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HIGHLIGHTS

• Highly permeable protective textiles (HPPT) with micro/nano-networks were fabricated using a non-solvent induced phase separation, 
synergistically driven by  CaCl2 and fluorinated polyurethane, combined with spraying technique.

• The optimized HPPT exhibited excellent liquid repellency and air-moisture permeability properties due to the integration and cooperative 
drive of the low surface energy and the pore structure of the connectivity network, which can be used as desirable protective materials.

• The formation mechanism of micro/nano-network structure was analyzed by molecular dynamics and observed by dynamic phase 
transition behavior, which numerically combined with theory illustrate the phase transition mechanism of HPPT.

ABSTRACT Current protective clothing often lacks sufficient comfort to ensure efficient performance of healthcare workers. Developing 
protective textiles with high air and moisture permeability is a potential 
and effective solution to discomfort of medical protective clothing. 
However, realizing the facile production of a protective textile that 
combines safety and comfort remains a challenge. Herein, we report the 
fabrication of highly permeable protective textiles (HPPT) with micro/
nano-networks, using non-solvent induced phase separation synergis-
tically driven by  CaCl2 and fluorinated polyurethane, combined with 
spraying technique. The HPPT demonstrates excellent liquid repel-
lency and comfort, ensuring high safety and a dry microenvironment 
for the wearer. The textile exhibits not only a high hydrostatic pressure 
(12.86 kPa) due to its tailored small mean pore size (1.03 μm) and chemical composition, but also demonstrates excellent air permeability 
(14.24 mm  s−1) and moisture permeability (7.92 kg  m−2  d−1) owing to the rational combination of small pore size and high porosity (69%). 
The HPPT offers superior comfort compared to the commercially available protective materials. Additionally, we elucidated a molding 
mechanism synergistically inducted by diffusion–dissolution-phase separation. This research provides an innovative perspective on enhanc-
ing the comfort of medical protective clothing and offers theoretical support for regulating of pore structure during phase separations. 
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1 Introduction

Demand and significance of protective clothing for 
healthcare workers have significantly increased in recent 
years since COVID-19 pandemic. These protective textiles 
are crucial for safeguarding the lives of healthcare workers 
[1–3]. With ongoing advancements in hygiene standards 
and quality of life, there is a growing demand for protective 
materials that offer effective protection while ensuring 
adequate comfort [4]. Comfort of a textile is triggered by 
its ability to facilitate effective air and moisture transport 
[5, 6]. Inefficient comfort characteristics may accumulate 
heat and moisture, leading to fatigue and restricted wearer 
performance [7]. Furthermore, it may also result in skin 
allergies, heat stroke, and even fainting, especially during 
long shifts that many healthcare workers faced at the height 
of the COVID-19 pandemic [8–10].

In recent decades, the development of medical protective 
garments has made great progress in providing enhanced 
protection from various microorganisms and external fluids, 
including water and blood [11]. However, relatively little 
attention has been given to the comfort aspects of protective 
textiles designed for healthcare workers. Therefore, the 
critical balance between protective barrier capacity and 
the wearability of protective membranes—factors that can 
significantly influence worker performance—remains largely 
overlooked [12]. Thus, it is essential to design and develop 
protective textiles capable of providing high comfort without 
compromising robust protection capability, thereby ensuring 
a balance between protective barrier capacity and wearing 
comfort.

Currently, several protective clothing materials are 
commercially available such as polypropylene melt-blown 
non-wovens, polyester spun bond non-wovens, PTFE 
microporous membranes, and cellulose spun bond non-
wovens. They are being produced at mass scale and have 
satisfactory protective properties [13, 14]. Nevertheless, they 
exhibit poor air and moisture permeability, which is further 
compromised when subjected to multilayer compounding 
and reduced pore size, leading to significant discomfort. 
To address the problem of discomfort, scientists have been 
making intensive efforts to design protective clothing using 
traditional woven and non-woven textiles [15]. Various 
functional materials have been coupled with traditional 
textiles via coating and laminating techniques to endow 

them effective protection barrier and comfort for healthcare 
professionals [16]. Woven fabric after certain surface 
chemical finishing has been utilized in medical clothing 
owing to their simple production process, cost-effectiveness, 
and excellent wearability [17, 18]. Furthermore, multilayer 
lamination textiles have also been reported to significantly 
enhance protective performance and multifunctionality [3, 
19]. Unfortunately, functional materials for producing these 
protective textiles still face critical issues such as suboptimal 
comfort, durability, and cost. Moreover, another effective 
strategy to prepare protective clothing is to produce barrier 
membranes on the surface of conventional textiles which 
may alleviate the problem of comfort while retaining robust 
protection barrier against the targeted substances [20, 
21]. In this regard, non-solvent induced phase separation 
(NIPS) is believed to be an efficient technology for preparing 
membranes with tailored asymmetric structure [22, 23]. 
Shan et al. prepared a aerogel-functionalized thermoplastic 
polyurethane as waterproof, breathable material using a 
scalable NIPS strategy [24]. Mandal et al. fabricated porous 
poly(vinylidene fluoride-co-hexafluoropropene) to create 
an excellent durability and radiative cooling material by 
a simple, inexpensive, and scalable phase inversion-based 
method [25]. Nonetheless, membranes prepared by this 
method exhibit relatively poor air permeability which can be 
potentially overcome by the controlled addition of inorganic 
salts into the precursor solution [26]. Therefore, we believe 
developing composite structure using conventional textiles 
coupled with barrier membranes having tailored porous 
structure and specific surface chemistry would not only offer 
excellent protection against various kind of liquids as well 
as exhibit high permeability to balance the protection and 
comfort characteristics.

Herein, we present a streamlined strategy for 
manufacturing high permeable protective textiles 
(HPPT) with micro/nano-networks, using a NIPS, 
synergistically driven by calcium chloride  (CaCl2) and 
fluorinated polyurethane (FPU), combined with spraying 
technique. Polyurethane (PU) was opted as base material 
for synthesizing the barrier membrane owing to its soft, 
breathable, highly elastic, and abrasion resistant nature, 
which make it suitable material for apparels.  CaCl2 was 
used to tailor the porous structure of the membrane, whereas 
mass fractions of FPU were employed to modulate the phase 
separation speed. Additionally, commercial hydrophobic 
agent (TRG) was sprayed to construct low surface energy, 
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enhancing both liquid repellency and hydrostatic pressure 
of HPPT. We revealed the intrinsic underlying mechanisms 
utilizing molecular dynamics (MD) simulations and 
dynamic phase separation behavior analysis. Besides, we 
also systematically explored the effects of critical factors 
such as the solubility parameter and diffusion coefficient. 
The micro/nano-network structure endowed the protective 
textiles with a balanced combination of small pore sizes, 
high porosity, excellent permeability, and exceptional 
surface wettability resistance. In this regard, the obtained 
HPPT demonstrated good air permeability (14.24 mm  s−1) 
and outstanding moisture permeability (7.92 kg  m−2  d−1), 
along with high hydrostatic pressure (12.86  kPa) and 
maximum surface wettability resistance (class 5). Notably, 
the air permeability of HPPT was 8 times higher than that of 
commercially available high density polyethylene protective 
membranes (HDPE PM). This research opens new avenues 
for developing phase separation micro/nano-network 
textiles that meet the stringent permeability requirements 
for comfort in personal protection applications.

2  Experimental Section

2.1  Materials

Polyurethane (PU, Mw of 50,000 ~ 100,000 g   mol−1) was 
acquired from Shanghai Huntsman Polyurethanes Specialties 
Co., Ltd. Shanghai Taifu Chemical Co., Ltd., China supplied 
the fluorinated polyurethane (FPU, QF66-2). DMF (AR), 
anhydrous ethanol (AR, ≥ 99.7%), and  CaCl2 (AR, 96%) were 
obtained from Aladdin Biochemical Technology Co., Ltd. A 
polyethylene glycol terephthalate woven fabric (PET, gram 
weight containing different mass fractions of FPU of 65 g  m−2) 
was supplied by Zhejiang Yisijia Outdoor Equipment Technol-
ogy Co., Ltd., Jiaxing, China. The fluorinated acrylate three-
proof finishing agents (TRG, PH value = 5.0 ~ 6.0, cationic 
milky white liquid) and the synthetic blood (surface tension 
of 0.042 ± 0.002 N  m−1) were brought from Shanghai Xinwu 
Textile Technology Co., Ltd., China, and Dongguan Chuang-
feng Automation Technology Co., China, respectively.

