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A B S T R A C T

Precise manipulation of the structure and performance of separation membranes holds immense significance for 
realizing highly efficient separations in ultrafiltration applications. Herein, we demonstrate an additive 
manufacturing approach to ultrafiltration membranes by controlled deposition of block copolymer nanowires on 
macroporous substrates via spray coating. The nanowires with a high concentration and good dispersibility are 
synthesized through in situ crosslinking polymerization-induced self-assembly. The nanowire morphology can be 
adjusted by changing the block ratio, enabling the selection of an optimal configuration for membrane prepa-
ration. By controlling the concentration and volume of deposited nanowires, intact separation layers composed 
of stacked nanowires can be formed. The thickness of the nanowire layer is directly correlated with the spraying 
parameters, and it shows great tunability within the range of approximately 100 nm–3 μm. This tunable 
thickness imparts adjustable separation performance to the resultant membranes. Furthermore, the strategy 
presented herein demonstrates exceptional up-scalability in the fabrication of ultrafiltration membranes, paving 
the way for industrial applications.

1. Introduction

Ultrafiltration is an important membrane separation technology that 
plays a pivotal role in ensuring the sustainable management of water 
resources, as it has widespread applications in water treatment and 
purification processes [1–3]. Ultrafiltration membranes have pore sizes 
ranging from 2 nm to 100 nm [4], which makes them highly effective for 
removing a wide range of contaminants from wastewater, such as vi-
ruses, microorganisms, colloidal particles, and natural organic matter, at 
low pressures [5–7]. However, the advancement of ultrafiltration 
membranes faces some choke points that limit the further enhancement 
of their performance and the expansion of the application areas [8–10]. 
The fabrication of ultrafiltration membranes is predominantly achieved 
through the nonsolvent-induced phase separation (NIPS) process, 
wherein the polymer solutions are immersed in the nonsolvent water to 
facilitate phase inversion [11,12]. This macroscopic phase separation 
process is highly sensitive to minor perturbations. Numerous factors, 
including solvent and nonsolvent types, polymer solution concentration, 
solvent-nonsolvent exchange, and environmental conditions, 

significantly influence membrane formation [13,14]. It is difficult to 
establish a clear and quantifiable relationship between these factors and 
the resulting membrane structure and properties. Furthermore, to 
enhance permeability and selectivity for efficient separation, post- 
modification or construction of composite membranes is a prevailing 
practice in the preparation of ultrafiltration membranes [15–17].

Currently, the integration of additive manufacturing with separation 
membrane preparation offers a promising approach to construct thin 
separation layers/functional layers with enhanced precision [18–22], 
thereby facilitating greater control over the structure and performance 
of separation membranes. Additive manufacturing, also known as 3- 
dimensional (3D) printing or rapid prototyping, is a technique that 
sequentially deposits 2D material layer-by-layer to form a 3D structure. 
It is more prevalent in fields of medicine, art, engineering and 
manufacturing initially, while has been extended to membrane fabri-
cation and membrane modification in recent years [23–25]. Chowdhury 
et al [26] reported the additive approach, which combined the elec-
trostatic spraying technology with the interfacial polymerization pro-
cess, to deposit monomers directly onto a substrate, where they reacted 
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to form polyamide nanofiltration membranes. This approach allowed for 
fine regulation of the separation layer structure in thickness and 
roughness, giving a better desalination performance of the resulting 
membranes. Geng et al. [27] and Wang et al. [28] integrated electro-
static spraying with surface coating technology to develop a polydop-
amine surface coating on ultrafiltration membranes. This approach 
addressed issues such as the prolonged modification time associated 
with traditional polydopamine dip-coating methods, challenges in 
controlling the structure and composition of the modified layer, and the 
production of organic wastewater. Furthermore, it enables the precise 
regulation of the separation performance of ultrafiltration membranes. 
Whereafter, our group [29] sprayed carbon nanotubes on macroporous 
substrates. Assembled carbon nanotubes formed separation layers with 
flexibly tunable thicknesses, displaying fast removal of viruses and 
bacteria. These works designate that spray deposition of raw materials 
through additive approaches could be an effective way for fabricating 
separation membranes. The characteristics of raw materials therein 
crucially determine the viability of the approach. These materials should 
exhibit reactive or functional properties tailored to actual needs. 
Furthermore, low-dimensional nanoscale materials are preferred, as 
they can be intricately engineered into planar or 3D structures featuring 
nanopores that are suitable for ultrafiltration.

