Chinese Journal of Chemical Engineering 89 (2026) 36—46

journal homepage: www.elsevier.com/locate/CJChE

Contents lists available at ScienceDirect

Chinese Journal of Chemical Engineering

&<
Chinese Journal of

CHEMICAL ENGINEERING

Full Length Article

Engineering repairable nanoporous functional coatings on arbitrary R)
substrates by manipulating phase behaviors of block copolymers

Jiemei Zhou #, Xiang Ying '*, Daiwen Li !, Mingjie Wei !, Xiangyue Ye !,

Yong Wang "2~

1 State Key Laboratory of Materials-Oriented Chemical Engineering, College of Chemical Engineering, Nanjing Tech University, Nanjing 211816, China

2 School of Energy and Environment, Southeast University, Nanjing 210096, China

ARTICLE INFO ABSTRACT

Article history:

Received 23 June 2025

Received in revised form

21 August 2025

Accepted 21 August 2025
Available online 2 September 2025

Keywords:

Nanoporous coating

Block copolymers

Selective swelling
Polymer—solvent interactions
Antireflection

Nanoporous polymers are extensively coated on various substrates to deliver optical, permselective, or
other functions. However, it remains desired to fast produce uniform nanoporous polymer coatings on
substrates with complex surfaces. Herein, by manipulating the interactions between block copolymers
and selective solvents, we prepare repairable nanoporous polymers on arbitrary substrates. This is
realized by an extremely simple sequential coating process: sequential coating of block copolymers and
their swelling agents on substrate surfaces. The swelling agents are comprised of two solvents that swell
the constituent blocks of the copolymers to different degrees, rapidly producing polymer coatings with
uniform, interconnected, sub-50 nm pores. This sequential coating process is able to conformally build
nanoporous polymers on nonplanar substrates with large lateral sizes and complex surface features, and
also to in situ repair defects arising during usages. We further demonstrate that the nanoporous coatings
show excellent antireflective and membrane separation performances. This sequential coating process is
dictated by polymer—solvent interactions, and is expected to find applications in diverse fields for its
simplicity, adaptability, and the capability to produce well-defined nanoporosities.

© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, Al training, and similar technologies.

1. Introduction

Nanoporous coatings are functional layers hosting nanoscale
porosities, providing new functions to the substrates, and have
been extensively used in an array of arenas such as optoelectronics
[1—4], biomedicines [5—7], catalysis [8—10], and separations
[11-13]. In the coatings, the pores regulate the entry and exit of
matter (photons, molecules, particles, etc.), thus determining the
performances of the composite structures composed of the coat-
ings and the substrates [14]. Consequently, the pore parameters,
including pore size and size distribution, pore interconnection and
accessibility, are essential for the coatings to maximize their per-
formances. Also, the coating process to efficiently and controllably
produce uniform nanoporous layers on various substrates is of
critical importance.
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Continuous efforts have been made to improve the pore
structure as well as the manufacturing processes of nanoporous
polymer coatings. However, it remains challenging for current
processes to meet the demands from both sides. Macrophase
separation of polymeric solutions, as the most extensively used
process to develop porous coatings, allows the formation of highly
porous coatings from a large number of polymers [15,16]. Frus-
tratingly, the produced pores have poor uniformity and the pore
sizes are scattered in a wide range from the nanometer to micro-
meter scale [17]. Consequently, such coatings are inferior in ap-
plications such as optical coatings and size-based separation
where selectivity of pores dictates the performances. In contrast,
chemical removal of one component of the coating materials is
advantageous in producing uniform pores with designed sizes and
shapes [18—20]. Unfortunately, the pore formation is relying on
chemical reactions, and typically requires a long time, tedious
reaction and purification operations. Moreover, both processes
also face the same challenge, that is, it is practically difficult for
them to build uniform coatings on large-area or nonplanar sub-
strates. This severely hinders their applications in some very
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important area. Therefore, it remains highly desired for efficient
yet facile processes to produce surface coatings with uniform
nanoscale porosities.

In this work, we manipulate the interactions between block
copolymers (BCPs) and selective solvents, and develop such a long-
desired process to coat nanoporous polymers with highly uniform
and interconnected porosities on almost arbitrary substrates. In
this process, BCPs are first coated on substrates, and then a small
amount of swelling solvents is coated on the surface of the pre-
viously coated BCP layers (Fig. 1). The swelling solvent evaporates
at room temperature within a few minutes, and simultaneously
converts the initially dense BCP layers to highly porous coatings.
This process proceeds very fast, relies on no chemical reactions,
and produces well-defined, three-dimensionally interconnected,
sub-50-nm pores. This process is exceptionally well-suited for the
fabrication of nanoporous coatings on large-area, nonplanar sub-
strates characterized by intricate surface geometries. Remarkably,
any defects that may emerge during application within the porous
structure can be efficiently repaired in situ through the reap-
plication of the swelling solvent—a process that can be conve-
niently executed for a second time. The nanoporous layers
resulting from this sequential coating process demonstrate
excellent antireflective and separation performance when applied
to dense and porous substrates, respectively. We anticipate that
this sequential coating strategy will also find interesting applica-
tions in the preparation of large-scale coatings having anti-fouling
and anti-freezing functions.