2.2  Fabrication of Uniform Initial Solution

The  CaCl2 was dissolved in DMF at room temperature with 
stirring for 3 h, and then, PU and FPU were sequentially 

added and stirred for 10 h at room temperature to obtain a 
uniform PU/FPU/CaCl2 casting solution. The casting solu-
tions were made by mixing the following amounts of PU, 
 CaCl2, and FPU in 17 mL of DMF: 1.5 g of PU to 1.5 g 
 CaCl2 (1:1 PU:  CaCl2 by mass), 0.2, 0.6, 1, and 1.4 g of 
FPU (mass fractions of FPU in total solution of 1, 3, 5, 
and 7 wt%). The obtained uniform casting solutions were 
abbreviated as PU/1FPU/CaCl2, PU/3FPU/CaCl2, PU/5FPU/
CaCl2, and PU/7FPU/CaCl2, respectively.

2.3  Fabrication of PU/FPU Membranes

Firstly, the casting solution containing different mass 
fractions of FPU was spread on a woven fabric substrate 
(200  mm × 300  mm × 0.14  mm in length, width, and 
thickness, respectively) with a 9 mL solution volume in the 
homemade laboratory membrane applicator. The effective 
membrane size was 16 cm × 25 cm, the casting solution 
thickness was 250 µm, and the method for determining 
casting solution thickness was described in Supplementary 
Methods of Supporting Information (Fig. S1). Afterward, 
it was immediately submerged in 40 °C water for 2 h to 
induced phase separation. Subsequently, the membranes 
were washed in pure water and oven-dried at 60 °C. Finally, 
PU/FPU membranes were obtained and abbreviated as 
PU/1FPU, PU/3FPU, PU/5FPU, and PU/7FPU, respectively.

2.4  Fabrication of HPPT

In this embodiment, the PU, FPU,  CaCl2, and DMF sub-
merged into the coagulation bath upon submersion, leaving 
behind a porous PU/FPU framework. Subsequent spraying of 
the PU/FPU membranes resulted in a highly permeable pro-
tective micro/nano-network textile. Obtained textiles were 
abbreviated as PU/FPU@TRG textiles (i.e., HPPT). Spray-
ing was performed with a gravity-fed spray gun (H2000, 
Fujiwara Jidori Enterprise Store) with a 1 mm gun bore. 
The operating air pressure was 4 Bar, the spray distance 
was fixed at 20 cm, and the gun flow rate was 30 mL  min−1.
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3  Results and Discussion

3.1  Design and Preparation of HPPT

We designed HPPT with micro/nano-networks adopting a 
NIPS, synergistically driven by  CaCl2 and FPU, combined 
with spraying technique, as schematically illustrated in 
Fig. 1a. A new concept in this work was integrated  CaCl2 
and fluoropolymer during the phase separation process to 
achieve tailored interconnected porous network, resulting 
in the formation of highly permeable protective textiles. 
The prepared HPPT prevents the penetration of external 
liquids while allowing internal air and moisture to perme-
ate, thereby creating a comfortable microclimate for the 
wearer. In this work, a homogeneous casting solution com-
posed of PU and FPU (modulators, modifiers, and media-
tors),  CaCl2 (pore-forming agent), and DMF (solvent) was 

evenly dispersed on the woven fabric using doctor blade 
method. Then, the obtained wet membrane was imme-
diately submerged in 40 °C water (non-solvent) for 2 h 
to induced phase separation. During this process, water 
diffused into the initial PU/FPU/CaCl2 solution, whereby 
 CaCl2 dissolved into the non-solvent, leaving behind a 
three-dimensional porous PU/FPU scaffold. Subsequently, 
the membrane was washed with tap water to remove the 
residual solvent and then dried at 60 °C to obtain the PU/
FPU micro/nano-network membrane. To clarify the effect 
of FPU on the regulation of the phase separation process, 
we controlled the mass fraction of FPU in the casting solu-
tion and developed membranes with tunable micro/nano-
networks on the surface (Fig. S2). Then, we investigated 
the pore size, hydrostatic pressure, air permeability, and 
moisture permeability of PU/FPU membranes with differ-
ent FPU mass fractions. As the mass fractions increased, 

Fig. 1  Fabrication scheme and process design of HPPT. a Fabrication procedure and application schematic of HPPT with micro/nano-networks. 
b Digital photograph of large-sized HPPT by scalable NIPS technology. c Photography demonstrating excellent liquid-repellent and permeability 
of HPPT
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pore size decreased, the hydrostatic pressure increased and 
permeability decreased (Figs. S3 and S4). These outcomes 
evidently demonstrate the mass fraction of 3 wt% has 
achieved a balance between comfort and liquid repellency, 
and the membrane was abbreviated as PU/3FPU. Addi-
tionally, a three-proof finishing agent (TRG) was sprayed 
onto the membrane surface to reduce surface energy for 
improving liquid repellency, and the ultimately generated 
membrane was abbreviated as HPPT.

Remarkably, the HPPT was readily scaled to a large size 
of 0.4 m × 2 m by applying our unique phase separation 
technique  (Fig. 1b), indicating its potential industrializa-
tion in personal protection and healthcare. The balance 

of protection and excellent air permeability of HPPT is 
vividly demonstrated in Fig. 1c. The HPPT (sample area 
of 177  cm2) successfully prevented the infiltration of 2 L 
of water while allowing rapid air through, attributed to 
the micro/nano-network structure. The corresponding 
dynamic demonstration of waterproofing and air perme-
ability is shown in Movie S1. Moreover, prepared samples 
displayed robust repellency to all kinds of liquids (Fig. 1c).

Fig. 2  Morphology and structure characterizations of HPPT. a–c SEM images of woven fabric (a), PU/3FPU layer (b), PU/3FPU@TRG layer 
(c). d, e The cross section and corresponding elemental mapping images of HPPT. f FTIR spectrum of  CaCl2, TRG, woven fabric, PU/3FPU, 
and HPPT. g Pore size distribution of woven fabric, PU/3FPU, and HPPT. The inset shows a partial enlargement image of the curves. h, i Mean 
pore size and  Dmax (h), and porosity and BET surface areas (i) of woven fabric, PU/3FPU, and HPPT
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3.2  Morphology and Structure Characterizations 
of HPPT

To gain insight into the different morphology and structure 
characterizations of the prepared textiles, samples were sub-
jected to thorough examination via the scanning electron 

microscopy (SEM), as exhibited in Fig. 2a–c. It is apparent 
from Fig. 2a, b that the PU/FPU/CaCl2 coating significantly 
altered the smooth surface morphology of the woven fabric, 
exhibiting rough micro/nano-networks. Moreover, it can be 
seen from Fig. 2c that there was visible change in pore struc-
ture after TRG spray, and density of pore structure increased 

Fig. 3  Mechanism of the phase separation pore formation. a The viscosity and shear stress of three solution systems of PU, PU/CaCl2, and 
PU/3FPU/CaCl2. b RT deviation with the time of three solution systems. c RT deviation and the four stages of PU/3FPU/CaCl2 solution system. 
d Self-assembly process of micro/nano-networks: diffusion of solvent and non-solvent, dissolution of  CaCl2, phase separation of polymer-poor/
polymer-rich phases, and pore formation
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significantly on the surface of the resultant PU/3FPU@TRG 
sample. To further confirm the existence of porous structure 
throughout the fabric, cross section of the fabricated HPPT 
was carefully analyzed using SEM. It can be noticed from 
Fig. 2d that interconnected micro/nano-cavities were present 
throughout the fabric. The presence of pores of difference 
scale in three layers of the HPPT also confirmed hierarchi-
cal porous network and existence of significant number of 
pathways ensuring robust permeability.