Regarding the preparation of low-dimensional nanoscale materials, 
considerable efforts have been made, yet most approaches only yield 
materials with low concentrations and involve intricate procedures 
[30–32]. However, it is essential to develop simple methods that can 
provide sufficient quantities of nanomaterials to serve as the raw ma-
terials for the preparation of membranes. In this context, 
polymerization-induced self-assembly (PISA) has been demonstrated to 
be a robust strategy for the fabrication of various polymeric nano-
materials from block copolymers (BCPs), including spherical micelles, 
nanowires, lamellae and vesicles [33,34]. The morphology of obtained 
nanomaterials can be flexibly regulated by adjusting the feed ratio, 
properties of the solvent, and the length ratio of blocks [35–37]. More 
importantly, PISA enables one-pot polymerization using environmen-
tally friendly solvents like alcohols or water as solvents, leading to 
highly concentrated dispersions of nanomaterials (20–40 wt%) [38–40]. 
Consequently, the PISA approach facilitates the large-scale and eco- 
friendly production of nanomaterials. On this basis, we propose to 
fabricate nanomaterials via PISA and then deposit them onto the sub-
strate through additive manufacturing to prepare ultrafiltration mem-
branes, as shown in Scheme 1. In this work, the nanowires were 

specifically selected over other morphologies because they have a high 
aspect ratio and a large specific surface area. These properties facilitate 
the formation of tightly assembled, high-density, interconnected fine 
pores, which function effectively as sieving gates for efficient separa-
tions. Spray coating was employed to deposit the nanowires onto mac-
roporous substrates, where the nanowires were stacked to form the 
separation layer. The resulting ultrafiltration membranes demonstrated 
adjustable permeance and rejections by changing the spraying 
parameters.

2. Experimental section

2.1. Materials

2-(Dimethylamino)ethyl methacrylate (DMAEMA, 99 %) and benzyl 
methacrylate (BzMA, 98 %) were procured from Aladdin, and 1,6-hexa-
nediol bismethacrylate (HBMA, 97 %) was sourced from Macklin. These 
compounds were purified by passing through an alkaline oxidation 
alumina column to eliminate polymerization inhibitors, and subse-
quently stored in a refrigerator for later use. 2,2′-Azobis(2-methyl-
propionitrile) (AIBN, 99 %) was obtained from Aladdin and underwent 
recrystallization using ethanol prior to use. 2-Cyano-2-propyldithioben-
zoate (CPDB, >97 %), ethanol (99.7 %) and tetrahydrofuran (THF, 
≥99.9 %) were acquired from Aladdin without further purification. 
Petroleum ether (98 %) was supplied by Sinopharm Chemical Reagent 
Co., Ltd. The macroporous polyethersulfone (PES) membranes with an 
average pore size of 0.22 µm were purchased from Haining Yibo 
Filtration Equipment Co., Ltd and used as supporting substrates to 
fabricate ultrafiltration membranes. Orange II sodium salt (Biological 
stain) was purchased from Aladdin. Bovine serum albumin (BSA) and 
phosphate-buffered saline (PBS) sheets were purchased from MP Bio-
medicals Co., Ltd. Monodispersed gold nanoparticles with an aqueous 
colloidal size of 15 nm were obtained from BBI Solutions. Deionized 
water utilized in all experiments was prepared in the laboratory with an 
electrical conductivity range of 8–20 μS cm− 1.

2.2. Synthesis of BCP nanowires

The typical synthesis procedure of BCP nanowires was as follows. 
DMAEMA (4.716 g, 30 mmol), CPDB (221 mg, 1 mmol), AIBN (32.8 mg, 
0.2 mmol), and THF (4 g) were mixed and placed in a polymerization 
tube equipped with a magnetic bar. After subjecting the tube to three 

Scheme 1. Schematic diagram of the manufacturing process of nanowire membranes: (a) preparation of BCP nanowires via PISA and (b) additive manufacturing of 
membranes by spray coating of nanowires on the macroporous substrate.
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cycles of liquid nitrogen freezing-vacuum-thawing, it was sealed and 
immersed in a 70 ◦C oil bath for 12 h. Upon completion of the reaction, 
the polymerization tube was cooled down to room temperature and 
opened to the air. The resulting polymer solution was then diluted with 
THF and precipitated to excess petroleum ether three times to eliminate 
any unreacted monomers. Subsequently, the polymer was dried at room 
temperature for 24 h in a vacuum drying oven, yielding a pink solid 
polymer of PDMAEMA-CPDB.