2. Materials and Method
2.1. Materials

Polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP, abbrevi-
ated as S2VP, M,™® = 53.0 kDa, M,"?"P = 21.0 kDa, polydispersity
index (PDI) = 1.17) was obtained from Tubang Polymer Materials
Co., Ltd.,, China. Polystyrene-block-poly(2-dimethylaminoethyl
methacrylate) (PS-b-PDMAEMA, M,"™ = 70.1 kDa, M, PMAEMA _
21.5 kDa, PDI = 1.16) was synthesized according to our previous
work [21]. Polysulfone-block-poly(ethylene glycol) (PSF-b-PEG,
M, PSF = 62.5 kDa, M,"E¢ = 16.6 kDa, PDI = 2.00) was obtained from

Nanjing Bangding, China. Nylon microfiltration membranes with a
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nominal pore size of ~0.8 um were provided by Haining Shenghua
Filtration Equipment Co., Ltd. (China) and used as the supports to
prepare composite membranes. Monodispersed gold colloids with
a diameter of 15 nm were obtained from British Biocell Interna-
tional. Acid orange 7 (>85%) was purchased from Aladdin, China.
All other reagents including ethanol, chloroform, dichloromethane
(DCM), tetrahydrofuran (THF), 1,4-dioxane (DOX) and toluene (TL)
were of analytical grade and purchased from Shanghai Lingfeng
Chemical Regent Co., Ltd, China. Deionized water (conductivity:
8—20 puS-cm~ ') was used in all tests.

2.2. Preparation of the nanoporous coatings

Typically, BCP was dissolved in chloroform with a mass con-
centration of 2%. Prior to usage, the solution was filtrated through a
0.22 pm polytetrafluoroethylene (PTFE) filter three times to
remove any possibly present particulate impurities. For the
investigation of swelling behavior, the BCP solution was spin-
coated on cleaned silicon wafers (1.5 cm x 1.5 c¢cm) at 2000
r-min~! for 30 s to produce dense films. As-coated films were
dried at 60 °C for 20 min to evaporate the residual solvent. The
solvent pairs of ethanol mixed with another desired solvent (DCM,
THF, DOX or TL) were used as the swelling agents. The selective
swelling process was performed at room temperature (20 °C) with
a relative humidity of 20% and the swelling agents were coated on
the substrate surfaces by dropping or spraying. For dropping
coating, 20—50 pl of the swelling agent was dropped and spread
evenly on the BCP film surface. The solvent-spread film was kept at
ambience for a few minutes to evaporate the solvent naturally,
thus producing the nanoporous coating. For spray coating, the
swelling agent was sprayed on the film surface using a sprayer
with the distance between the spraying nozzle and the film being
maintained at ~2 cm. After spraying, the film was also waited for a
few minutes to make sure the solvent was fully evaporated, and
the nanoporous coating was obtained.

The nanoporous coatings were built on various substrates.
Different objects with different materials and different shapes
including a glass plate, a seal with a protruding symbol of “V”, a
metal icon, a ceramic ornament, an egg and a glass tube were used
as the substrates, respectively. For these substrates, the BCP so-
lution with a mass concentration of 0.5% was spraying-coated on
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Fig. 1. Schematic illustration of the double-coating process to establish nanoporous coatings on substrate surfaces.
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the surfaces producing thin layers, then the swelling agent was
sprayed on the BCP-coated substrates to conduct the selective
swelling and convert the dense layers to nanoporous coatings.

2.3. Applications of the nanoporous coatings as antireflection
coatings and ultrafiltration membranes

For the application as antireflection coatings, the S2VP solution
with a mass concentration of 0.8% was spin-coated on cleaned
glass slides (7.6 cm x 2.5 cm), then the swelling agent was sprayed
on the S2VP-coated slides to cavitate the S2VP layers.

For the application as separation membranes, macroporous
nylon membranes were used as supports, and the S2VP solution
with a mass concentration of 2% was first spray-coated on the
supports using the spray apparatus (SEV-300EDN, Suzhou Second
Automatic Equipment Co., Ltd, China) with a deposition volume of
13.5 pl-cm 2. Then, the swelling agent was sprayed on the S2VP-
coated nylon supports, and the S2VP layers were converted to
nanoporous selective layers compositing on the nylon supports
with the evaporation of the swelling agent.