Surface chemistry plays vital role in liquid repellency; 
therefore, prepared samples were thoroughly investigated 
via energy-dispersive spectroscopy mapping to compre-
hend the surface chemical composition of synthesized 
HPPT (Fig. 2e). The characteristic elements (C, N, O, and 
F) were uniformly distributed throughout the scanning 
view, and the accumulation of F element on the surface 
indicated successful deposition of the TRG. To further 
assess the chemical composition, HPPT samples were sub-
jected to Fourier-transform infrared spectroscopy (FTIR) 
analysis. Obtained FTIR spectra exhibited that no typical 
 CaCl2 peaks, suggesting its dissolution and removal during 
phase separation (Fig. 2f). Meanwhile, the C–F stretch-
ing vibration peaks at 816 and 1100–1350  cm−1 were sig-
nificantly improved, confirming the presence of enhanced 
amount of F because of the finishing agent sprayed on the 
surface of HPPT [27].

It is well established that the liquid repellency and per-
meability of materials are closely related to pore size and 
porosity [28]. Therefore, it is vital to thoroughly investi-
gate the porous structure of the textiles. As illustrated in 
Fig. 2g, the pore size distribution of HPPT was narrower 
(0.11–14.19 μm) and more regular compared to the origi-
nal woven fabric, and the pore size majority of HPPT was 
concentrated at 0.88 μm. Owing to the special micro/nano-
networks, the mean pore size and maximum pore size  (Dmax) 
of PU/3FPU and HPPT were significantly smaller than those 
of the woven fabric (Fig. 2h), with HPPT having a mean 
pore size of 1.03 µm and a  Dmax of 13.90 µm. As illustrated 
in Fig. 2i, HPPT showed a larger Brunauer–Emmett–Teller 
(BET) surface area (3.09   m2   g−1) than woven fabric 
(0.41  m2  g−1). Besides, synthesized HPPT retains signifi-
cantly high porosity of 69% even after TRG coating. Nota-
bly, the presence of tiny pores could effectively block the 
penetration of external liquids, while the high porosity 
provides abundant channels for the transport of internal 
air and moisture [29]. Critically, a large BET surface area 

would supplement efficiency of moisture transport via rapid 
adsorption of human moisture [30, 31].

3.3  Mechanism of the Phase Separation Pore 
Formation

Phase separations are a particularly complex physical pro-
cess involving diffusion, dissolution, and fluid flow [32]. The 
occurrence of phase separation in solution is influenced by 
multiple factors, including the concentration and identities 
of the components, environmental conditions such as tem-
perature, and the type and concentration of salts [33]. Fig-
ure 3a demonstrates the viscosity and shear stress as func-
tions of the shear rate for three solution systems (PU, PU/
CaCl2, and PU/3FPU/CaCl2). The PU/3FPU/CaCl2 solution 
displayed extremely low viscosity and the further decreased 
with increasing shear rate. This is mainly attributed to the 
addition of the FPU and  CaCl2, which disrupted the entan-
glement of PU molecular chains and rearrange the intermo-
lecular interaction forces between the solution molecules. 
More importantly, the addition of inorganic salt particles 
orientated the solution along the flow direction and the vis-
cosity decreased [34]. It is well known that the lower viscos-
ity of the polymer solution facilitates the phase separation 
and enables pores formation [32]. Microimaging, a primary 
tool for observing liquid–liquid phase separation, plays an 
indispensable role in comprehending the behavior of poly-
mer, solvent and non-solvent during phase separation pro-
cess [35]. To delve deeper into the phase separation behavior 
of the solution systems, a facile method was employed to 
capture the dynamics of the process (Supplementary Meth-
ods, Supporting Information) [36]. The images displaying 
the dynamic of the three solution systems are displayed in 
Fig. S5. Interestingly, the addition of  CaCl2 and FPU not 
only reduced the solution curing rate but also triggered a 
staged phase separation in the solution system, which was 
favorable for the formation of micro/nano-network struc-
tures. Figure 3b presents the relative transmittance (RT) 
deviation curves over time for the three solution systems. 
The RT deviation of PU/3FPU/CaCl2 exhibited relatively 
slower growth rate compared to the other solutions, indi-
cating a delayed phase separation rate. More importantly, 
PU/3FPU/CaCl2 also showed the lowest RT deviation and 
highest RT (Fig. S6), suggesting its potential for preparing 
controlled porous network of cavities.
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Further analysis of RT deviation curves for the PU/3FPU/
CaCl2 solution system revealed that there are roughly four 
stages of phase separation process (Fig. 3c). The fabrication 
of the micro/nano-networks depends on the diffusion 
of solvent and non-solvent, dissolution of  CaCl2, phase 
separation of polymer-poor/polymer-rich phases, and pore 
formation. Figure 3d illustrates the generation of micro/
nano-networks via four stage self-assembly process using 
schematic mechanism (left) and the corresponding evolution 

of optical morphology of PU/3FPU/CaCl2 solution (right). 
Initially, a water phase (40 °C) was placed on the surface of 
casting solution phase. Due to temperature disequilibrium 
between the phases, water diffused across the interface. 
This diffusion induced directed fluctuations, leading to 
the formation of droplet-like structures at off-critical and 
critical compositions (stage I). Further, the diffusion of 
the aqueous phase soon started dissolving the  CaCl2, and 
the casting solution generates more disruption initiated 

Fig. 4  Interaction mechanisms of casting solutions. a Schematic of the NIPS process, showing the formation of micro/nano-network textile 
coating from a solution of DMF, water, and PU/FPU. b–g Molecular models of PU/DMF (b), PU/H2O  (c),  CaCl2/DMF  (d),  CaCl2/H2O  (e), 
FPU/DMF (f), FPU/H2O (g). h Solubility parameter of PU, PU/CaCl2, and PU/3FPU/CaCl2 in water. The inset in (h) shows the model before 
and after the calculation of the dissolution parameters. i–j MSD (i) and diffusion coefficient (j) of water, DMF,  CaCl2, PU, and FPU in the cast-
ing solution. The inset in (j) shows the modeled plots of the calculated diffusion coefficient trajectory at 1 and 20 ps. k RDF of water with DMF, 
 CaCl2, PU, and FPU in the casting solution
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under the competing effects of diffusion and dissolution, 
i.e., polymer-rich region and polymer-sparse region. The 
polymer-rich regions appeared in the critical portion and 
the grayscale of micrographs increased (stage II). Uneven 
surface concentration due to droplet interactions generated a 
gradient of surface tension along/near the interface, yielding 
a hydrodynamic force that drives the solution to undergo 
two-phase separations, forming polymer-rich and polymer-
sparse zones (stage III). Eventually, the grayscale of the 
microscopic images stabilized, and the micro/nano-networks 
were shaped (stage IV). In this part, we elucidate in depth 
the evolution mechanism of micro/nano-networks, providing 
a theoretical basis for precisely regulating the NIPS.

3.4  Interaction Mechanisms of Casting Solutions

Based on the experimental and mechanistic research in the 
previous section, we summarize the forming process of the 
PU/FPU/CaCl2 micro/nano-network textile in Fig. 4a. To 
reveal the pore formation mechanism, the process of wet 
membrane immersion in water was investigated. Given a 
certain degree of randomness in the porous microstructures 
produced by the phase separation, statistical characterization 
becomes increasingly attractive [37, 38]. MD simulations 
were employed to explain the interaction mechanisms within 
the casting solution. Detailed MD calculations are provided 
in the supplementary methods (Supporting Information). 
To investigate the phase separation behavior, the optimized 
structures among various molecules were first simulated, 
and their interaction energies (E) were also calculated. E is 
defined as [39, 40]:

where Etotal is the total energy of the full complex, and EA
frag

 
and EB

frag
 are the total energies of isolated molecule A and 

molecule B, respectively. As illustrated in Figs. 4b–g and S7, 
S8, E of FPU/DMF (− 6.40 kcal  mol−1) was more negative 
than PU/DMF (− 6.06 kcal  mol−1) and  CaCl2/DMF (− 1.81 
kcal  mol−1), while E of  CaCl2/H2O (− 0.73 kcal  mol−1) was 
more positive than PU/H2O (− 1.77 kcal  mol−1), FPU/H2O 
(− 0.89 kcal  mol−1), and DMF/H2O (− 0.87 kcal  mol−1). 
These results indicated that the addition of FPU and  CaCl2 
resulted in a slower phase separation behavior of the precur-
sor solution, consistent with previous findings [29]. The 
interactions between the dopant solution and non-solvent can 
significantly influence the polymer behavior and phase 

(1)E = Etotal − EA
frag

− EB
frag

separations, as determined by solubility parameters [41, 42]. 
The solubility parameters of three various solution systems 
in water are displayed in Fig. 4h. The solubility parameter 
of the pure PU solution increased from 17.20 (cal  cm−3)1/2 
to 19.63 (cal  cm−3)1/2 with the addition of  CaCl2. However, 
when both  CaCl2 and FPU were added, the solubility param-
eter decreased to 19.25 (cal  cm−3)1/2. These results further 
verified that FPU effectively slowed down the dissolution of 
the dopant solution during the phase separation, thus pre-
venting macropores formation [43, 44]. The model before 
and after the calculation of the dissolution parameters is 
exhibited in the inset of Fig. 4h.

