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A B S T R A C T   

The remarkable permselectivity of homoporous membranes (HOMEs) confers them with unparalleled advantages 
in high-precision separation. However, the upscalable fabrication of HOMEs remains a challenging yet crucial 
task to meet practical demands. Herein, we present a facile and controllable strategy for producing HOMEs 
through spray coating of block copolymers (BCPs) on macroporous substrates, followed by annealing and se
lective swelling. By controlling the BCP concentrations and ambient humidity during spray coating, dense BCP 
layers with adjustable thickness can be formed. The use of suitable pore-filling agents for filling the pores of 
substrates during spray coating and annealing prevents BCP from penetrating into the substrates. Also, it ensures 
robust adhesion between the BCP layers and macroporous substrates. Direct spray-coating circumvents the 
intricate and uncontrollable BCP layer transformation process, thereby enabling the successful fabrication of 
HOMEs over a large area of 100 cm2. The separation performances of thus-prepared homoporous membranes can 
be easily regulated by changing the swelling durations. Furthermore, the selective swelling process leads to the 
enrichment of BCP polarity chains on the surface and pore walls, allowing for further quaternization modifi
cation. Consequently, a synchronous promotion in permeability and selectivity of HOMEs is achieved.   

1. Introduction 

The pore structures, including pore size, uniformity, pore type, 
porosity, etc., play a pivotal role in determining the separation perfor
mance of a membrane [1–3]. With the ever-expanding applications of 
membrane separation technology in various fields, there is an increasing 
demand for higher selectivity and permeability for membranes, which 
drives the development of porous structures toward greater regularity, 
refinement, and controllability [4,5]. Homoporous membranes 
(HOMEs) are characterized by uniform pore sizes, same pore geome
tries, and vertically aligned through pores [6,7]. Uniform pore sizes 
allow for more precise screening of materials with varying sizes, 
ensuring sharp selectivity. Meanwhile, straight-through porosities 
shorten the passage channels and minimize mass transfer resistance, 
leading to ultrafast permeability. These advantages of HOMEs over 
conventional membranes with tortuous porosities and scattered aper
tures enable them to meet the demand of high-precision separation 
applications, such as protein and peptide classification, virus removal, 
pharmaceutical purification, etc [8–11]. The design and preparation of 

HOMEs have thus emerged as a pivotal research focus in the field of 
membrane separation. 

In regard to the preparation of HOMEs, block copolymers (BCPs) 
have garnered significant attention due to their special microphase 
separation property [12–14]. BCPs are a class of fascinating materials 
comprising two or more covalently linked chains with distinct repeating 
units. Due to the thermodynamic incompatibility between different 
chains, BCPs can undergo microphase separation through different 
annealing techniques, such as thermal annealing, solvent annealing, 
microwave annealing and laser annealing [15–18], resulting in the 
formation of long-range ordered nanopatterns [19–21]. Among these 
nanopatterns, the one with cylindrical phases of the minority blocks 
perpendicularly aligned within the matrix of the majority blocks offers 
an ideal design platform for the preparation of HOMEs [22,23]. Chem
ical etching of the minority blocks or extraction of the predosed addi
tives incorporated into cylindrical phases are the direct ways to produce 
straight-through porosities from BCPs [24–27]. Sequential infiltration 
synthesis (SIS) to selectively grow inorganic species within the matrix of 
the majority blocks, followed by etching of BCPs, could result in the 
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inorganic HOMEs [28–30]. Nevertheless, these pore-making approaches 
are destructive to the ordered BCPs and are considerably laborious. To 
overcome the limitations, we have developed a nondestructive and 
ease-to-operate method for generating pores in phase-separated BCPs, 
which is called selective swelling-induced pore generation [31–33]. By 
selective swelling of minority phases in an appropriate solvent and 
subsequent drying, well-defined pores can be generated without 
damaging the BCP precursors. Importantly, the pore sizes can be flexibly 
tuned by changing the swelling parameters. Thus, this highly convenient 
method has been widely utilized in the fabrication of HOMEs with 
diverse pore sizes [34]. 