2.4. Coarse-grained molecular dynamics simulations

Coarse-grained models constructed from all-atom simulations.
All-atom molecular dynamics simulations were performed with
OPLS-AA force-field and coarse-grained molecular dynamics
simulations with Martini_v2.2 force field [22,23], they were both
calculated in Gromacs 2022.2 [24]. Three-dimensional periodic
boundaries and Verlet truncation scheme were used. The reaction-
field method was used to calculate the electrostatic interaction,
van der Waals interactions were calculated using the cut-off
scheme with a truncation radius of 1.1 nm. Velocity-rescale
method was used for temperature coupling with a time constant
of 1.0 [25], and Parrinello—Rahman [26] method for pressure
coupling in production phase with a time constant of 12.0.

2.5. General characterizations

The surface and cross-sectional morphologies of the samples
were examined on a field emission scanning electron microscope
(FESEM, Hitachi S-4800, Japan) at the accelerating voltage of 5 kV.
The thicknesses and refractive indices of S2VP films before and
after swelling were measured using a spectroscopic ellipsometer
(Complete EASE M — 2000U, . A. Woollam, USA) with an incidence
angle of 70°.

The antireflection performances were evaluated using an
ultraviolet—visible—near infrared spectrophotometer (UV-vis-NIR,
Lambda 950, PerkinElmer, USA) to record the transmittance in the
wavelength range of 400—2000 nm of the pristine and BCP-coated
glass substrates. The separation performances of prepared com-
posite membranes were characterized using a dead-end filtration
module (Amicon 8010, Millipore, USA). For the permeability test,
the membrane was subjected to pre-compacting for 10 min under
the pressure of 20 kPa, making sure of a stable permeance. Then
the test was carried out at the same pressure. The water per-
meance (L-m~2-h~'-MPa~!) was determined by calculating the
volume of water passing through a unit area in unit time under
unit transmembrane pressure. The monodispersed gold colloids
with a diameter of 15 nm served as the feed solution to evaluate
the rejection property. To avoid any adsorption of gold nano-
particles on the membrane surface, the composite membranes
were pretreated with the acid orange 7 solution (5 mg-L™!) for 20
min to neutralize the surface before rejection testing [27]. The
concentrations of the feed and filtrate solutions were measured by
a UV-vis absorption spectrophotometer (NanoDrop 2000c,

Thermo, USA) at the wavelength of 520 nm to determine the
rejections.

3. Results and Discussion
3.1. Molecular simulation

We previously reported that the dispersed phases in block co-
polymers can be converted to interconnected nanoporosity based
on the mechanism of selective swelling-induced pore generation
[28—31]. Typically, selective swelling-induced pore generation
requires to be performed at elevated temperatures, e.g. 50—70 °C,
as rising temperature enhances segmental mobility of the blocks.
However, heating solvents to a temperature close to their boiling
points not only consumes much energy, but also poses serious
environment and safety risks to the process, which is highly un-
favorable for practical applications [32]. Especially, heating and
using of large volumes of solvents are strongly not applicable to
the coating of large-area substrates. We understand that elevating
temperature in selective swelling-induced pore generation is to
sufficiently enhance the chain mobility of the block copolymer.
Considering that chain mobility can also be efficiently enhanced by
exposing the polymer to its good solvent, that is, the plasticization
effect [33], we anticipate that selective swelling-induced pore
generation may also take place at room temperature if an addi-
tional component, a good solvent to the majority block, is incor-
porated into the swelling agent.

To verify our anticipation, we first perform molecular simula-
tion on the process of selective swelling of S2VP, the most exten-
sively used block copolymers in the studies of selective swelling-
induced pore generation. With regard to the selection of
swelling agents, the affinity between solvents and the constituent
blocks of S2VP is the key factor that needs to be considered. The
Flory—Huggins interaction parameter, Xsp, is usually used to eval-
uate the affinity [34]:

4
Xsp =7 (05 = Op) +0.34 (1)

where V, R, T, ds, and 0, are the molar volume of solvent, the gas
constant and Kelvin temperature, the solubility parameters of the
solvent and the polymer, respectively. When xsp < 0.5, the solvent
is considered to have a strong affinity for the polymer (i.e. a good
solvent for the polymer), otherwise, the solvent has a weak affinity
for the polymer. According to Eq. (1), ethanol is a good solvent for
P2VP as Xethanol/p2ve = 0.38 but a poor solvent for PS as Xethanol/ps =
1.65. DCM has a strong affinity for both P2VP and PS blocks as xpcwm;
p2vp and xpcmyps are 0.34 and 0.41, respectively. A binary mixture of
ethanol, a good solvent for P2VP, and DCM, a good solvent for PS,
was used as the swelling agent to perform the simulation. We
constructed a model of S2VP coarsely granulated with 27% volume
fraction of the P2VP block based on the Martini force field, which
contains 153 PS repeat units and 60 P2VP repeat units. Coarse-
grained molecular dynamics simulations were performed to
compare the microscopic process course of swelling of the S2VP
film in pure ethanol and in the 30% (volume ratio) DCM/ethanol
mixture at room temperature. In the system with 100 chains of
PS153—P2VPgq of the same configuration as the starting point, the
addition of solvents in the x-direction simulates the process of
solvent entry into the S2VP film. A comparison of the morpho-
logical snapshots before and after the simulation shows that the
solvent penetrating into the film would cause swelling of the film
(Fig. 2(a), (b)). By recording the mean square displacement of PS
and P2VP blocks with the solvent penetration time (Fig. S1, in
Supplementary Material), we could evaluate the swelling degrees
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Fig. 2. Simulation snapshots of solvent entry into the S2VP film during solvation corresponding to (a) the initial configuration and (b) the results at the moment of 500 ns. (c)