The synthesized PDMAEMA-CPDB was used as the macromolecular 
chain transfer agent for subsequent RAFT dispersed polymerization. A 
typical polymerization with a feed molar ratio of BzMA/PDMAEMA- 
CPDB = 70/1 and 20 wt% concentration was introduced here. 
PDMAEMA-CPDB (0.5 g, 0.101 mmol), BzMA (1.244 g, 7.07 mmol), 
HBMA (77 mg, 0.303 mmol), and AIBN (3.3 mg, 0.0202 mmol) were 
dissolved in ethanol (7.297 g). The solution was then blended and 
transferred to a polymerization tube with a magnetic bar. After 
degassing, the tube was sealed and placed in an oil bath at 70 ◦C for 16 h. 
Finally, the resultant dispersion solution of PDMAEMA-b-P(BzMA-co- 
HBMA) nanowires was transferred to a glass bottle for storage.

2.3. Preparation of nanowire membranes

The PDMAEMA-b-P(BzMA-co-HBMA) nanowire dispersion with a 20 
wt% concentration was diluted by ethanol to prepare a series of 
membrane-forming solutions with a concentration range of 0.05 wt% to 
1 wt%. The PES membrane was cut into a size of 10 × 10 cm2 and fixed 
on the plate of the spraying apparatus (SEV-300EDN, Suzhou Second 
Automation Equipment Co., Ltd.). The surface of the membrane was 
cleaned with dustproof paper to remove any dust particles, preventing 
any potential defects during spraying. The nanowire dispersion solution 
was put into the syringe of the spraying apparatus and spray-coated onto 
the surface of the PES substrate using compressed air at a pressure of 1 
bar. The spraying volume was adjusted within the range of 25 –75 µL 
cm− 2 and the spray nozzle was maintained 62 mm above the plate. As 
the nozzle moved back and forth repeatedly, an even layer of nanowires 
was deposited atop the PES substrate. After natural drying in a fume 
hood, the nanowire membrane was obtained. The nanowire membrane 
with a larger area (25 × 25 cm2) was prepared under the same condi-
tions as described above.

2.4. Characterization

The chemical structure of polymers was characterized by the nuclear 
magnetic resonance (NMR) spectrum performed on a Bruker AV400 
NMR spectrometer with CDCl3 as the solvent. Transmission electron 
microscopy (TEM) observations were conducted on a JEOL JEM-2100 
Plus instrument with an accelerating voltage of 100 kV. The nanowire 
dispersion was subjected to ultrasonic treatment for 30 min and then 
dropped onto a copper grid. After ethanol evaporated naturally, the TEM 
sample was obtained for observation. The average diameter of the 
nanowire was analyzed using Image J software based on the TEM im-
ages. To ensure accuracy, at least 100 positions across images were 
measured to calculate the average value. The surface and cross-sectional 
morphologies of the nanowire membranes were characterized by field 
emission scanning electron microscopy (FESEM, Hitachi S-4800) with 
an accelerating voltage of 5.0 kV and an electric current of 7 mA. To 
prepare the cross-sectional sample, the nanowire membrane was 
immersed in liquid nitrogen and quickly fractured to reveal the cross- 
sectional structure. Prior to characterization, all samples were sub-
jected to gold plating for 40 s to mitigate charging effects and improve 
imaging quality. The thickness of the nanowire layer was determined 
through the analysis of cross-sectional SEM images. At least five 
different locations on each sample were measured to get the average 
thickness value. The surface zeta potentials of nanowire membranes 
were examined by an electrokinetic analyzer (SurPASS Anton Paar, 
Austria). Water contact angle (WCA) measurements to analyze the 

surface hydrophilicity were performed using a contact angle goniometer 
(DropMeter A-100, Maist).