In consideration of the exorbitant expenses and inadequate me
chanical strength of BCP materials, HOMEs from BCPs are usually in the 
form of composite membranes with homoporous BCP layers atop the 
macroporous substrates [35]. Typically, BCPs are first coated on dense 
substrates of silicon wafers or glass plates to form thin films. After 
annealing to perpendicularly align their microphase-separated struc
tures, the BCP films are detached from dense substrates and transferred 
onto the porous substrates to prepare HOMEs [36–38]. However, the 
detachment and transformation procedures necessitate laborious and 
meticulous operations to avert damage to the delicate thin BCP layers, 
thereby restricting this approach only viable to small-sized fabrication, 
typically less than 10 cm2 [7]. Besides, the rough composite process of 
attaching BCP layers onto substrates cannot guarantee sufficient inter
layer adhesion, which could have a negative impact on the performance 
stability of the membranes upon long-term use and impede the possi
bility of further modification to adapt specific applications. Recently, 
our group has reported the manufacturing of HOMEs using the BCP of 
polystyrene-block-poly(2-vinyl pyridine) (PS-b-P2VP, abbreviated as 
S2VP), with an extended membrane area of up to 100 cm2 [39]. 
Whereas, the current study still relies on the detachment and trans
formation process, which fails to address existing issues fundamentally. 
Additionally, multiple annealing is required to achieve hexagonally ar
ranged ordering. Therefore, there is a high demand for innovative 
scalable methods for the fabrication of HOMEs with large areas. 

In this work, we utilized the spray-coating method to directly deposit 
S2VP onto macroporous substrates. Subsequent annealing of as-coated 
membranes in a saturated chloroform vapor environment facilitated 
the perpendicular alignment of P2VP microdomains within the S2VP 
layers. Swelling the aligned S2VP layers in hot ethanol enabled the 
formation of ordered through pores and ultimately yielded HOMEs. 
Pore-filling agents were used to fill the macropores of substrates in order 
to prevent S2VP from penetrating into the substrates during spray 
coating and annealing. It was found that the pore-filling agents had a 

great impact on the pore morphology and interlayer adhesive strength. 
By selecting an appropriate pore-filling agent, we successfully fabricated 
HOMEs with strong interlayer adhesion in a large area of 100 cm2. The 
HOMEs exhibited excellent separation performances and could be 
further enhanced in both permeability and selectivity through quater
nization modification. 

2. Experimental section 

2.1. Materials 

S2VP (Mn
PS = 290 kDa, Mn

P2VP = 72 kDa, polydispersity index (PDI) =
1.10) was bought from Polymer Source Inc. The hydrophilic poly
vinylidene fluoride (PVDF) membranes as the porous substrates 
(average pore diameter of 0.22 μm) were purchased from Haining Yibo 
Filtration Equipment Co., Ltd. Polyvinyl alcohol (PVA, Mw = 1750 Da) 
was obtained from Shanghai Lingfeng Chemical Reagent Co., Ltd. Poly 
(sodium p-styrenesulfonate) (PSS, Mw = 80 kDa, 20 wt% aqueous solu
tions) was purchased from Shanghai Macklin Biochemical Co., Ltd. 
Polyethylene glycol (PEG, Mw = 3.6~4.4 kDa) and polyvinyl pyrroli
done (PVP, Mw = 44–54 kDa) were bought from Sinopharm Chemical 
Reagent Co., Ltd. Monodispersed gold nanoparticles in water (diameters 
of 15 nm and 5 nm) were obtained from BBI Solutions. Other reagents 
including chloroform (≥99 %), ethanol (≥99.7 %), and bromoethane 
(≥99 %) were provided by Shanghai Aladdin Biochemical Technology 
Co., Ltd. 