Changes in thickness of the S2VP film during swelling as a function of simulation time.

of PS and P2VP blocks in solvents. It was found that ethanol could
hardly swell PS blocks, while the addition of DCM caused a small
degree of swelling. Both pure ethanol and the 30% DCM/ethanol
mixture enabled the swelling of P2VP blocks, and the latter led to a
higher swelling degree. Accordingly, there was a more significant
increase in the film thickness of the S2VP film in the 30% DCM/
ethanol mixture (Fig. 2(c)). The simulated results imply that the
DCM/ethanol mixture is capable of selectively swelling S2VP films
enabling the formation of pores at room temperature.

3.2. Effects of the volume and composition of the swelling agents

We then experimentally swelling treated S2VP to generate
nanoporosity. The experimentally used S2VP has a 27% P2VP vol-
ume fraction, the same with that in simulation. According to the
phase diagram of diblock copolymers [35], the P2VP phase will
form a cylindrical morphology dispersed in the PS matrix. The
S2VP solution was spin-coated on a silicon wafer (1.5 cm x 1.5 cm)
to produce the dense film (Fig. S2). Unlike the conventional pro-
cess of selective swelling where the films are completely soaked in
swelling baths with large volumes (typically 10—1000 times of the
volume of the films together with the substrates), herein instead of
bath swelling, we spread very little volume of swelling agents
down to a few tens of ul directly on the film surface to perform
selective swelling-induced pore generation at room temperature
as shown in Fig. 3(a). The swelling agent of ethanol mixed with
30% DCM (volume ratio, 40 pl) was evenly spread on the S2VP film
surface by drop coating. Diffusion of the swelling agent downward
into the bulk interior of the film and evaporation of the swelling
agent upward to the atmosphere took place simultaneously. The
thickness of the film investigated in the present work was in the
scale of several hundreds of nm, and the diffusion of the solvent
into the polymer film occurred very fast, which finishes within a
few seconds or even shorter [36]. In contrast, the evaporation of
the swelling agent from the surface took a few minutes. That is, the
diffusion of the swelling agent into the S2VP film would soon reach
equilibrium, and maintained in this equilibrated state until the
complete evaporation of the swelling agent on the film surface.
After the diffusion of the swelling agent into the film, ethanol
selectively permeated into the P2VP minority phase and strongly
swollen them, leading to the volume expansion of P2VP domains.
DCM could diffuse into the PS majority blocks because of their
strong affinity and the increased segmental mobility of PS chains,
allowing the plastic deformation of the PS matrix. Swollen P2VP
cylinders squeezed the PS matrix and merged with neighboring
ones, forming a continuous P2VP phase. After the swelling agent

on the film surface was fully evaporated, the swelling agent
diffused in the film interior began to evaporate. With the loss of
the swelling agent in the film, the PS matrix was frozen and
remained in a moderately deformed state, while the strongly
swollen P2VP chains were collapsed and condensed, thus turning
the spaces initially occupied by the swollen P2VP phases into pores
with pore wall lined with condensed P2VP chains. The formation
of abundant pores would result in an increase in film thickness, as
indicated by the change in the apparent color of the S2VP film
coated on the silicon wafer (Fig. S3). A bi-continuous porous
morphology throughout the surface and entire thickness of the
film was evidenced as shown in the surface and cross-sectional
SEM images (Fig. 3(b)). Such a porous morphology is similar to
the morphology of BCP films subjected to conventional selective
swelling in a swelling bath at elevated temperatures [29]. Signif-
icantly, this process of coating swelling agents on the BCP film
surface requires only pl-scale volume of the swelling agent, and it
takes only a few minutes, which is much faster than the conven-
tional selective swelling typically taking hours.