Beyond the mixture compatibility, the diffusion rate 
between dopant solution and non-solvent, a principal 
kinetic aspect, can quantify the phase separation process 
[45, 46]. Therefore, MD simulations were also employed 
to further numerically understand the diffusion behavior 
of molecules within the solution systems. Figure 4i, j 
shows the mean square displacement (MSD) and diffu-
sion coefficients of the five molecules, in which the MSD 
of  H2O molecule was larger than DMF,  CaCl2, PU, and 
FPU, indicating that water has superior diffusion prop-
erties. The diffusion coefficients for  H2O, DMF,  CaCl2, 
PU, and FPU were calculated as 41.59, 4.44, 4.01, 1.68, 
and 2.28 Å2  ps−1, respectively, indicating that the diffu-
sion between the precursor solution and the non-solvent is 
predominantly governed by the  H2O molecule. This was 
attributed to the robust interactions between water and 
solution molecules due to the different polarities [47, 48]. 
Apparently, the diffusion between DMF and  H2O (stage I) 
occurred preferentially during the phase separation of the 
PU/FPU/CaCl2 solution system was further substantiated 
by numerical analysis. It is well known that the first peak 
in the radial distribution function (RDF) corresponds to 
the first coordination layer around the central molecules, 
and the first peak multiplied by the average density is the 
coordination number [49]. Figure 4k shows the RDF of the 
different molecules with water for the precursor solutions. 
It was noted that the first peaks for DMF/H2O,  CaCl2/H2O, 
PU/H2O, and FPU/H2O appeared at 4.71, 5.23, 5.71, and 
7.91 Å, respectively, indicating that DMF was closest to 
the water molecule, followed by  CaCl2 [50]. These results 
substantiated the earlier outcomes of dominance of stage 
II (dissolution of  CaCl2) and stage III (phase separation of 
the polymer) in the phase separation.
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3.5  Protective Properties and Comfort of HPPT

The water wetting behavior of woven fabric, PU/3FPU, 
and HPPT was investigated to elucidate the modifications 
in the surface wettability resistance during the HPPT prep-
aration procedure, as displayed in Fig. S9. As expected, 
when the water droplets were on the HPPT, they could 
maintain the original shape with a water contact angle 
(WCA) of 131°. Notably, the hydrophobicity of HPPT 
remained consistent, as the WCA stayed at 130° even after 
300 s. Figure 5a displays the dynamic WCA, blood contact 
angle (BCA), oil contact angle (OCA), and ethanol contact 
angle (ECA) of HPPT within 300 s. The HPPT demon-
strated excellent WCA (131°), BCA (126°), OCA (104°), 
and ECA (85°), which can be attributed to its tiny pores 
and low surface energy (Fig. S10). It is noteworthy that 

WCA, BCA, and OCA remained essentially unchanged 
over time, while ECA showed a gradual decrease. These 
results further confirmed the superior anti-wettability 
properties of HPPT. Generally, when water droplets are in 
contact with porous membranes, they enter capillary chan-
nels under Laplace pressure. Young–Laplace equation 
( P =

4�∙cos�

Dpore

 ) elucidates the magnitude of Laplace pressure, 

indicating two opposing forces driving water motion 
(Fig. 5b) [28]. This depends mainly on the pore structure 
and surface wettability resistance.

Furthermore, we conducted the spray tests and impact 
dynamics experiments to simulate real scenarios for 
water interaction with HPPT, as indicated in Fig. 5c, d. 
When the HPPT surface was sprayed with dyed water, 
no wetting and adhesion on the surface were observed 
(inset of Fig. 5c). Thus, the surface wettability resistance 

Fig. 5  Protective properties and comfort of HPPT. a Dynamic behavior WCA, BCA, OCA, and ECA of HPPT over 300 s. b Capillary force and 
hydrophobic force based on Young–Laplace equation in the micro/nano-network textile. c Comparison of surface wettability resistance of HPPT 
with five commercially available materials to dyed water. d Snapshots of the impact dynamics for water on HPPT captured by high-speed camera 
equipment. e Comparison of liquid repellent and comfort between the prepared multifunctional HPPT and commercially available protective 
products. f–g The moisture permeability of HPPT for (f) different temperatures and (g) relative humidity
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of HPPT was determined as class 5 in accordance with 
ISO 4920:2012(E), level 5 according to GB/T 4745, 100 
according to AATCC 22. In contrast, five commercially 
available materials were assessed at class 3, and the 
wetting degree on the sample front and reverse sides 
after spray test is shown in Fig. S11. Strikingly, the water 
droplet underwent a “spreading-retraction” stage followed 
by a mild rebound, as demonstrated in Fig. 5d and Movie 
S2, thus proving its superb liquid repellency of HPPT. 
The hydrostatic pressures of HPPT and five commercial 

protective products were contrasted to demonstrate the 
significant potential for medical applications (Fig. S12). 
The hydrostatic pressure of HPPT was 12.86  kPa 
comparable to HDPE PM (12.51  kPa), showcasing 
its ability to industrialize. To verify the stability of 
HPPT, the hydrostatic pressure of HPPT under different 
temperatures was analyzed (Fig.  S13). As shown in 
Fig.  S13b, HTTP displays stable resistance against 
considerably high hydrostatic pressure at a wide range of 
temperature (25–50 °C). HPPT maintains steady resistance 

Fig. 6  Real-life applicability of HPPT. a–c Stress–strain curves (a), torque–curvature relationship curves (b), and bending stiffness and hys-
teresis (c) of HPPT and five commercially available protective materials. d Photographs of the abrasion resistance testing apparatus. e Sample 
mass loss variations under various abrasion cycles. The inset in e shows the photo-images of the sample before and after 1000 abrasion cycles. 
f The dynamic WCA of HPPT in 300 s after 1000 abrasion cycles. g Air permeability, moisture permeability, hydrostatic pressures, and WCA 
of HPPT as a function of washing cycles. h Dynamic WCA, BCA, OCA, and ECA of HPPT in 300 s after 100 cycle washing test. The inset in 
(h) shows the photography of water, blood, oil, and ethanol solutions at first contact with the HPPT. i Digital photograph of HPPT before and 
after 100 cycle washing test
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to hydrostatic pressure of 11.69 kPa even at scorching 
temperature of 50  °C. The antimicrobial performance 
is one of the important attributes of medical protective 
clothing. To evaluate the antibacterial effect of HPPT, the 
zone of inhibition test method is adopted with the bacterial 
models of E. coli and S. aureus. The bacterial suspensions 
were transferred to a cell culture plate in an agar plate and 
incubated at 37 °C for 24 h to observe the antibacterial 
effect. As shown in Fig.  S14, it was observed that 
inhibition ring appeared around HPPTs due to the added 
bacteriostatic materials during the manufacturing process, 
which thoroughly proves the excellent antibacterial effect 
of the HPPT.