2.2. Membrane preparation 

S2VP was ultrasonically dissolved in chloroform to prepare the 
membrane-casting solutions with varying concentrations, and the ob
tained solutions were filtered three times through polytetrafluoro
ethylene (PTFE) filters to remove any impurities. PVA, PSS, PEG, or PVP 
were dissolved in water, and obtained solutions with different concen
trations were used as pore-filling agents. The process of membrane 
preparation is illustrated in Fig. 1. A piece of 10 cm × 10 cm PVDF 
membrane was placed on the liquid surface of the pore-filling agent 
letting the pore-filling agent penetrate into and fill the pores of the 
membrane. After being filled, the PVDF membrane was placed on the 
plate of the spray device (SEV-300EDN, Suzhou Second Automatic 
Equipment Co., Ltd). Then, the S2VP solution was spray-coated onto the 
surface of the PVDF membrane with 1 bar of compressed air. The spray 
device was positioned within a fume hood with the ambient humidity 
controlled at 20–50 %. The spray nozzle was maintained 62 mm higher 

Fig. 1. The schematic diagram of the preparation process of HOMEs.  
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than the plate, and the spray coating process was repeated until the 
S2VP solution in the reservoir of the spray device was exhausted. After 
spray coating, the obtained composite membrane was dried naturally at 
room temperature until the residual chloroform solvent in the S2VP 
layer evaporated completely. Before annealing, the composite mem
brane was placed onto the liquid surface of the pore-filling agent again 
for 10 min to replenish it. An S2VP film coated on the silicon wafer was 
used as a reference to monitor the annealing process since we needed to 
observe the color change during the process. The annealing process was 
carried out in a 450 mL container equipped with a glass platform. 100 
mL chloroform was added to the container, then the composite mem
brane and the reference were placed on the platform at the same time, 
followed by sealing the container immediately to allow a saturated 
chloroform vapor environment for annealing. When the color of the 
reference turned green, the container was opened to release the satu
rated chloroform vapor and stop the annealing process. After that, in 
order to remove the pore-filling agents of PSS, PEG, or PVP inside the 
pores of PVDF, the composite membrane was immersed in pure water at 
room temperature with stirring at 300 rpm for 2 h, while for removing 
PVA, the composite membrane was soaked in pure water at 90 ◦C for 2 h. 
Then, the composite membrane was immersed in ethanol at 65 ◦C for 
different durations to create homoporous structure in the S2VP layer by 
the selective swelling-induced pore generation process. After undergo
ing selective swelling and natural drying, the HOME was finally 
obtained. 

A further modification was conducted by soaking the prepared 
HOME in the bromoethane-ethanol mixed solvent containing 5 % or 10 
% bromoethane (v/v) at room temperature for 1–12 h, then taking the 
membrane out from the solvent and allowing it to dry naturally. 

2.3. Characterizations 

A filed-emission scanning electron microscope (FE-SEM, Hitachi S- 
4800) was used to characterize the morphologies of HOMEs at an 
accelerating voltage of 3-5 kV. For cross-sectional observation, HOMEs 
were immersed in isopropanol to fill the pores, then immersed in liquid 

nitrogen for quick freezing followed by rupturing to expose the cross 
sections. All samples were sputter-coated with a gold layer to improve 
conductivity before SEM characterizations. The Br contents of the 
composite membranes were analyzed by the energy-dispersive X-ray 
(EDX) spectrometer (Noran) at an accelerating voltage of 20 kV. The 
surface hydrophilicity of membranes was detected by an angle goni
ometer (DropMeter A-100, Maist), and at least 5 positions of each 
sample should be measured to afford the average value of the water 
contact angle. 

2.4. Membrane filtration tests 

A dead-end filtration device (Amicon 8003, Merck Millipore) was 
used to assess the separation performances of HOMEs under a pressure 
of 0.8 bar. Before measurements, the membrane was pre-compacted 
under the same pressure for 10 min in order to achieve a stable filtra
tion state. The water permeance (P, L • m-2 • h-1 • bar-1) was calculated 
by Eq. (1): 

P=
V

A • t • Δp
(1)  

where V (L) represents the volume of water passing through the mem
brane during the testing period t (h), A (m2) denotes the effective 
filtration area, and Δp (bar) indicates the applied testing pressure. 