We then investigated the influence of the volume of the
swelling agent (20—50 pl) on the swelling behavior. We tracked the
mass changes of the swelling agents consisting of ethanol mixed
with 20% (volume ratio) DCM until they were evaporated
completely (Fig. 3(c)). The evaporation processes lasted for ~110,
190, 270 and 350 s when the used swelling agents were 20, 30, 40
and 50 pl, respectively. That is, the total swelling durations were
increased with the rising volume of the swelling agents. As a result,
the average porosities were consequently increased with the vol-
ume of the swelling agents (Fig. S4). However, this increment in
porosity was relatively small, implying that the effect of the volume
of the swelling agent on the swelling degree was weak and a
minimum supply of swelling agent was enough for producing a
high porosity. Nevertheless, the used volumes of the swelling agent
affect the swelling evenness. With the usages of 20 pl and 30 pl, the
swelling agent was more difficult to spread evenly on the film
surface. The colors in the marginal areas of the films after swelling
were observed to be different from the central areas (insets in Fig.
S4), intuitively reflecting the uneven swelling of the film. Increasing
the volume of the swelling agent to 40 ul and 50 pl, the appearance
of the films showed uniform colors after swelling. Therefore,
bearing the principle of consuming the swelling agent as little as
possible while guaranteeing the uniformity of swelling in mind, 40
ul swelling agent was preferred for the S2VP film with a size of 1.5
cm x 1.5 cm.

We further investigated the swelling behavior of the S2VP film
under different swelling agent compositions. We used a fixed
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Fig. 3. (a) Schematic illustration for the different swelling strategies. (b) The surface and cross-sectional SEM images of the S2VP film prepared with 40 pl of the swelling agent of
ethanol mixed 30% (volume ratio) DCM. The scale bar applies to both images. (c) Mass changes of different volumes of ethanol mixed with 20% (volume ratio) DCM during natural
evaporation after being coated on the S2VP film. (d) The porosities of S2VP films prepared with swelling agents containing various contents of DCM.

volume of the swelling agent of 40 ul while changed the DCM until a steep drop at the 35% DCM content as shown in Fig. 3(d).
content (5% to 35%) to swell the S2VP film. The film porosity had a The morphological evolution of the film was observed by SEM (Fig.
significant increase with the DCM content changed from 5% to 30% S5). At the DCM content of 5% and 10%, only shallow circular pores
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Fig. 4. Nanoporous S2VP films prepared by spray swelling as antireflection coatings. (a) The photograph of a bare glass slide (left) and a glass coated with the nanoporous S2VP
film prepared with 35% DCM (right). (b) The refractive indexes of nanoporous S2VP coatings prepared with different DCM contents. (c) The transmittance spectra of glass slides
coated with nanoporous S2VP films prepared with different DCM contents.
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appeared on the film surfaces and failed to pierce the film thick-
ness to form continuous channels, and the films exhibited a low
porosity of 5.5% and 10.3%, respectively. As the DCM content
increased to 15% and 20%, the channel-like pores were gradually
formed and interconnected both in the surface and cross section of
the films, thus the porosity was rapidly increased to 35.9% and
45.7%, respectively. When the DCM content was 25%, the porosity
reached 58.3%. Further increasing the DCM content to 30%, the film
presented a typical bi-continuous morphology, giving a fairly high
porosity value of 74.7%. 35% DCM content caused the dissolution of
the S2VP film by micellization and destroyed the structural
integrity of the film, leading to sharply decreased thickness and
nearly zero porosity. Micellar structures could be clearly observed
on the film surface as shown in Fig. S5. Apparently, the DCM
content has a much greater effect on the film morphology
compared to the effect of the volume of the swelling agent. This is
because the strong affinity of DCM to the PS blocks could signifi-
cantly change the segmental mobility of the film matrix during
selective swelling. The higher DCM content in the swelling agent
would result in more DCM diffused into the PS matrix, leading to
the higher mobility of PS chains. As a consequence, the PS matrix
experiences plastic deformation to a larger degree, eventually
resulting in larger pores and higher porosity.

In addition to DCM, other solvents having favorable in-
teractions with PS were chosen and mixed with ethanol to be used
as the swelling agent to compare their swelling effects. Three
solvents including THF, DOX and TL were investigated, and their
contents in swelling agents were fixed at 20% (volume ratio). The
porosities of S2VP films after swelling with 40 pl swelling agent
were measured to be 45.7%, 48.3%, 51.4% and 55.1% for DCM, THF,
DOX and TL, respectively (Fig. S6). We know that the affinity be-
tween solvents and the blocks of BCP determines the swelling
degree of BCP films. Compared with DCM, THF has a stronger af-
finity for PS as xtug/ps is calculated to be 0.36 according to Eq. (1),
lower than xpcwmjps. Therefore, THF produced a slightly higher
porosity than DCM. Furthermore, the volatility of these solvents is
also a key factor determining the final porosity of S2VP films. The
solvents with low volatility take more time to dry under the
ambient condition, which means the swelling durations for them
are longer. For example, DOX has a weaker affinity for PS than DCM
and THF as xpox;ps is calculated to be 0.47. However, it produced a
higher porosity because DOX is less volatile and leads to a longer
swelling duration and consequently a higher swelling degree. In
the case of TL, it has both a strong affinity for PS and a less volatile
nature, reasonably producing the highest porosity among the four
solvents. As shown in Fig. S7, the surface all exhibited a bi-
continuously porous morphology for the S2VP films prepared
with these four solvents, however, from the surface SEM images, it
is obvious that the films were cavitated to increasing degrees in
the order of DCM < THF < DOX < TL, which is consistent with their
porosities.

