 
samples were etched at 50 W radio frequency power for 5 min to make 
sure polymers were removed thoroughly. Film thickness was measured 
using an alpha-SE elipsometer.

Membrane Fabrication: Silicon wafers were piranha cleaned with 
same procedure. About 100 nm thick water soluble sacrifice layers 
were prepared by spin coating 5 wt% PAA-Na in water at 4000 rpm for 
90 s. 63S was spin-cast from a 1 wt% toluene solution and followed by 
annealing at 250 °C for 30 min under a nitrogen atmosphere to function 
as surface neutral layer. C2050 films with thickness of 141 nm were spin-
cast from chlorobenzene solutions with concentrations of 4 wt% on the 
silicon–PAA-mat substrates. Samples were annealed at 270 °C for 3 h 
under a nitrogen atmosphere. The BCP film and mat were floated using 
deionized water and transferred onto the commercial AAO supporting 
membrane, followed by SIS and O2 RIE as previously described. While 
the SIS process results in growth of Al2O3 also inside the polymer 
mat,[30] this nonstructured thin layer is not mechanically stable to be a 
stand-alone layer and porosity is achieved without breakthrough Al2O3 
etch.

For STEM imaging samples, the BCP film and mat were floated and 
collected with a silicon nitride supporting film (200 µm silicon frame, 
30 nm silicon nitride supporting film).[33,48,56] The same SIS and etching 
recipes were applied to TEM samples.

Scanning Electron Microscopy: A Carl Zeiss Merlin field-emission 
scanning electronic microscopy was used to investigate the surface 
morphology with an acceleration voltage of 1 keV and a typical working 
distance of 3 mm.
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Transmission Electron Microscopy: STEM imaging and tomography 
were performed using a field-emission gun TEM operated at 200 kV, 
and camera length of 300 mm. For tomography, a series of STEM 
images were acquired at tilt angles ranging from −68° to +68° at 
angular interval of 3° from −54° to +54°, and at angular interval of 
2° from +54° to +68° and from −54° to −68°. The tilt series of the STEM 
images (51 projections) were aligned with Inspect 3D software using 
naturally occurring defects in the film. Reconstruction was performed 
using simultaneous iterative reconstruction technique algorithm 
applied through the same software. Segmentation (thresholding) of 
the reconstructed volume was performed manually using ImageJ to 
define the alumina domains for surface rendering. Visualization of the 
segmented volume was performed using Amira software.

Image Analysis of Pore Size: Pore size analysis was performed using 
watershed segmentation algorithm implemented in a python script. Pore 
diameter was measured as the diameter of a circle with the same area as 
the segmented pore.

GISAXS: GISAXS measurements were performed at beamline 8-ID-E 
of the Advanced Photon Source at the Argonne National Laboratory. 
The X-ray energy was 7.35 keV, the wavelength was 1.69 nm, and 
the sample to detector distance was 1.30 m. The exposure time to 
collect each scattering measurement was 1 s. Sets of 30 scattering 
measurements were collected and integrated to produce each 2D 
scattering profile.

Protein Transport and Separation: Protein separation was probed in 
a custom-made U-shaped diffusion cell. Membranes were sandwiched 
between two glass slides with a hole and two rubber O-rings, and 
clamped between glass fittings. The effective permeation area of the all 
membranes was 0.45 cm2. Fifteen milliliters of a 0.01 m buffer solutions 
were placed into the source (including a mixture of 25 × 10−6 m BSA and 
25 × 10−6 m BHb) and sink chambers. The value of the electrical double 
layer thickness is given by 

8D 0 B
1/2

nλ π λ )(= −  (1)

where the ion density n0 is ≈0.006 for 0.01 m buffer solutions and 
λB is ≈0.7 nm in water.[21,53] Both compartments were stirred vigorously 
with magnetic stirrers to ensure homogenic solutions. One milliliter 
was taken every 60 min from both the sink and the source sides, and 
the solute concentrations in the sink side were quantified by UV–visible 
spectroscopy (Agilent 8453), using the absorption band at 278 nm for 
BSA and at 408 nm for BHb.
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