Monodisperse gold nanoparticles with sizes of 5 nm and 15 nm were 
used for rejection tests. Before tests, the HOMEs were immersed in a 
solution of Acid Orange 7 (5 mg • L-1) for 20 min to neutralize the 
membrane surface in case of the surface adsorption of gold nanoparticles 
[40]. UV–vis spectrophotometry (NanoDrop 2000c, Thermo Fisher Sci
entific) was used to analyze the concentrations of gold nanoparticles in 
the feed, permeation, and retentate solutions. The rejection rates were 
calculated by Eq. (2): 

R= 1 −
Cp

Cf
× 100% (2)  

where Cp (g • L-1) and Cf (g • L-1) represent the concentrations of gold 

Fig. 2. The composite membrane fabricated with an S2VP concentration of 0.5 wt%. The surface SEM images (a) at low magnification and (b) at high magnification. 
(c) The cross-sectional SEM image. Digital images of (d) the S2VP coated side and (e) the PVDP substrate side. Images of (d) and (e) have the same magnification with 
a scale bar corresponding to 5 cm provided in (e). 
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nanoparticles in the permeation and the feed solutions, respectively. 

3. Results and discussion 

3.1. Effects of the membrane-casting solution concentrations 

The membrane-casting solutions with different S2VP concentrations 
were investigated in order to form a dense BCP layer without noticeable 
defects atop the porous substrate during spray coating. We fixed the 
spraying volume at 3 mL, and the surface morphology of the composite 
membrane was characterized by SEM after spraying. When the con
centration of the membrane-casting solution was 0.25 wt%, the surface 
of the composite membrane exhibited a rough texture when observed at 
low magnification (Fig. S1a). Zooming in further revealed that macro
pores were still exposed on the surface and the S2VP layer could not 
completely cover the PVDF substrate (Fig. S1b). When the casting so
lution concentration was increased to 0.5 wt% and 0.75 wt%, a complete 
and dense S2VP layer could be formed with no porous PVDF substrate 
exposed on the surface, as shown in Fig. 2 and Fig. S2. Apparently, the 
casting solution with a low concentration has a low viscosity and strong 
fluidity, when the sprayed solution reaches the surface, it may partially 
infiltrate into the inner pores of the PVDF substrate, leading to defective 
areas. As the concentration of the casting solution is increased, the 
enhanced viscosity limits the downward leakage of the solution, thus the 
intact S2VP layer can be formed. The cross-sectional SEM observation 
(Fig. 2c) showed the bi-layered structure with a dense S2VP layer 
positioned on top of the macroporous substrate. The prepared composite 
membrane with a size of 10 cm × 10 cm exhibited a lustrous appearance 
on the side coated with the S2VP layer and the opposite side remained 
dull (Fig. 2d and e). 

Based on the macrophase separation nature, the P2VP block would 
form cylinders distributed in the PS matrix in the S2VP layer of the 
composite membrane, but the orientation of P2VP cylinders was disor
dered for the as-coated membrane [41,42]. Therefore, the composite 
membrane was exposed to a saturated chloroform vapor environment to 
align cylinders by annealing [43]. After getting an ordered morphology 
with perpendicular aligned P2VP cylinders, the membrane was executed 
to selective swelling to transform the cylinders into pores. After selective 
swelling, the membranes presented nanopores on the surface as shown 
in Fig. 3. For the casting solution concentration of 0.5 wt% and 0.75 wt 
%, the nanopores had a uniform size in a hexagonal pattern (Fig. 3a and 
b). However, when the concentration was increased to 1 wt%, the reg
ularity of the pore structure was decreased, and the nanopores were no 
longer in a hexagonal arrangement (Fig. 3c). The cross-sectional 
morphology characterizations observed that the S2VP layer thick
nesses of membranes prepared with S2VP concentrations of 0.5 wt% and 
0.75 wt% were ~717 nm and ~1124 nm, respectively, and both of their 
pores were straight pores vertically through the entire layers (Figs. S3a 
and b). As for the solution concentration of 1 wt%, the average thickness 
of the S2VP layer was increased to ~2740 nm, but the cross-section 
exhibited a bi-continuous porous structure (Fig. S3c). The change in 

morphology was attributed to the excessive thickness of the S2VP layer. 
In the annealing process, the chloroform vapor would be difficult to 
uniformly penetrate in the S2VP layer to align the phase-separated 
structure, resulting in the inability to form vertically through pores 
after swelling. Under the same swelling duration of 5 h at 65 ◦C, the 
average surface pore sizes of the membranes prepared with S2VP con
centrations of 0.5 wt%, 0.75 wt%, and 1 wt% were 29 nm, 31 nm, and 
30 nm, respectively, implying the solution concentration, in other 
words, the S2VP layer thickness, has little effect on the pore size. 