3.3. Nanoporous coatings by spray swelling

The above results demonstrate that coating a very small volume
of swelling agents on BCP films to conduct selective swelling is
highly efficient and solvent-saving to produce porous BCP films at
room temperature. However, it may not work well for the film with
a large area because of the difficulty in operation to coat the
swelling agents evenly on the film surface by solvent dropping.
From the standing point of large-scale manufacturing and practical
applications, processes with wider applicability are needed.
Therefore, we improved the process by spraying the swelling
agents on BCP films instead of dropping, that is, spray swelling.
Similarly, we used the mixture of ethanol and DCM as the swelling

agents and investigated the swelling effect under different DCM
contents. With the DCM contents changed from 15%, 20%, 25%, 30%
to 35%, the porosity was correspondingly raised from 12.3%, 18.1%,
42.8%, 56.3% to 74.9%, respectively (Fig. S8). Nevertheless, the film
thickness was significantly decreased when further increasing the
DCM content to 40% because of the dissolution of the S2VP film.
Clearly, the changes in thickness and porosity along with the DCM
content in the spraying coating follow exactly the same trend as
the case of the dropping coating. The difference lies in that the
S2VP film treated by the spraying coating presented a lower
porosity than the one treated by dropping coating when the
swelling agent with the same composition was used. This should
be ascribed to the faster evaporation of DCM than ethanol during
spraying, which results in lower DCM content spread on the film
surface. Consequently, the actual content of DCM to swell the film
was below than the content we set in the sprayer, leading to the
reduced swelling degree. In addition, the spraying durations were
tuned, which would change the volume of the swelling agent
sprayed on the film surface, so as to investigate their effect on the
selective swelling. The porosities of S2VP films remained nearly
unchanged with the spraying duration increased from 2,4 to 6 s
(Fig. S9).

3.4. Application as antireflective coatings

The nanoporous coatings prepared by spray swelling of BCP
films are expected to find important applications in diverse fields.
Herein, we first explored their use as antireflection coatings. We
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Fig. 5. Nanoporous S2VP films prepared by spray swelling as separation membranes.
(a) The photograph of a 30 cm x 30 cm composite membrane with the nanoporous
S2VP coated on the surface of the nylon substrate. The (b) surface and (c) cross-
sectional SEM images of the nanoporous S2VP coatings after spraying the swelling
agent of ethanol mixed with 30% DCM. (d) The separation performances of the S2VP
composite membranes prepared with different DCM contents. The scale bar given in
(c) applies to all SEM images.
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spin-coated the S2VP solution with a mass concentration of 0.8%
on a glass slide and obtained a dense S2VP layer. The coated slide
was then treated by spraying the swelling agent of ethanol mixed
with different contents of DCM on the surface to convert the S2VP
layer into the porous structure. The photographs of the bare slide
and the porous S2VP layer-coated slide are shown in Fig. 4(a). We
can clearly notice that the bare glass exhibited a slight tint of
yellow, while the coated glass became clear and showed a higher
transparency than the bare one. For the glass slide with a refractive
index of 1.52 we used, the index of an antireflective layer coated on
the glass substrate should be 1.23 to have zero reflectance in air
[37]. The closer to 1.23 the refractive index of the coated S2VP
layer, the higher the transmittance of the glass. Fig. 4(b) displays
the refractive index of the S2VP layer after swelling. When the
DCM content of 25% was used, the refractive index of the S2VP
layer was measured to be 1.45 by ellipsometry. Increasing the DCM
content to 30% and 35% led to the refractive index decreased to 1.41
and 1.27, respectively. We then recorded the transmittance spectra
of the glass slides coated with the porous S2VP layers prepared
with different DCM contents by UV-vis-NIR spectrophotometry. As
shown in Fig. 4(c), the bare glass slide exhibited a transmittance of
~92%. All the glass slides coated by nanoporous S2VP layers
demonstrated enhanced transmittance. The nanoporous S2VP
layer prepared with 25% DCM content yielded a maximum trans-
mittance (Tpax) of 95%. The Tyax was enhanced to 97% for the case
of swelling with 30% DCM content. Increasing the DCM content to

35% further improved the Tpax to 99% because of the decreased
refractive index of the porous S2VP layer. The spray swelling
process to produce porous BCP layers not only provides a practical
way to prepare antireflection coatings but also enables the easy
control of the transmittance of the glass slide by adjusting the
composition of the swelling agents thus changing the obtained
refractive index of the BCP layer.