2.5. Filtration experiments

The separation performance of the nanowire membranes was eval-
uated by employing a dead-end filtration apparatus (Amicon 8003, 
Merck Millipore) under a pressure of 0.5 bar. Prior to measurement, the 
membrane was pre-compacted for 10 min under the same pressure to 
reach a stable filtration state. Water permeance (L m− 2 h− 1 bar− 1) was 
calculated using Eq. (1): 

P =
V

A⋅t⋅p
(1) 

where V (L) represents the volume of water that permeates through the 
membrane over the testing duration t (h), A (m2) represents the active 
filtration area, and p (bar) denotes the trans-membrane pressure during 
the test.

BSA and monodispersed gold nanoparticles with a diameter of 15 nm 
were employed to conduct the rejection tests of the nanowire mem-
branes. To prevent the adsorption of gold nanoparticles on the mem-
brane surface, the membranes were soaked in the orange II sodium salt 
solution (5 mg L− 1) for 20 min to neutralize the electrical property of the 
membrane surface. After pretreatment, the membrane surface would 
change from white to light yellow. The rejection rate (R) was determined 
using Eq. (2): 

R =
Cf − Cp

Cf
× 100% (2) 

where Cp represents the concentration of gold nanoparticles or BSA in 
the permeation solutions, and Cf represents the concentration of gold 
nanoparticles or BSA in the feed solution. The concentration of gold 
nanoparticles or BSA was measured using a UV–visible spectropho-
tometer (NanoDrop 2000C, Thermo Fisher Scientific), based on the 
characteristic absorption peaks of gold nanoparticles at 520 nm and BSA 
at 280 nm.

In order to measure the molecular weight cut off (MWCO) of mem-
branes, four kinds of dextrans with different molecular weights (10 kDa, 
40 kDa, 70 kDa and 500 kDa) were dissolved in water to prepare a 
dextran mixed solution. The concentration of each dextran component 
above was 2.5 g L− 1, 1 g L− 1, 1 g L− 1, and 2 g L− 1, respectively. The 
dextran concentrations in the feed solution and the permeation solution 
were tested by gel permeation chromatography (GPC, Waters 1515). 
The effective pore size of membranes can be calculated by Eq. (3) [41]: 

r = 0.33MW
0.46 (3) 

where r (Å) is the effective pore radius of membranes and Mw (Da) is the 
MWCO of dextran.

3. Results and discussion

3.1. Synthesis of BCP nanowires

Polymer nanowires were fabricated through the strategy of in situ 
crosslinking PISA. First, RAFT polymerization of DMAEMA in THF was 
carried out using CPDB as a chain transfer agent to prepare the 
PDMAEMA-CPDB homopolymer (Fig. S1a). 1H NMR spectrum 
confirmed the chemical structure of the product, with all characteristic 
signals corresponding to the protons in PDMAEMA-CPDB clearly iden-
tified, as shown in Fig. S2. The degree of polymerization of PDMAEMA 
(DPPDMAEMA) was determined to be 29 based on the integral values of 
signals at 4.06 and 7.32–7.94 ppm, which belong to the ester methylene 
protons of DMAEMA units and the phenyl protons of CPDB. Then, 
PDMAEMA-CPDB served as the macro chain transfer agent to conduct 
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the polymerization of BzMA and HBMA in ethanol (Fig. S1b) for the 
preparation of BCP nanowires. Prior to polymerization, PDMAEMA and 
all monomers were thoroughly dissolved in ethanol, yielding a homog-
enous and transparent solution. As the polymerization progressed, the 
chain extension of PDMAEMA engendered a second insoluble block of 
PBzMA. The resultant amphiphilic block copolymer exhibited self- 
assembly behavior in ethanol, forming nano-objects with a sol-
vophobic core composed of PBzMA stabilized by a solvophilic shell of 
PDMAEMA, leading to a heterogeneous dispersion solution. The pres-
ence of HBMA within the polymerization system facilitated the 
morphological evolution of nano-objects from spherical micelles to 
nanowires, simultaneously introducing crosslinking within the sol-
vophobic blocks, which effectively inhibited further transformation into 
vesicles [42]. Consequently, this in situ crosslinking PISA process made 
the fabrication of nanowires more facile and controllable. The molar 
feed ratio of HBMA to PDMAEMA-CPDB was fixed at 3:1. The target 
DPPBzMA was adjusted from 50, 60, 70, 80 to 90, and the corresponding 
PDMAEMA-b-P(BzMA-co-HBMA) nano-objects were designated as DBH- 
50, DBH-60, DBH-70, DBH-80, and DBH-90, respectively. As the sol-
vophobic block PBzMA was progressively increased in length, the 
polymerization system underwent a remarkable transformation in 
apparent state. This evolution transitioned from a solution with 
increased viscosity, as observed in the progression from DBH-50 to DBH- 
70 (Fig. S3a–c), to the formation of bulk solids in DBH-80 and DBH-90 
(Fig. S3d–e). TEM characterization was used to examine the morphol-
ogies of the obtained nano-objects as shown in Fig. 1. At DPPBzMA = 50, 
spherical micelles with an average diameter of 30 nm were observed. In 
contrast, nanowires were formed at DPPBzMA = 60, 70, 80, and 90. The 
increase in DPPBzMA led to the longer solvophobic chains aggregated in 
the core of the nanowires, therefore their average diameters were 
increased from 18 nm, 20 nm, 25 nm, to 26 nm, respectively. SEM 
observation also revealed the morphologies at varying DPPBzMA 
(Fig. S4), consistent with the results of TEM characterizations. In addi-
tion to the change in diameter, the nanowires at DPPBzMA = 80 and 90 
began to entangle with each other, forming a network structure. This 
phenomenon was strikingly apparent, as the polymerization system 
manifested as a blocky solid, which posed challenges for achieving 