We noted that there were a few pores with a size much larger than 
the pores formed by selective swelling on the surface as circled in 
Figs. S4a and b. They were caused by moisture during spraying. Under a 
relatively high ambient humidity of 30%–50 %, the prepared membrane 
had much more macroporous defects on the surface (Figs. S4c and d). 
Controlling the humidity at 20%–30 % during spraying could inhibit the 
formation of macropores to a great extent, and the few ones existing 
almost stayed on the surface of the S2VP layer, unable to penetrate 
through the entire separation layer (Fig. 3e), so the separation perfor
mance of the composite membrane was unaffected. 

3.2. Effects of the pore-filling agents 

In addition to the membrane-casting solution concentration, the 
pore-filling agent should also be carefully chosen for the preparation of 
HOMEs. The PEG aqueous solutions with concentrations of 10 wt% and 
20 wt% were first investigated. As shown in Fig. S5, the intact S2VP 
separation layers could be achieved, but there were only a few anoma
lous pores formed after selective swelling at both PEG concentrations of 
10 wt% and 20 wt%, far from the hexagonally arranged pores. This 
result suggests the PEG solution is inappropriate to be used as the pore- 
filling agent. Then, we studied the effect of the PSS aqueous solution as a 
pore-filling agent on the membrane preparation. As shown in Fig. S6, the 
as-sprayed S2VP layer could cover the PVDF substrate completely 
without obvious defects. It was proved that the PSS pore-filling agent 
effectively prevented the S2VP solution from penetrating into the PVDF 
substrate. However, the S2VP layer failed to get an ordered homoporous 
structure when 10 wt% PSS aqueous solution was used, the surface of 
the S2VP layer had some defects of large pores, and the porosity was low 
(Figs. S6a and b). When the concentration of the PSS aqueous solution 
was increased to 20 wt%, the defects of large pores on the surface of the 
S2VP layer almost disappeared, and regular pores of uniform size were 
formed after selective swelling (Figs. S6c and d). The results indicate 
that the PSS solution with a low concentration is unfavorable for the 
preparation of HOMEs. We speculate the reason for this is the solution 
with a low concentration has a relatively high saturated vapor pressure 
of water, so the water molecules of the PSS solution filled in the sub
strate pores are more prone to volatilize to the S2VP layer during the 
spraying and annealing process, leading to the humidity defects and 
impacting the microphase separation morphology of S2VP. Further
more, we examined the adhesive force between the S2VP layer and the 
substrate of the prepared composite membrane. Although the regular 

Fig. 3. The surface SEM images of membranes fabricated with different S2VP concentrations after swelling at 65 ◦C for 5 h: (a) 5 wt%, (b) 7.5 wt%, and (c) 1 wt%. 
Insets show the pore size distribution and the average pore size of the corresponding membranes. Images have the same magnification with a scale bar corresponding 
to 500 nm provided in (c). 
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pores could be achieved when the PSS aqueous solution was 20 wt%, the 
smooth surface (Fig. S6e) of the membrane before swelling became 
coarse, and emerged some blisters after swelling (Fig. S6f), indicating 
the adhesive force between the S2VP layer and the macroporous sub
strate was insufficient. 