3.5. Application as ultrafiltration membranes

To explore the potential of this spray swelling process in pro-
ducing nanoporous separation membranes for ultrafiltration, a
piece of composite membrane (30 cm x 30 cm) with an S2VP layer
atop the porous nylon support was prepared and subjected to
spray swelling (Fig. 5(a)). The pristine composite membrane pre-
sented a smooth appearance, and the surface and cross-sectional
SEM image demonstrated the dense nature of the S2VP layer
(Fig. S10(a), (b)) with a thickness of 0.8 um. The spray swelling was
performed as shown in the attached Movie S1. After spray
swelling, the S2VP layer turned to be nanoporous both on the
surface and the cross section (Fig. 5(b), (¢)). As the DCM content in
the swelling agent was changed from 25% to 30% and 35%, the
thickness of the porous S2VP layer was increased from 1.0 um to
1.4 and 1.8 pum, respectively (Fig. 5(c) and Fig. S10). The permeance
and rejection to 15 nm gold nanoparticles were then tested to
examine the separation performances of the prepared membranes
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Fig. 6. The photographs and surface morphologies of nanoporous S2VP films coated on different substrates: (a) a glass plate, (b) a silicone seal, (c) a metal coin, a ceramic
ornament, an egg and a glass tube. The transmittance spectra of the glass plate coated with and without nanoporous S2VP films are given in (a).
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(Fig. 5(d)). The composite membrane showed the gradually rising
water permeance of 5320, 9980 and 28370 L-m2-h~!-MPa~! with
the DCM content increased from 25%, 30% to 35%, respectively.
Correspondingly, the rejection was 77%, 54%, and 44%. Clearly, the
nanopores in thus-produced porous S2VP layers were inter-
connected and penetrated the entire layer, capable of serving as
sieving channels for membrane separations. This spray swelling
process is highly efficient in building nanoporous selective layers
on macroporous substrates, enabling the preparation of composite
membranes with tunable ultrafiltration performances.

3.6. Nanoporous coatings on complex or large substrates

In addition to producing nanoporous coatings on substrates
with a flat surface, we further investigated the capability of this
double-coating process to build nanoporous layers on various
substrates with different materials and different shapes. Different
objects were used as the substrate as shown in Fig. 6. The BCP
solution and the swelling agent of ethanol mixed with 30% DCM
were sequentially coated on substrate surfaces. A glass plate with a
larger size of 50 cm x 50 cm was used as the substrate. Similarly,
the S2VP film was coated on the surface by spray coating and then
subjected to spray swelling. As expected, the porous morphology
was observed on the surface. We examined the antireflection
performance of the porous coating by transmittance spectra, and
the result showed that the transmittance of the glass was
improved by ~5% (Fig. 6(a)). Further, a seal with a protruding
symbol of “V” was used as the substrate. After sequential coating of
the S2VP solution and the swelling agent, both the front and side of
the “V” symbol presented a bi-continuous porous structure (Fig. 6
(b)). Moreover, we built S2VP coatings on the surfaces of a metal
coin, a ceramic ornament, a biological substrate (an egg), and a
glass tube with a length of 1 m and a diameter of 24 mm (Fig. 6(c)).
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The successful formation of the porous structure was also
demonstrated (Fig. S11). Clearly, this spraying swelling method is
capable of facile preparation of nanoporous coatings on various
materials of substrates with planar or nonplanar surfaces. It should
be noted that the uniformity of coatings on different substrates
was significantly influenced by the spraying technique employed.
Coatings fabricated through automated spraying processes, which
enable precise parameter control, exhibited superior uniformity in
comparison to those produced through manual spraying. There-
fore, an appropriate spraying method can be carefully selected in
accordance with specific application requirements.

3.7. Universality of the double-coating process

The universality of the double-coating process was explored by
using another two BCPs, PS-b-PDMAEMA and PSF-b-PEG, to pre-
pare nanoporous coatings (Fig. 7(a)). The dense films were pre-
pared by spin-coating BCP solutions on silicon wafers. Then
ethanol mixed with different DCM contents were spray-coated on
the surfaces to swell PS-b-PDMAEMA films, while the PSF-b-PEG
films were swelled with ethanol mixed with different TL contents
as swelling agents. The porosities of PS-b-PDMAEMA films were
increased with the DCM contents changed from 10%, 15%, 20% to
25%, and reached a highest porosity of 42.9% (Fig. 7(b)). The bi-
continuous porous structure was formed in surface and cross
section as shown in Fig. 7(c). Then, the porosity was decreased
because of the micellization of PS-b-PDMAEMA when the DCM
contents were 30% and 35%. At 40% DCM content, the PS-b-
PDMAEMA film was dissolved, resulting in zero porosity. For PSF-
b-PEG films, the porosity reached the highest value of 48.9% (Fig. 7
(d)) when the TL content was 35%, and the porous structure also
spanned through the entire film thickness (Fig. 7(e)). It turns out
this double-coating process works for various BCPs, including not
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Fig. 7. (a) The chemical structures of BCPs of PS-b-PDMAEMA and PSF-b-PEG. Porosities of (b) PS-b-PDMAEMA films and (d) PSF-b-PEG films prepared by spraying the swelling
agent of ethanol mixed with different contents of DCM and TL on the film surfaces. The surface and cross-sectional SEM images of (c) the PS-b-PDMAEMA film and (e) the PSF-b-
PEG film prepared with 25% DCM and 35% TL, respectively.
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only the PS-based BCPs with different minority blocks but also
PSF-based BCPs with high glass transition temperature (Tg) poly-
mers as the majority block.