effective dilution and homogeneous dispersion of nanowires in solvents, 
thereby complicating subsequent spray processing. DBH-60 and DBH-70 
nanowires exhibited excellent dispersibility in ethanol, even at a quite 
high concentration of 20 wt% in the polymerization system. Therefore, 
DBH-60 and DBH-70 nanowires were chosen as the building blocks for 
the preparation of nanowire membranes.

3.2. Preparation of nanowire membranes

PDMAEMA-b-P(BzMA-co-HBMA) nanowires were readily deposited 
onto the surface of macroporous substrates due to their micrometer-long 
lengths, which enabled them to bridge across the substrate pores. These 
nanowires stacked upon one another and coalesced into a thin layer, 
with the interstices between the nanowires forming interconnected 
pores. The nanometer-scale diameter of the nanowires dictated that the 
interstices between them were correspondingly in the nanometer range. 
The hydrophilic PDMAEMA shell of nanowires could impart hydrophilic 
properties to the nanowire layer, facilitating water penetration, while 
the cross-linked P(BzMA-co-HBMA) cores could ensure structural sta-
bility. The nanowires at a high concentration were diluted tens to 
hundreds of times in ethanol, preparing low-concentration and homo-
geneous dispersions for subsequent spray coating (Fig. S5). The mac-
roporous PES membrane was used as the supporting substrate. The 
original PES membrane presented a matte appearance, while the surface 
of the membrane became shiny after spray coating of nanowires 
(Fig. S6). To achieve a defect-free and uniform nanowire separation 
layer, we systematically investigated the spray coating parameters, 
specifically the sprayed concentration and volume of the nanowire 
dispersions. The DHB-70 nanowires were first employed, and the 
sprayed volumes were adjusted in 75, 50 and 25 µL cm− 2. The pristine 
PES substrate exhibited irregularly distributed large pores on the surface 
(Fig. S7). After spray coating of nanowires, it was evident that the 
nanowires fully covered the PES substrate surface. At concentrations of 
1 wt% and 0.5 wt%, the deposited nanowires formed separation layers 
with thicknesses ranging from approximately 400 nm to 3 μm (Figs. S8 
and S9). When the sprayed concentration was 1 wt%, the thicknesses at 
volumes of 75, 50 and 25 µL cm− 2 were 3261 nm, 2980 nm and 1414 