In order to achieve both the homoporous structure and the robust 
adhesion between the S2VP layer and the substrate, the PVA and PVP 
aqueous solutions as the pore-filling agents were further investigated to 
prepare HOMEs. When a 10 wt% PVA aqueous solution was configured, 
we found the solution was very viscous because of the strong hydrogen 
bonding interactions between PVA polymer chains, resulting in poor 
fluidity of the solution. Using it to fill the PVDF substrate, the PVA 
aqueous solution was difficult to enter the PVDF substrate and fill the 
pores thoroughly. During the spraying process, the S2VP chloroform 
solution partially penetrated into the macropores of the PVDF substrate, 
resulting in large areas of defects (Fig. S7). When we decreased the PVA 
solution concentration to 5 wt%, a complete and dense S2VP layer could 
be obtained after spraying, and the hexagonally arranged nanopores 
were formed after selective swelling (Figs. 2 and 3). Moreover, there was 
no peeling off or blisters in the S2VP layer after the composite mem
brane was washed at a high temperature of 90 ◦C to remove the PVA 
pore-filling agent and swelling in 65 ◦C ethanol for 5 h, which indicates 
the S2VP layer could tightly adhere to the substrate as the 5 wt% PVA 
aqueous solution was used as the pore-filling agent. For the PVP aqueous 
solutions, HOMEs with well-defined uniform through pores could be 

achieved at different concentrations varying from 5 wt% to 20 wt% as 
shown in Fig. 4. Similar to the pore-filling agent of PSS solutions, the 
PVP solution with a low concentration would result in some defects of 
large pores on the surface of the S2VP layer. Increasing the PVP solution 
concentration would restrain the formation of large pores, thus the 20 wt 
% PVP solution produced a better homoporous structure than the 5 wt% 
and 10 wt% PVP solutions. Given the above, the morphology of the S2VP 
layer is sensitively affected by the species and the concentrations of the 
pore-filling agent, and 5 wt% PVA and 20 wt% PVP aqueous solutions 
are the preferred ones according to our experiment results. 

We compared the adhesive strength of HOMEs prepared by using 5 
wt% PVA and 20 wt% PVP aqueous solutions as the pore-filling agents. 
As shown in Fig. 5, both of the HOMEs with two kinds of pore-filling 
agents showed good adhesive force without obvious exfoliation or 
cracking on the surface after swelling. Further exposing the membranes 
to ultrasonic treatment, it was observed that the membrane prepared by 
PVP filling still did not change in appearance and no S2VP layer peeled 
off even after 40 min treatment, but the S2VP layer of the membrane 
prepared by PVA filling partly detached from the substrate after 20 min 
treatment (Fig. 5g) and peeled off completely after 40 min treatment 
(Fig. 5h). As the membrane prepared by PVA filling needed to be stirred 
at a high temperature of 90 ◦C for 3 h when removing PVA, the adhesive 
force between the S2VP layer and the PVDF substrate was greatly 
reduced. By contrast, the PVP has better water solubility and can be 
washed off only by stirring in pure water at room temperature. 

Fig. 4. Surface SEM images of membranes prepared by using the pore-filling agents of PVP aqueous solutions with different concentrations: (a, b) 5 wt%, (c, d) 10 wt 
%, and (e, f) 20 wt%. Images (a, c, e) and (b, d, f) have the same magnification with the scale bars corresponding to 2 μm and 500 nm provided in (e) and (f), 
respectively. 
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Therefore, the adhesive force of the HOME prepared by PVP filling is 
stronger than that of the HOME prepared by PVA filling. Also, the strong 
adhesion makes this HOME much more robust than that prepared via the 
transfer method. 

3.3. Regulation of pore sizes and separation performances 

The pore sizes of HOMEs could be adjusted by changing the swelling 
durations. The longer the swelling duration, the larger the pore size 
formed [44]. We investigated the pore sizes of HOMEs prepared by using 

5 wt% PVA and 20 wt% PVP aqueous solutions as the pore-filling agents 
for different swelling durations. As shown in Fig. 6, swelling of the 
membranes by PVA filling for 3 h, 5 h, and 7 h resulted in pore sizes of 
25 nm, 31 nm, and 42 nm, respectively, while pore sizes of the mem
branes by PVP filling varied from 25 nm, 29 nm–35 nm, which were 
smaller than the former ones although the swelling conditions were the 
same. This may be because the P2VP cylinders absorb ethanol and 
expand their volumes during swelling, and the PS phases are squeezed 
having to deform their matrix to form pores, however, the stronger 
adhesion between the S2VP layer and porous substrate for the 

Fig. 5. Digital images of HOMEs prepared by using (a-d) the 20 wt% PVP aqueous solution and (e-h) the 5 wt% PVA aqueous solution as pore-filling agents. All 
images have the same magnification with a scale bar corresponding to 5 cm provided in (h). 