Excellent air and moisture permeability is critical for 
protective garments intended for comfort and long-term 
wear, which allows effective transfer of sweat vapor out-
side from the microenvironment between skin and fabric, 
keeping the skin dry and comfortable [51–53]. Figure 5e 
presents a radar chart that compares integrated the multi-
dimensional data of commercial textiles with current work. 
Notably, the HPPT exhibited a fairly higher air permeability 
(14.24 mm  s−1) and moisture permeability (7.92 kg  m−2  d−1) 
compared to its counterparts, which was approximately 8 
times (1.78 mm  s−1) and 2 times (4.11 kg  m−2  d−1) higher 
than those of HDPE PM. This superior performance was 
primarily due to the interconnected microchannels in the 
micro/nano-networks, which facilitated the passage of gas 
and water molecules [54–56]. Protective clothing with excel-
lent moisture permeability under different temperatures and 
humidity enhances the comfort and efficiency, which is sig-
nificant to wearer who work for a long time. Therefore, we 
assessed the moisture permeability of HPPT under different 
temperatures and humidity (Fig. 5f, g). With rising tem-
perature and humidity, moisture permeability improves. This 
phenomenon could be attributed to highly porous structure 
of HPPT, which enables them to rapidly absorb water mol-
ecules from the humidity. Noticeably, the moisture perme-
ability remained consistently high; even when exposed at 
42 °C and 50% for 1 h, it remained at 7.05 kg  m−2  d−1. It 
thoroughly proves the exceptional performance stability of 
HPPT in extremely humid and hot environments, expanding 
the range of potential applications.

3.6  Real‑Life Applicability of HPPT

Mechanical characteristics of textiles are believed to be of 
high significance when it comes to apparels as they tend to 
determine the durability of the textile. Therefore, to further 
satisfy long-term and wearable applications, the mechani-
cal properties and abrasion resistance of HPPT were care-
fully evaluated. Figure 6a presents the stress–strain curves of 
HPPT and five commercially available protective materials. 
HPPT demonstrated excellent mechanical properties with a 
tensile strength of 65.56 MPa, which is ~ 5 times greater than 
that of HDPE PM (14.07 MPa), one of the best performing 
commercially available materials. Simultaneously, HPPT 
exhibited superior flexibility and foldability (Fig. S15). 
Lower bending moment, bending stiffness, and bending 
hysteresis indicate better softness and recovery from bend-
ing deformation [57]. Using the KES-FB2S bending tester 
according to GB/T 18318.5-2009, we quantified the bend-
ing properties of woven fabric, PU/3FPU, HPPT, and five 
commercially available protective materials (Figs. S16 and 
6b, c). The principle of bending properties test is provided 
in supplementary methods. It was observed that the bend-
ing moment, bending stiffness, and bending hysteresis of 
HPPT, respectively, were 0.35, 0.14, and 0.08 gf cm  cm−1, 
which larger than woven fabric and PU/3FPU, suggesting 
the bending performance deteriorated after the phase separa-
tion coating and spray finishing (Fig. S16). However, HPPT 
still displayed outstanding bending performance compared 
to the HDPE PM commercially available protective materi-
als (Fig. 6b, c).

Abrasion resistance is also a crucial parameter for evalu-
ating the wearability and endurance of fabrics [58]. Fig-
ure 6d–f displays photographs of the abrasion resistance 
testing apparatus, sample mass loss variations under vari-
ous abrasion cycles, and the dynamic WCA of HPPT after 
1000 abrasion cycles over 300 s, respectively. The results 
indicated that the mass loss of HPPT essentially stayed 
constant as the number of abrasion cycles increased. To 
clarify the commercial advantages of HPPT in comparison 
with other commercially available protection materials, the 
dynamic WCA of five commercial protective materials in 
300 s after 1000 abrasion cycles was tested (Fig. S17). It 
was worthwhile to mention that HPPT maintained supe-
rior waterproofing ability after 1000 abrasion cycles. The 
laundry-proof property of HPPT is a critical parameter for 
coated textile. To evaluate the effect of the washing cycles 
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on functional characteristics of HPPT, we separately tested 
the air permeability, moisture permeability, hydrostatic pres-
sures, and WCA of HPPT after different washing cycles 
(Fig. 6g). Remarkably, the air permeability, moisture per-
meability, hydrostatic pressure, and WCA of HPPT were 
14.46 mm  s−1, 7.98 kg  m−2  d−1, 12.75 kPa, and 129° after 
one cycle washing, respectively, indicating negligible change 
in performance results. Therefore, samples were rigorously 
washed up to 100 cycles to thoroughly analyze their dura-
bility and stability of functional performance. The results 
further indicate that air and moisture permeability was 
increased, and the liquid-repellent performance appeared 
slightly decreased as the cycle of washing continued to 
increase. This is because TRG layer has minute loss after 
washing; however, dense porous structure helped the HPPT 
retain its excellent liquid repellency. Furthermore, TRG deg-
radation probably uncovered more micro- and nano-pores 
which led to increase the air and moisture permeability. To 
further validate the stability property of the liquid repellent 
of HPPT, the dynamic contact angles against various liquids 
over 300 s were measured (Fig. 6h). It was observed that 
prepared HPPT exhibited very stable and robust liquid repel-
lency against most liquids even after 100 washing cycles. 
As illustrated in Fig. 6i, physical appearance of HPPT and 
its dimensions were still intact after 100 cycle washing test 
indicating that it has strong laundry-proof property.

To validate the universal applicability and scalability of 
NIPS technology, synergistically driven by  CaCl2 and FPU, 
we demonstrated the feasibility of manufacturing HPPTs 
based on commercially available woven, non-woven, and 
knitted fabric (Fig. S18, material parameters in Supporting 
Information). It was noticed that all the fabrics prepared by 
this technology showed very promising results, indicating 
scalability potential of the technology and its feasibility to 
develop HPPT from a wide range of conventional textiles. 
More significantly, the high compatibility of our devised 
process with existing industrial low-cost production pro-
cesses makes it promising technology to attract the atten-
tions of industry. With the rapid progress and development 
in electronic technology, computer technology, and smart 
wearable technology, the flexible protective materials with 
the ability to monitor health conditions are highly desirable 
[59, 60]. We also intend to utilize the scientific and techno-
logical results of this research to develop bio-based materials 
with antiviral/antimicrobial films for radiative cooling and 
electronic textiles, and to expand the applicability of our 

products to flexible electronic devices and the construction 
industry.

4  Conclusions

In summary, HPPT was successfully developed via a 
straightforward and rapid strategy combining NIPS and 
spraying technology for medical and health protection appli-
cations. Equipped with a micro/nano-network, the protective 
textile demonstrated superior air and moisture permeability, 
as well as excellent liquid repellency. The spraying of the 
three-proof finishing agent TRG on PU/3FPU resulted in 
low surface energy and dense pore structure. As a result, 
HPPT demonstrated remarkable integrated properties, 
including high WCA (131°), BCA (126°), OCA (104°), 
and ECA (85°), a hydrostatic pressure of 12.86 kPa, and a 
tensile strength of 65.56 MPa. Additionally, the connected 
pores facilitated the transport of air and moisture, ensuring 
a dry and comfortable microenvironment. HPPT achieved 
the air and moisture permeability of 14.24 mm  s−1 and 
7.92 kg  m−2  d−1, respectively, which were approximately 
8 and 2 times higher than HDPE PM. This work provides 
novel and valuable insights into improving comfort of pro-
tective clothing and encourages the application of HPPT in 
smart textiles.

Acknowledgements The authors acknowledge financial support 
from the Fundamental Research Funds for the Central Universities 
(No. 2232023Y-01), the National Natural Science Foundation of 
China (Nos. 52073052), and the Fundamental Research Funds for 
the Central Universities and Graduate Student Innovation Fund of 
Donghua University (No. CUSF-DH-D-2023015).

Author Contributions Na Meng contributed to conceptualiza-
tion, methodology, investigation, and original draft writing. Yuen 
Hu was involved in methodology and investigation. Yufei Zhang 
contributed to review and editing writing and supervision. Ningbo 
Cheng, Yanyan Lin, Chengfeng Ding, and Qingyu Chen were 
involved in investigation. Shaoju Fu and Zhaoling Li contributed 
to supervision. Xianfeng Wang, Jianyong Yu, and Bin Ding were 
involved in funding acquisition, conceptualization, review, and 
supervision.

Declarations 

Conflict of Interest The authors declare no interest conflict. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper.



 Nano-Micro Lett.          (2025) 17:208   208  Page 14 of 16

https://doi.org/10.1007/s40820-025-01716-1© The authors

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s40820- 025- 01716-1.