Fig. 1. TEM images of different DBH nano-objects: (a) DBH-50, (b) DBH-60, (c) DBH-70, (d) DBH-80 and (e) DBH-90. All images have the same magnification.
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nm. For a concentration of 0.5 wt%, the thicknesses at volumes of 75, 50 
and 25 µL cm− 2 were 1542 nm, 994 nm, and 370 nm, respectively. In 
pursuit of thinner nanowire layers, we further decreased the sprayed 
concentration to 0.25 wt% for examination. It was observed that the 
complete nanowire layers were also formed on the substrate surface 
without exposing the porous PES (Fig. S8). When the sprayed volumes 
were 75, 50 and 25 µL cm− 2− 2, the thicknesses of the nanowire layers 
were 835 nm, 577 nm and 318 nm, respectively (Fig. S9). Compared to 
the concentrations of 1 wt% and 0.5 wt%, the thicknesses had a certain 
decrease at the same sprayed volume. By changing the sprayed con-
centration to 0.1 wt% (Fig. 2a-f), the thicknesses of the nanowire layers 
were 243 nm, 198 nm, and 129 nm, corresponding to the sprayed vol-
umes of 75, 50 and 25 µL cm− 2, respectively. At this concentration, the 
nanowire layer was very thin. The nanowires suspended over the mac-
ropores of the substrate membrane exhibited slight indentation due to 
the underlying macropores, leading to a mildly uneven surface. Never-
theless, the integrity of the nanowire layers was maintained without any 
discernible defects. Further reducing the sprayed concentration to 
0.075 wt% (Fig. S10), it was found that the sprayed volume of 25 µL 
cm− 2 was not sufficient to cover the substrate and form a complete 
membrane surface. Even when the sprayed volume was increased to 50 
µL cm− 2 and 75 µL cm− 2, abnormally large pores were still present on 
the surface of the PES substrate. These results indicate that by changing 
the sprayed concentrations from 1 wt% to 0.1 wt% and the sprayed 
volumes from 25 µL cm− 2 to 75 µL cm− 2, we could precisely adjust the 

thickness of the nanowire layer in a range of about 100 nm to 3 µm, as 
shown in Fig. 2(g).

The morphology and performance of the BCP nanowire membrane 
are closely related to the diameter and length of the nanowires. There-
fore, the spray coating parameters for DBH-60 nanowires were also 
investigated for the preparation of nanowire membranes. The DBH-60 
nanowire dispersion with different concentrations was sprayed onto 
the surface of the PES substrate (Fig. S11). At a concentration of 1 wt%, 
the nanowire layers were formed with no defects or large pores. The 
thicknesses at sprayed volumes of 75, 50 and 25 µL cm− 2 were 1538 nm, 
1069 nm and 397 nm, respectively. Compared with DBH-70, the 
thickness of the DBH-60 nanowire layer was decreased significantly 
under the same spraying conditions. When the sprayed concentration 
was adjusted to 0.75 wt%, the sprayed volumes of 75 and 50 µL cm− 2 

could form a defect-free layer with a thickness of 1109 nm and 457 nm, 
respectively. However, decreasing the sprayed volume to 25 µL cm− 2 

was not enough to form a complete nanowire layer, and the porous 
structure of the PES substrate was exposed obviously. In comparison to 
the DBH-70 nanowire, a complete DBH-60 nanowire layer could only be 
achieved by increasing the concentration approximately tenfold. This 
phenomenon may be attributed to the smaller dimensions of the DBH-60 
nanowire in both length and diameter relative to the DBH-70 nanowire, 
which made it easier to penetrate the PES substrate during the spraying 
process. Consequently, it was only at higher concentrations that the 
DBH-60 nanowire could accumulate sufficiently to form a complete and 

Fig. 2. (a–c) Surface and (d–f) cross-sectional SEM images of the DBH-70 nanowire membranes with different sprayed volumes at a concentration of 0.1 wt%. All 
images have the same magnification, and the scale bar corresponding to 1 μm is given in (f). (g) The thicknesses of the nanowire layers at a series of sprayed 
concentrations (1–0.1 wt%) and volumes (70–25 µL cm− 2).
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robust structure. These observations suggest that the length and diam-
eter of the nanowires have important effects on the spraying process and 
the DBH-70 nanowire is more suitable as the building block to prepare 
the nanowire membranes.

To investigate the surface properties of the prepared nanowire 
membranes, the surface zeta potential and WCA were measured as 
shown in Fig. 3. The surface zeta potential of the membranes changed 
from positive to negative as the pH was increased. The isoelectric point 
of the nanowire membrane was found to range between 6.8 and 7.7, 
with a corresponding increase in value observed as the sprayed nano-
wire concentration was elevated. Despite PDMAEMA chains (pKa = 7.2) 
being recognized as a weakly positively charged polymer, the nanowire 
membranes exhibited near-electric neutrality in water (pH = 7.4). This 
phenomenon may be attributed to the negatively charged PES substrate 
[43], which neutralized the weak positive charge of the nanowire. The 
WCA values for the nanowire membranes with sprayed concentrations 
of 1, 0.5, 0.25, and 0.1 wt% were determined to be 77◦, 74◦, 66◦, and 
53◦, respectively, indicating their relative hydrophilicity. The decrease 
in WCA values with decreasing sprayed concentrations can be ascribed 
to enhanced surface porosity.