Fig. 6. Surface SEM images of composite membranes prepared by using (a-c) the 5 wt% PVA aqueous solution and (d-f) the 20 wt% PVP aqueous solution as pore- 
filling agents after swelling at 65 ◦C for different durations: (a, d) 3 h, (b, e) 5 h and (c, f) 7 h. All images have the same magnification with a scale bar corresponding 
to 500 nm provided in (h). 
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membranes by PVP filling may partially restrict the deformation of PS 
phases, resulting in relatively smaller pore sizes. 

The pore size is closely related to the separation performance. We 
tested the separation performances of HOMEs prepared by PVA and PVP 
filling subjected to swelling for different durations. As shown in Fig. 7, 
with the swelling duration increased from 3, 5, 7, 9, to 11 h, the pure 
water permeances of HOMEs prepared by PVA filling exhibited an up
ward trend from 190, 382, 582, 807, to 1153 L m− 2 h− 1 bar-1 (LMHB) 
because of the increased pore sizes. Meanwhile, the rejections to the 
gold nanoparticle with a size of 15 nm were decreased from 96.1 %, 94 
%, 93.6, 90.4 %, to 83.2 %, respectively, and the rejections to the 5 nm 
gold nanoparticle changed from 62.2 %, 56.8 %, 56.2 %, 52.3 %, to 45.8 
%, respectively. Fig. S8 shows the UV–vis absorption spectrum of the 15 
nm gold nanoparticle in the feed, permeation, and retentate solutions 
treated by the membrane subjected to 3 h swelling. The absorption peak 
of gold nanoparticles at 520 nm almost disappeared in the permeation 

solution while a significant increase in the gold concentration was noted 
for the retentate solution, demonstrating that the nanoparticles were 
effectively intercepted by the membrane based on size sieving rather 
than adsorption. In terms of HOMEs prepared by PVP filling, the pure 
water permeances were increased from 145, 202, 247, 315, to 370 
LMHB as the swelling durations were prolonged from 3, 5, 7, 9 to 11 h. 
The rejections to 15 nm gold nanoparticles remained stable at a high 
level of 98.8 %, meanwhile, the rejections to 5 nm gold nanoparticles 
were decreased gradually from an initial value of 60 %–45.3 %. The 
permeances of HOMEs prepared by PVA filling were overall higher than 
that of HOMEs prepared by PVA filling while the rejections were lower, 
due to their difference in pore sizes which has been discussed above. 

3.4. Quaternization to boost performances 

Because the P2VP chains spontaneously migrate on the surface and 

Fig. 7. The permeances and rejections to 15 nm and 5 nm gold nanoparticles across HOMEs prepared by (a) PVA filling and (b) PVP filling subjected to swelling at 
60 ◦C for various durations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 8. (a) Schematic of the quaternization modification on HOMEs. The SEM images of the membranes (b) before and (b-e) after modification in the bromoethane- 
ethanol mixed solvent containing 10 % bromoethane (v/v) for different durations. 
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pore walls during selective swelling pore generation [45], the pyridine 
groups in P2VP chains provide reactive sites for further modification of 
the HOMEs. Therefore, we used bromoethane to react with the pyridine 
groups of P2VP chains to adjust the surface property and boost the 
separation performances of HOMEs (Fig. 8). The S2VP separation layer 
of the HOME before modification showed a homoporous structure 
(Fig. 8b). After immersing the membrane in a bromoethane-ethanol 
mixture containing 10 % bromoethane (v/v) for 1, 4, and 12 h, no 
dissolution or destruction phenomena were observed in the S2VP layer 
(Fig. 8c-e). The morphology was consistent with the membrane 
morphology before the reaction, indicating the modification of bromo
ethane would not change the morphology of HOMEs. 