References

 1. S. Shi, Y. Si, Y. Han, T. Wu, M.I. Iqbal et al., Recent pro-
gress in protective membranes fabricated via electrospin-
ning: advanced materials, biomimetic structures, and func-
tional applications. Adv. Mater. 34(17), e2107938 (2022). 
https:// doi. org/ 10. 1002/ adma. 20210 7938

 2. N. Zhu, D. Zhang, W. Wang, X. Li, B. Yang et al., A novel 
coronavirus from patients with pneumonia in China, 2019. 
New Engl. J. Med. 382, 727–733 (2020). https:// doi. org/ 10. 
1056/ NEJMo a2001 017

 3. N. Karim, S. Afroj, K. Lloyd, L.C. Oaten, D.V. Andreeva 
et al., Sustainable personal protective clothing for healthcare 
applications: a review. ACS Nano 14, 12313–12340 (2020). 
https:// doi. org/ 10. 1021/ acsna no. 0c055 37

 4. N. Meng, Y. Zhang, Y. Lin, C. Zhao, Z. Li et al., Integrated 
high barrier and efficient moisture-wicking multilayer tex-
tile for medical and health protection. Adv. Funct. Mater. 
33(51), 2305411 (2023). https:// doi. org/ 10. 1002/ adfm. 
20230 5411

 5. X. Su, C. Jia, H. Xiang, M. Zhu, Research progress in prepara-
tion, properties, and applications of medical protective fiber 
materials. Appl. Mater. Today 32, 101792 (2023). https:// doi. 
org/ 10. 1016/j. apmt. 2023. 101792

 6. L. Yang, H. Liu, S. Ding, J. Wu, Y. Zhang et al., Superab-
sorbent fibers for comfortable disposable medical protective 
clothing. Adv. Fiber Mater. 2(3), 140–149 (2020). https:// doi. 
org/ 10. 1007/ s42765- 020- 00044-w

 7. H. Yu, S. Zhang, Y. Lian, M. Liu, M. Wang et al., Electronic 
textile with passive thermal management for outdoor health 
monitoring. Adv. Fiber Mater. 6(4), 1241–1252 (2024). https:// 
doi. org/ 10. 1007/ s42765- 024- 00412-w

 8. T. Quinn, J.H. Kim, A. Strauch, T. Wu, J. Powell et al., Physi-
ological evaluation of cooling devices in conjunction with 
personal protective ensembles recommended for use in West 

Africa. Disaster Med. Public Health Prep. 11, 573–579 (2017). 
https:// doi. org/ 10. 1017/ dmp. 2016. 209

 9. D.S. Chertow, C. Kleine, J.K. Edwards, R. Scaini, R. Giuliani 
et al., Ebola virus disease in west africa-clinical manifestations 
and management. New Engl. J. Med. 371, 2054–2057 (2014). 
https:// doi. org/ 10. 1056/ NEJMp 14130 84

 10. T. Quinn, J.H. Kim, Y. Seo, A. Coca, Comparison of thermal 
manikin modeling and human subjects’ response during use 
of cooling devices under personal protective ensembles in the 
heat. Prehosp. Disaster Med. 33, 279–287 (2018). https:// doi. 
org/ 10. 1017/ S1049 023X1 80003 28

 11. L. Lou, K. Chen, J. Fan, Advanced materials for personal ther-
mal and moisture management of health care workers wearing 
PPE. Sci. Eng. R Rep. 146, 100639 (2021). https:// doi. org/ 10. 
1016/j. mser. 2021. 100639

 12. R.M. Mohammad, A. Ali, M. Hossain, M.A. Rahman Bhui-
yan, H.M. Abd et al., Improved protection and comfort of 
barrier clothing via moisture-permeable poly (vinyl alcohol)–
superabsorbent polymer nanofibrous membrane. J. Mater. Res. 
Technol. 24, 3600–3607 (2023). https:// doi. org/ 10. 1016/j. jmrt. 
2023. 04. 020

 13. L. Zhang, Q. Zheng, X. Ge, H. Chan, G. Zhang et al., Prepara-
tion of Nylon-6 micro-nanofiber composite membranes with 
3D uniform gradient structure for high-efficiency air filtration 
of ultrafine particles. Sep. Purif. Technol. 308, 122921 (2023). 
https:// doi. org/ 10. 1016/j. seppur. 2022. 122921

 14. Y. Zhao, H. Wang, H. Zhou, T. Lin, Directional fluid trans-
port in thin porous materials and its functional applications. 
Small 13(4), 1601070 (2017). https:// doi. org/ 10. 1002/ smll. 
20160 1070

 15. S. Afroj, L. Britnell, T. Hasan, D.V. Andreeva, K.S. Novo-
selov et  al., Graphene-based technologies for tackling 
COVID-19 and future pandemics. Adv. Funct. Mater. 
31(52), 2107407 (2021). https:// doi. org/ 10. 1002/ adfm. 
20210 7407

 16. K.C. Manning, P. Kotagama, T.P. Burgin, K. Rykaczewski, 
Breathable, stimuli-responsive, and self-sealing chemical bar-
rier material based on selectively superabsorbing polymer. Ind. 
Eng. Chem. Res. 59(26), 12282–12286 (2020). https:// doi. org/ 
10. 1021/ acs. iecr. 0c019 00

 17. F.S. Kilinc, A review of isolation gowns in healthcare: fabric 
and gown properties. J. Eng. Fiber Fabr. 10, 180–190 (2015) 
PMID: 26989351.

 18. E. Vozzola, M. Overcash, E. Griffing, An environmental 
analysis of reusable and disposable surgical gowns. AORN J. 
111(3), 315–325 (2020). https:// doi. org/ 10. 1002/ aorn. 12885

 19. J.L. Zhou, Z.X. Hu, F. Zabihi, Z.G. Chen, M.F. Zhu, Pro-
gress and perspective of antiviral protective material. Adv. 
Fiber Mater. 2, 123–139 (2020). https:// doi. org/ 10. 1007/ 
s42765- 020- 00047-7

 20. G.R. Guillen, Y. Pan, M. Li, E.M.V. Hoek, Preparation and 
characterization of membranes formed by nonsolvent induced 
phase separation: a review. Ind. Eng. Chem. Res. 50, 3798–
3817 (2011). https:// doi. org/ 10. 1021/ ie101 928r

 21. H. Wang, S. Zhao, Y. Liu, R. Yao, X. Wang et al., Membrane 
adsorbers with ultrahigh metal-organic framework loading 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-025-01716-1
https://doi.org/10.1007/s40820-025-01716-1
https://doi.org/10.1002/adma.202107938
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1021/acsnano.0c05537
https://doi.org/10.1002/adfm.202305411
https://doi.org/10.1002/adfm.202305411
https://doi.org/10.1016/j.apmt.2023.101792
https://doi.org/10.1016/j.apmt.2023.101792
https://doi.org/10.1007/s42765-020-00044-w
https://doi.org/10.1007/s42765-020-00044-w
https://doi.org/10.1007/s42765-024-00412-w
https://doi.org/10.1007/s42765-024-00412-w
https://doi.org/10.1017/dmp.2016.209
https://doi.org/10.1056/NEJMp1413084
https://doi.org/10.1017/S1049023X18000328
https://doi.org/10.1017/S1049023X18000328
https://doi.org/10.1016/j.mser.2021.100639
https://doi.org/10.1016/j.mser.2021.100639
https://doi.org/10.1016/j.jmrt.2023.04.020
https://doi.org/10.1016/j.jmrt.2023.04.020
https://doi.org/10.1016/j.seppur.2022.122921
https://doi.org/10.1002/smll.201601070
https://doi.org/10.1002/smll.201601070
https://doi.org/10.1002/adfm.202107407
https://doi.org/10.1002/adfm.202107407
https://doi.org/10.1021/acs.iecr.0c01900
https://doi.org/10.1021/acs.iecr.0c01900
https://doi.org/10.1002/aorn.12885
https://doi.org/10.1007/s42765-020-00047-7
https://doi.org/10.1007/s42765-020-00047-7
https://doi.org/10.1021/ie101928r


Nano-Micro Lett.          (2025) 17:208  Page 15 of 16   208 

for high flux separations. Nat. Commun. 10(1), 4204 (2019). 
https:// doi. org/ 10. 1038/ s41467- 019- 12114-8