3.3. Ultrafiltration performance

The separation performances of the DBH-70 nanowire membranes 
prepared with different sprayed volumes and concentrations were tested 
as shown in Fig. 4. The water permeance of the membrane was gradually 
increased as the sprayed concentration was decreased. When the spray 
concentration was 1 wt% and 0.5 wt%, the water permeances of the 
nanowire membranes with 75, 50 and 25 µL cm− 2 sprayed volumes were 
52, 54, 107, 53, 71 and 220 L m− 2 h− 1 bar− 1. Reducing the sprayed 
concentration to 0.25 wt% and 0.1 wt%, the water permeances of the 
membranes corresponding to 75, 50 and 25 µL cm− 2 sprayed volumes 
were increased to 242, 306, 394, 584, 825 and 1828 L m− 2 h− 1 bar− 1. 
During the performance test, the membrane thickness had a great in-
fluence on the mass transfer resistance. For the nanowire membrane, the 
nanowire layer functioned as the separation layer, whereas the substrate 
membrane’s contribution was minimal due to its significantly larger 
pore sizes. Consequently, the thickness of the nanowire layer predomi-
nantly determined the permeance resistance. With the ever-decreasing 
amount of deposited nanowires, the effective thickness of the nano-
wire layer kept decreasing, thereby reducing mass transfer resistance 
and leading to a continuous increase in permeance from 52 to 1828 L 
m− 2 h− 1 bar− 1. In addition to the thickness, the pore size of the sepa-
ration layer synergistically contributed to the permeance. At higher 
concentrations of the sprayed nanowire (1 wt% and 0.5 wt%), the 
packing density of nanowires remained robustly high, thereby the pore 

size of the nanowire layer had no significant change with the decreased 
thickness. Consequently, the permeance was increased slowly from 52 to 
220 L m− 2 h− 1 bar− 1. At lower concentrations (0.25 wt% and 0.1 wt%), 
the packing of nanowires became loose and the pore size became larger 
with the decreasing concentration. Both the thickness reduction and 
enlarged pore size resulted in a pronounced escalation in permeance 
from 242 to 1828 L m− 2 h− 1 bar− 1.

Two model materials, BSA and 15 nm monodispersed gold nano-
particles, were utilized to investigate the separation capability of the 
membranes. BSA is an elliptical protein with a molecular weight of 66 
kDa, whose dynamic diameter is about 6.8 nm [44]. When the sprayed 
concentration was 1 wt% and 0.5 wt%, the BSA rejection of the nano-
wire membranes with 75, 50 and 25 µL cm− 2 sprayed volumes were 75 
%, 71 %, 65 %, 66 %, 61 % and 50 %. Reducing the sprayed concen-
tration to 0.25 wt% and 0.1 wt%, the BSA rejection of the membranes 
with 75, 50 and 25 µL cm− 2 sprayed volumes were decreased to 59 %, 
52 %, 43 %, 40 %, 35 % and 18 %. Normally, both size exclusion and 
electrostatic forces exert a profound influence on the retention of BSA. 
However, as evidenced by the surface zeta potential analysis (Fig. 3a), 
the nanowire membrane demonstrated near-neutral characteristics, 
effectively minimizing the electrostatic effect during the separation 
process. Consequently, the primary cause for the gradual decline in the 
BSA rejection lay in the reduced mass transfer resistance and the 
enlarged pore size. The other model material, the gold nanoparticle, is a 
spheroidal particle with a diameter of 15 nm. The rejections to the gold 
nanoparticle at the sprayed concentrations of 1 wt% and 0.5 wt%, and 
the sprayed volumes of 75, 50 and 25 µL cm− 2, were 98.9 %, 98.3 %, 
97.2 %, 98.5 %, 97.9 %, and 96.9 %, respectively. At sprayed concen-
trations of 0.25 wt% and 0.1 wt%, the rejection rates were determined to 
be 96.3 %, 95.7 %, 95.2 %, 94.5 %, 92.2 % and 81.8 %, with sprayed 
volumes of 75, 50 and 25 µL cm− 2. To evaluate the change in effective 
pore size of the membranes with the sprayed concentrations, the 
MWCOs were determined by testing the membrane rejections to dex-
trans with varying molecular weights. When the sprayed concentrations 
ranged from 1 wt% to 0.1 wt% at a sprayed volume of 75 µL cm− 2, 
MWCOs of the corresponding membranes were found to be 55 kDa, 63 
kDa, 89 kDa and 231 kDa, respectively. The effective pore sizes, calcu-
lated based on the MWCOs, were determined to be 10 nm, 10.7 nm, 12.5 
nm and 19.4 nm, respectively. The membranes exhibited high rejections 
to the gold nanoparticle compared to that of BSA, because of the larger 
size of the gold nanoparticle. The detailed data about the thicknesses 
and separation performances of the nanowire membranes at a series of 
sprayed concentrations (1–0.1 wt%) and volumes (70–25 µL cm− 2) are 
summarized in Table S1 for convenient access. The separation perfor-
mance of the nanowire membrane could be flexibly adjusted with the 
permeance in the range of about 50–1800 L m− 2 h− 1 bar− 1, the rejection 