EDX was used to analyze the elementary composition on the surface 
of HOMEs after quaternization modification. As shown in Fig. 9a, EDX 
captured the distribution of bromine on the surface of the S2VP layer, 
thereby confirming the successful grafting of bromoethane. The grafting 
amounts of bromoethane were adjusted by varying the bromoethane 
content in the bromoethane-ethanol mixture and the modification 
duration. As shown in Fig. 9b, the bromine content on the S2VP layer 
surface was increased with longer modification durations and higher 
bromoethane contents. It is worth noting that bromoethane has a certain 
solubility to S2VP, which would cause the partial dissolution of the S2VP 
layer when the bromoethane content was increased to 15 %. 

Since the quaternization reaction between pyridine groups and 

Fig. 9. (a) The surface EDX image of the HOME modified in the bromoethane-ethanol mixture containing 10 % bromoethane for 4 h. (b) The surface Br contents, (c) 
WCAs, and (d) separation performances of HOMEs with different modification durations in bromoethane-ethanol mixtures containing 5 % and 10 % bromoethane. 
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bromoethane would change the hydrophilicity of P2VP chains of the 
S2VP layer, we tested the surface water contact angles (WCAs) of the 
membranes to observe the changes in their surface hydrophilicity before 
and after modification. As shown in Fig. 9c, the WCA of the original 
HOME was 77◦, which was decreased to 73◦, 66◦, and 62◦ after modi
fication with the bromoethane-ethanol mixed solvent containing 5 % 
bromoethane for 1, 4, and 12 h, respectively. As the content of bromo
ethane was increased to 10 %, the WCAs were reduced to 67◦, 64◦, and 
46◦ after modification for 1, 4, and 12 h, respectively. The WCA test 
results showed that the hydrophilicity was increased with the bromo
ethane content and the modification duration, which could be attributed 
to the improved quaternization degree of P2VP chains. This finding is 
consistent with the experimental results obtained from EDX analysis of 
bromine contents. 

The improved hydrophilicity of the membrane is in favor of 
upgrading the separation performances theoretically. Therefore, we 
tested the performances of the modified composite membranes, as 
shown in Fig. 9c. The HOME, which had a pure water permeance of 202 
LMHB and a rejection to 5 nm gold nanoparticle of 55.3 % before 
modification, was used as the original sample. After modification with 
the bromoethane-ethanol mixture containing 5 % bromoethane for 1, 4, 
and 12 h, the permeance of the membrane was increased to 247, 269, 
and 283 LMHB, respectively, and the rejection to 5 nm gold nano
particles was increased to 100 %. Increasing the bromoethane content to 
10 % resulted in the increase in permeance to 273, 290, and 300 LMHB, 
meanwhile maintaining the rejection to 5 nm gold nanoparticles at a 
high rate of 100 %. The highest permeance of the modified membrane 
exhibited a 49 % increase compared to the original membrane. The 
enhanced permeance of the modified HOME is due to the improved 
hydrophilicity of the S2VP separation layer, and the increased rejection 
is attributed to the stretching of P2VP chains after the reaction between 
pyridine groups and bromoethane, which leads to the pore size reduc
tion. Therefore, the modification enables the synchronous promotion of 
permeance and rejection for HOMEs. 

4. Conclusions 

In this work, we prepare HOMEs over a large area of 100 cm2 by 
spray-coating S2VP onto porous substrates, followed by annealing and 
selective swelling processes. By precisely controlling the S2VP concen
trations and ambient humidity during spray coating, thin S2VP layers 
without noticeable defects could be formed. Various pore-filling agents 
used to fill the pores of substrates are investigated, and the results 
indicate that the PVA aqueous solution with a concentration of 5 wt% 
and the PVP aqueous solution with a concentration of 20 wt% are the 
preferred options for producing membranes with both well-defined 
uniform through pores and intact composite structures. Notably, the 
HOMEs prepared through PVP filling exhibit robust adhesion between 
the S2VP layers and the porous substrates, enabling them to tolerate the 
ultrasonic treatment. The pore sizes as well as separation performances 
of HOMEs can be manipulated by adjusting the swelling durations. 
Profiting from the excellent structural stability as well as the P2VP 
chains on the surface, these membranes can be further modified using 
bromoethane to react with the pyridine groups of P2VP chains, resulting 
in the synchronous promotion of permeance and rejection. This spray- 
coating method exhibits significant potential for upscaling the produc
tion of HOMEs. 
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