 22. A.I. Osman, Z. Chen, A.M. Elgarahy, M. Farghali, I.M.A. 
Mohamed et al., Membrane technology for energy saving: 
principles, techniques, applications, challenges, and prospects. 
Adv. Energy Sustain. Res. 5(5), 2400011 (2024). https:// doi. 
org/ 10. 1002/ aesr. 20240 0011

 23. J.T. Jung, J.F. Kim, H.H. Wang, E. di Nicolo, E. Drioli et al., 
Understanding the non-solvent induced phase separation 
(NIPS) effect during the fabrication of microporous PVDF 
membranes via thermally induced phase separation (TIPS). J. 
Membr. Sci. 514, 250–263 (2016). https:// doi. org/ 10. 1016/j. 
memsci. 2016. 04. 069

 24. X. Shan, L. Liu, Y. Wu, D. Yuan, J. Wang et al., Aerogel-
functionalized thermoplastic polyurethane as waterproof, 
breathable freestanding films and coatings for passive daytime 
radiative cooling. Adv. Sci. 9(20), e2201190 (2022). https:// 
doi. org/ 10. 1002/ advs. 20220 1190

 25. J. Mandal, Y. Fu, A.C. Overvig, M. Jia, K. Sun et al., Hier-
archically porous polymer coatings for highly efficient pas-
sive daytime radiative cooling. Science 362(6412), 315–319 
(2018). https:// doi. org/ 10. 1126/ scien ce. aat95 13

 26. T. Ahmad, C. Guria, S. Shekhar, Effects of inorganic salts in 
the casting solution on morphology of poly(vinyl chloride)/
bentonite ultrafiltration membranes. Mater. Chem. Phys. 280, 
125805 (2022). https:// doi. org/ 10. 1016/j. match emphys. 2022. 
125805

 27. N.M. Kreienborg, C. Merten, How to treat C-F stretching 
vibrations? A vibrational CD study on chiral fluorinated mol-
ecules. Phys. Chem. Chem. Phys. 21(7), 3506–3511 (2019). 
https:// doi. org/ 10. 1039/ c8cp0 2395f

 28. X. Gong, M. Ding, P. Gao, X. Liu, J. Yu et al., High-perfor-
mance liquid-repellent and thermal-wet comfortable mem-
branes using triboelectric nanostructured nanofiber/meshes. 
Adv. Mater. 35(51), e2305606 (2023). https:// doi. org/ 10. 1002/ 
adma. 20230 5606

 29. X. Gong, C. Jin, X.-Y. Liu, J. Yu, S. Zhang et al., Scalable 
fabrication of electrospun true-nanoscale fiber membranes for 
effective selective separation. Nano Lett. 23(3), 1044–1051 
(2023). https:// doi. org/ 10. 1021/ acs. nanol ett. 2c046 67

 30. Y. Wang, G. Xia, H. Yu, B. Qian, Y.H. Cheung et al., Mussel-
inspired design of a self-adhesive agent for durable moisture 
management and bacterial inhibition on PET fabric. Adv. 
Mater. 33(35), e2100140 (2021). https:// doi. org/ 10. 1002/ 
adma. 20210 0140

 31. L. Lan, J. Xiong, D. Gao, Y. Li, J. Chen et al., Breathable 
nanogenerators for an on-plant self-powered sustainable agri-
culture system. ACS Nano 15(3), 5307–5315 (2021). https:// 
doi. org/ 10. 1021/ acsna no. 0c108 17

 32. F. Wang, P. Altschuh, L. Ratke, H. Zhang, M. Selzer et al., 
Progress report on phase separation in polymer solutions. 
Adv. Mater. 31(26), e1806733 (2019). https:// doi. org/ 10. 1002/ 
adma. 20180 6733

 33. S. Alberti, A. Gladfelter, T. Mittag, Considerations and 
challenges in studying liquid-liquid phase separation and 

biomolecular condensates. Cell 176(3), 419–434 (2019). 
https:// doi. org/ 10. 1016/j. cell. 2018. 12. 035

 34. M. Bercea, L.-M. Gradinaru, M. Barbalata-Mandru, S. Vlad, 
L.E. Nita et al., Shear flow of associative polymers in aqueous 
solutions. J. Mol. Struct. 1238, 130441 (2021). https:// doi. org/ 
10. 1016/j. molst ruc. 2021. 130441

 35. B. Wang, L. Zhang, T. Dai, Z. Qin, H. Lu et al., Liquid-liquid 
phase separation in human health and diseases. Signal Trans-
duct. Target. Ther. 6, 290 (2021). https:// doi. org/ 10. 1038/ 
s41392- 021- 00678-1

 36. S. Zhang, H. Liu, N. Tang, S. Zhou, J. Yu et al., Spider-web-
inspired  PM0.3 filters based on self-sustained electrostatic 
nanostructured networks. Adv. Mater. 32(29), e2002361 
(2020). https:// doi. org/ 10. 1002/ adma. 20200 2361

 37. S.R. Niezgoda, Y.C. Yabansu, S.R. Kalidindi, Understanding 
and visualizing microstructure and microstructure variance as 
a stochastic process. Acta Mater. 59(16), 6387–6400 (2011). 
https:// doi. org/ 10. 1016/j. actam at. 2011. 06. 051

 38. A. Cecen, Y.C. Yabansu, S.R. Kalidindi, A new framework for 
rotationally invariant two-point spatial correlations in micro-
structure datasets. Acta Mater. 158, 53–64 (2018). https:// doi. 
org/ 10. 1016/j. actam at. 2018. 07. 056

 39. Y.S. Al-Hamdani, P.R. Nagy, A. Zen, D. Barton, M. Kállay 
et al., Interactions between large molecules pose a puzzle for 
reference quantum mechanical methods. Nat. Commun. 12, 
3927 (2021). https:// doi. org/ 10. 1038/ s41467- 021- 24119-3

 40. C. Zou, S. Li, X. Huan, H. Hu, L. Dong et al., The adsorp-
tion mechanism of arsenic in flue gas over the P-doped carbo-
naceous adsorbent: experimental and theoretical study. Sci. 
Total. Environ. 895, 165066 (2023). https:// doi. org/ 10. 1016/j. 
scito tenv. 2023. 165066

 41. X. Dong, D. Lu, T.A.L. Harris, I.C. Escobar, Polymers and 
solvents used in membrane fabrication: a review focusing on 
sustainable membrane development. Membranes 11(5), 309 
(2021). https:// doi. org/ 10. 3390/ membr anes1 10503 09

 42. A. Kurotani, T. Kakiuchi, J. Kikuchi, Solubility prediction 
from molecular properties and analytical data using an in-
phase deep neural network (ip-DNN). ACS Omega 6(22), 
14278–14287 (2021). https:// doi. org/ 10. 1021/ acsom ega. 1c010 
35

 43. C. Li, A. Strachan, Cohesive energy density and solubility 
parameter evolution during the curing of thermoset. Polymer 
135, 162–170 (2018). https:// doi. org/ 10. 1016/j. polym er. 2017. 
12. 002

 44. J.F. Kim, J.H. Kim, Y.M. Lee, E. Drioli, Thermally induced 
phase separation and electrospinning methods for emerging 
membrane applications: a review. AlChE. J. 62(2), 461–490 
(2016). https:// doi. org/ 10. 1002/ aic. 15076

 45. J.V. Alegre-Requena, C. Saldías, R. Inostroza-Rivera, D.D. 
Díaz, Understanding hydrogelation processes through molecu-
lar dynamics. J. Mater. Chem. B 7(10), 1652–1673 (2019). 
https:// doi. org/ 10. 1039/ c8tb0 3036g

 46. R. Alhasan, T.A. Wilcoxson, D.S. Banks, S. Jung, D.R. Tree, 
Nonsolvent-induced phase separation inside liquid droplets. 