Fig. 3. (a) Surface zeta potential and (b) WCA of the DBH-70 nanowire membranes with different sprayed concentrations at a sprayed volume of 75 µL cm− 2.
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to BSA in the range of 20 %-75 % by changing the spraying conditions, 
and the high rejections to gold nanoparticle proved the membrane’s 
outstanding ability to selectively filter substances of varying sizes.

To explore the upscale ability of spray coating, the nanowire mem-
brane with a larger size of 25 cm × 25 cm (Fig. 5a) was prepared at a 
sprayed concentration of 0.1 wt% and volume of 50 μL cm− 2 through the 
same process as above. SEM observation verified the formation of an 
intact nanowire layer with a thickness of 192 nm (Fig. 5b). The sepa-
ration performance was tested as shown in Fig. 5c. The water permeance 
was determined to be 877 L m− 2 h− 1 bar− 1 and the BSA rejection of the 
membrane was 33 %. The thickness of the nanowire layer as well as the 
performance of the large-sized membrane were comparable to those of 
the small-sized membrane. Moreover, separation tests were conducted 

on four distinct regions of the large-sized membrane, and the result 
revealed consistent permeance and BSA rejection (Fig. S12), demon-
strating the uniformity of the large-sized membrane. From above, the 
membranes can be flexibly prepared in scalable areas with no expense of 
performance due to the controllability of additive manufacturing.

4. Conclusions

In this work, the PDMAEMA-b-P(BzMA-co-HBMA) BCP nanowires 
with a high concentration of 20 wt% are prepared through the PISA 
strategy, and the nanowires, serving as the membrane-forming building 
block, are subsequently deposited onto macroporous substrates to 
fabricate ultrafiltration membranes. The morphology and dispersibility 

Fig. 4. The water permeances, BSA rejections and 15 nm Au rejections of the DBH-70 nanowire membranes at a series of sprayed concentrations (1–0.1 wt%) and 
volumes (70–25 µL cm− 2).

Fig. 5. The nanowire membranes in a larger area prepared with a 0.1 wt% sprayed concentration and 50 μL cm− 2 sprayed volume: (a) the digital photo, (b) the top 
surface and cross-sectional SEM images. (c) The comparison of the permeance and BSA rejection of the membranes in large and small areas.
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of nanowires depend on the block ratio and DPPBzMA, and experimental 
results demonstrate that BDH-70 nanowire is optimal for preparing 
nanowire membranes. By precisely controlling the sprayed concentra-
tion and volume of the nanowire, the defect-free thin separation layers 
are formed with their thicknesses flexibly tunable within a specific range 
of ~100 nm–3 μm. The controllable membrane architecture allows the 
resultant membranes to exhibit adjustable properties, boasting per-
meance ranging from ~50 to 1800 L m− 2 h− 1 bar− 1 and BSA retention 
varying from ~20 % to 75 %, and the membrane could keep high 
rejection to 15 nm gold nanoparticles. Moreover, the nanowire mem-
brane with a larger size is prepared, which demonstrates that the 
strategy presented herein is a controllable and scalable technique, 
paving the new way for the efficient production of ultrafiltration 
membranes.
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