3.8. In situ repairing defects in nanoporous coatings

Given the nondestructive nature of selective swelling-induced
pore generation as well as the extreme ease of the double-
coating process to produce nanoporous coatings on substrates, it
can be anticipated that any damage on the porous structure during
usage could be repaired by re-applying the swelling agent onto the
films, thus re-constructing the porous structure (Fig. 8(a)). We
prepared a nanoporous PSF-b-PEG layer on a glass slide as an
antireflection coating, then exposed the glass to daylight irradia-
tion (approximately 100 mW-cm2) for 100 days. The pristine
glass slide coated with the PSF-b-PEG layer exhibited a Trpax of 99%,
whereas, after daylight irradiation, the Tpax was decreased to 97%
as a result of the degradation in the porous structure. Then we
spray-coated ethanol mixed with 35% TL on the surface to re-swell
the PSF-b-PEG layer. Interestingly, the PSF-b-PEG layer was
recovered to the highly porous morphology, and the Tp,;x corre-
spondingly went back up to 99% (Fig. 8(b), (c)). Furthermore, we
simulated another situation of external damage by abrasion with
sandpaper on the nanoporous PSF-b-PEG layer (Fig. 8(d)). Obvious
cracks and closed pores appeared on the surface of the PSF-b-PEG
layer after abrasion. Surprisingly, spray-coating the swelling agent
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Fig. 9. The schematic of building antireflection coatings on large astronomical lenses
by the double-coating process.

onto the surface enabled the reformation of nanopores and largely
remedied the cracks (Fig. 8(e)). That is, the double-coating process
is not only effective in constructing nanoporous layers but also in
repairing defects. It has the potential to significantly prolong the
service life of nanoporous coatings, which is highly desired in real-
world applications.
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Fig. 8. (a) The schematic of repairing defects in nanoporous coatings. (b) The transmittance spectra and (c) surface SEM images of the glass slide coated with the nanoporous PSF-
b-PEG film before and after degradation and subsequent recovery. (d) The schematic of abrasion treatment on the glass slide coated with the nanoporous PSF-b-PEG film, and (e)

the SEM images of the film after abrasion and recovery.



J. Zhou et al. / Chinese Journal of Chemical Engineering 89 (2026) 36—46 45

Considering the two unique advantages of this double-coating
process: (1) it is able to rapidly produce nanoporous coatings on
large, nonplanar substrates, and (2) defects in the coatings can be
in situ repaired by another spraying of the swelling agents, we
image that we can adopt this process to on-site build antireflection
coatings on large astronomical lenses by sequentially spraying the
block copolymer solutions and the swelling agents by drones.
Moreover, defects that appear due to long-time exposure to
ambience may be on-demand repaired by flying the drone car-
rying the swelling agents to the defective places and spraying the
swelling agents for another time (Fig. 9, Movie S2).

4. Conclusions

In summary, we develop a facile and fast process to produce
nanoporous polymer coatings feasible for arbitrary substrates. This
process relies on the delicate manipulation of interactions be-
tween block copolymers and selective solvents, and simply con-
tains sequential coating of block copolymers and swelling agents
on the substrates, and interconnected nanopores are produced by
the mechanism of selective swelling-induced pore generation. For
the preparation of S2VP coatings on the substrates with relatively
small areas and flat surfaces, S2VP solutions were spin-coated on
substrates, then pl-scale swelling agents were drop-coated on the
surfaces. Leaving the swelling agent volatilized naturally in few
minutes could simply realize pores formation in S2VP films. The
component of swelling agents plays a great role in the swelling
degree. Higher DCM contents lead to higher swelling degrees and
consequently larger porosities. The amount of swelling agent used
for swelling has a weak effect on the swelling degree, while de-
termines the uniformity of swelling. For the substrates with large
lateral sizes and complex surface features, sequentially spray
coating of S2VP and swelling agents on the surfaces of substrates
allow the preparation of nanoporous coatings easily. We man-
ifested the applications of this process in producing antireflection
coatings and separation membranes with tunable performances.
Interestingly, the defects in nanoporous coatings that may occur
during usage can be repaired by simply spraying the swelling
agent again. Considering the fast, facile, and scalable inherence of
this sequential coating process, we believe it would be very much
desired for the large-scale manufacturing of nanoporous coatings
for practical applications in various fields.
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