https://doi.org/10.1038/s41467-019-12114-8
https://doi.org/10.1002/aesr.202400011
https://doi.org/10.1002/aesr.202400011
https://doi.org/10.1016/j.memsci.2016.04.069
https://doi.org/10.1016/j.memsci.2016.04.069
https://doi.org/10.1002/advs.202201190
https://doi.org/10.1002/advs.202201190
https://doi.org/10.1126/science.aat9513
https://doi.org/10.1016/j.matchemphys.2022.125805
https://doi.org/10.1016/j.matchemphys.2022.125805
https://doi.org/10.1039/c8cp02395f
https://doi.org/10.1002/adma.202305606
https://doi.org/10.1002/adma.202305606
https://doi.org/10.1021/acs.nanolett.2c04667
https://doi.org/10.1002/adma.202100140
https://doi.org/10.1002/adma.202100140
https://doi.org/10.1021/acsnano.0c10817
https://doi.org/10.1021/acsnano.0c10817
https://doi.org/10.1002/adma.201806733
https://doi.org/10.1002/adma.201806733
https://doi.org/10.1016/j.cell.2018.12.035
https://doi.org/10.1016/j.molstruc.2021.130441
https://doi.org/10.1016/j.molstruc.2021.130441
https://doi.org/10.1038/s41392-021-00678-1
https://doi.org/10.1038/s41392-021-00678-1
https://doi.org/10.1002/adma.202002361
https://doi.org/10.1016/j.actamat.2011.06.051
https://doi.org/10.1016/j.actamat.2018.07.056
https://doi.org/10.1016/j.actamat.2018.07.056
https://doi.org/10.1038/s41467-021-24119-3
https://doi.org/10.1016/j.scitotenv.2023.165066
https://doi.org/10.1016/j.scitotenv.2023.165066
https://doi.org/10.3390/membranes11050309
https://doi.org/10.1021/acsomega.1c01035
https://doi.org/10.1021/acsomega.1c01035
https://doi.org/10.1016/j.polymer.2017.12.002
https://doi.org/10.1016/j.polymer.2017.12.002
https://doi.org/10.1002/aic.15076
https://doi.org/10.1039/c8tb03036g


 Nano-Micro Lett.          (2025) 17:208   208  Page 16 of 16

https://doi.org/10.1007/s40820-025-01716-1© The authors

J. Chem. Phys. 158(21), 214903 (2023). https:// doi. org/ 10. 
1063/5. 01439 28

 47. K. Higashitani, J. Oshitani, Measurements of magnetic effects 
on electrolyte solutions by atomic force microscope. Process. 
Saf. Environ. Prot. 75(2), 115–119 (1997). https:// doi. org/ 10. 
1205/ 09575 82975 28887

 48. L.A. Belyaeva, P.M.G. van Deursen, K.I. Barbetsea, G.F. Sch-
neider, Hydrophilicity of graphene in water through transpar-
ency to polar and dispersive interactions. Adv. Mater. 30(6), 
1703274 (2018). https:// doi. org/ 10. 1002/ adma. 20170 3274

 49. N.T. Skipper, G.W. Neilson, X-ray and neutron diffraction 
studies on concentrated aqueous solutions of sodium nitrate 
and silver nitrate. J. Phys. Condens. Matter 1, 4141 (1989). 
https:// doi. org/ 10. 1088/ 0953- 8984/1/ 26/ 010

 50. W. Zhao, Y. Zheng, A. Huang, M. Jiang, L. Wang et al., Metal-
halogen interactions inducing phase separation for self-healing 
and tough ionogels with tunable thermoelectric performance. 
Adv. Mater. 36(30), 2402386 (2024). https:// doi. org/ 10. 1002/ 
adma. 20240 2386

 51. X. Peng, K. Dong, C. Ye, Y. Jiang, S. Zhai et al., A breathable, 
biodegradable, antibacterial, and self-powered electronic skin 
based on all-nanofiber triboelectric nanogenerators. Sci. Adv. 
(2020). https:// doi. org/ 10. 1126/ sciadv. aba96 24

 52. H. Zhang, Y. Cao, Q. Zhen, J.-J. Hu, J.-Q. Cui, X.-M. Qian, 
Facile preparation of PET/PA6 bicomponent microfilament 
fabrics with tunable porosity for comfortable medical protec-
tive clothing. ACS Appl. Bio Mater. 5, 3509 (2022). https:// 
doi. org/ 10. 1021/ acsabm. 2c004 47

 53. J. Zhao, W. Zhu, X. Wang, L. Liu, J. Yu et al., Fluorine-free 
waterborne coating for environmentally friendly, robustly 
water-resistant, and highly breathable fibrous textiles. ACS 
Nano 14(1), 1045–1054 (2020). https:// doi. org/ 10. 1021/ acsna 
no. 9b085 95

 54. L. Cai, A.Y. Song, P. Wu, P.-C. Hsu, Y. Peng et al., Warm-
ing up human body by nanoporous metallized polyethylene 

textile. Nat. Commun. 8(1), 496 (2017). https:// doi. org/ 10. 
1038/ s41467- 017- 00614-4

 55. W. Yang, W. Gong, C. Hou, Y. Su, Y. Guo et al., All-fiber 
tribo-ferroelectric synergistic electronics with high thermal-
moisture stability and comfortability. Nat. Commun. 10(1), 
5541 (2019). https:// doi. org/ 10. 1038/ s41467- 019- 13569-5

 56. L. Guo, K. Ntetsikas, G. Zapsas, R. Thankamony, Z. Lai et al., 
Highly efficient production of nanoporous block copolymers 
with arbitrary structural characteristics for advanced mem-
branes. Angew. Chem. Int. Ed. 62(4), e202212400 (2023). 
https:// doi. org/ 10. 1002/ anie. 20221 2400

 57. R. Taguchi, K. Kuwahara, N. Akamatsu, A. Shishido, Quanti-
tative analysis of bending hysteresis by real-time monitoring 
of curvature in flexible polymeric films. Soft Matter 17(15), 
4040–4046 (2021). https:// doi. org/ 10. 1039/ d0sm0 2233k

 58. S. Yu, Y. Yang, J. Zhu, L. Ma, W. Jia et al., Wear and anti-
corrosive properties of graphene oxide-cellulose nanofiber 
composite coatings. Mater. Chem. Phys. 305, 128002 (2023). 
https:// doi. org/ 10. 1016/j. match emphys. 2023. 128002

 59. P. Li, M. Yang, Y. Liu, J. Zhang, S. He et al., The rise of 
intelligent fabric agent from mass-produced advanced fiber 
materials. Sci. Bull. 69(23), 3644–3647 (2024). https:// doi. 
org/ 10. 1016/j. scib. 2024. 09. 034

 60. M. Chen, P. Li, R. Wang, Y. Xiang, Z. Huang et al., Multi-
functional fiber-enabled intelligent health agents. Adv. Mater. 
34(52), e2200985 (2022). https:// doi. org/ 10. 1002/ adma. 20220 
0985

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1063/5.0143928
https://doi.org/10.1063/5.0143928
https://doi.org/10.1205/095758297528887
https://doi.org/10.1205/095758297528887
https://doi.org/10.1002/adma.201703274
https://doi.org/10.1088/0953-8984/1/26/010
https://doi.org/10.1002/adma.202402386
https://doi.org/10.1002/adma.202402386
https://doi.org/10.1126/sciadv.aba9624
https://doi.org/10.1021/acsabm.2c00447
https://doi.org/10.1021/acsabm.2c00447
https://doi.org/10.1021/acsnano.9b08595
https://doi.org/10.1021/acsnano.9b08595
https://doi.org/10.1038/s41467-017-00614-4
https://doi.org/10.1038/s41467-017-00614-4
https://doi.org/10.1038/s41467-019-13569-5
https://doi.org/10.1002/anie.202212400
https://doi.org/10.1039/d0sm02233k
https://doi.org/10.1016/j.matchemphys.2023.128002
https://doi.org/10.1016/j.scib.2024.09.034
https://doi.org/10.1016/j.scib.2024.09.034
https://doi.org/10.1002/adma.202200985
https://doi.org/10.1002/adma.202200985

	Highly Permeable and Liquid-Repellent Textiles with Micro-Nano-Networks for Medical and Health Protection
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Materials
	2.2 Fabrication of Uniform Initial Solution
	2.3 Fabrication of PUFPU Membranes
	2.4 Fabrication of HPPT

	3 Results and Discussion
	3.1 Design and Preparation of HPPT
	3.2 Morphology and Structure Characterizations of HPPT
	3.3 Mechanism of the Phase Separation Pore Formation
	3.4 Interaction Mechanisms of Casting Solutions
	3.5 Protective Properties and Comfort of HPPT
	3.6 Real-Life Applicability of HPPT

	4 Conclusions
	Acknowledgements 
	References


