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ABSTRACT: Fibers have been widely used for wearable textiles and fiber-reinforced 

composites owing to their unique structures and performances. However, design and fabrication 

of 1D advanced fiber materials with diversified surface microstructures and desired 

functionalities is still a considerable challenge. In this study, we present a novel one-

dimensional confined breath figure (1D-cBF) approach for efficient preparation of a brand-new 

kind of 1D continuous fibers surface-engineered with conformal honeycomb porous 

microstructures (F@HPMs) and a novel kind of Hybrid F@HPMs (HF@HPMs) with 

functional nanomaterials incorporated in porous microstructures. The obtained F@HPMs 

demonstrated controllable surface microstructural morphologies by adjusting the experimental 

variables, and the main influential factors including solvents, concentrations, polymer bricks, 

and substrates in the 1D-cBF process were systematically studied. Moreover, various functional 

nanocomponents could be incorporated for developing HF@HPMs for customized 

functionalities. As a demonstration, TiO2/HF@HPMs that incorporate with TiO2 nanoparticles 

were fabricated for enhanced photodegradation of organic pollutants.  

Keywords: conformal porous structure; composite; fiber material; photocatalytic degradation 

 

 

1. Introduction 

 

Wearable textiles are a kind of lightweight, flexible, and wearable materials fabricated from 

natural or synthetic fibers.  In terms of dimension, filament and staple fiber are categorized as 
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one-dimensional (1D) materials that are the smallest visible unit of wearable textiles. 1D staple 

fiber or filament can be obtained by various spinning methods, such as wet spinning, dry 

spinning, melt spinning, and electrospinning. By utilizing various methods like twisting, 

twining or blending, these materials can be formed into continuous multifilament fibers.1,2 1D 

continuous fibers are not only the most fundamental materials of wearable textiles but also can 

be developed into 1D advanced functional materials for various advanced applications in 

communicating,3 actuating,4 sensing,5 illuminating,6 energy harvesting,7 and drug delivery.8 

Owing to their inherent flexibility, such kind of 1D advanced functional fibers can be further 

processed with stitching, sewing, knitting or weaving into 2D or 3D functional fabrics for a 

broad range of novel applications in wearable technology, smart home, and healthcare.9–13 

 

In practical applications, 1D continuous fibers and textile materials often require further 

modification to endow them with unique features or desirable functionalities. Conventional 

methods towards the modification of textile/fiber materials involve physical methods (e.g., 

coating, spraying, physical vapor deposition, and laminating.14–17) and chemical methods (e.g., 

plasma treatment, electrochemical deposition, in situ synthesis, graft modification, and cross-

linking.18–23). Besides, the usage of “self-seeding” strategy can also prepare the uniform 1D-

fiber with controlled length and nanostructures.24,25 Although great progress has been achieved 

in the design and fabrication of 1D advanced fiber materials, there remain challenges in 

endowing the fiber substrates with desired functions or structures meanwhile maintaining their 

inherent surface texture and properties. For example, traditional coating methods will introduce 
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a solid layer on fiber materials’ surface, resulting in adverse effects on their intrinsic advantages 

(e.g., flexibility, air permeability) and making them no longer suitable for loading functional 

additives that require high exposing area. Porous microstructure, however, can effectively 

improve a material’s physicochemical properties owing to the increased specific surface 

area.26,27 Therefore, introducing functional nanocomponents into a fiber with conformal porous 

microstructures would be an effective and attractive approach for combining the advantages of 

the strategies stated above.  

 

Breath Figure (BF) refers to the phenomenon in which water vapor condensation on the cold 

substrate follows by forming mist water droplets.28,29 This process was usually utilized as a 

green and versatile soft-template method for the construction of honeycomb porous films (HPFs) 

with controlled porous microstructures and surface properties.30–32 More recently, our group 

reported a new strategy to fabricate conformal porous microstructured 2D fabrics by the BF 

process.33–35 The obtained fabrics showed improved mechanical and thermal insulation 

properties, and meanwhile maintained the excellent intrinsic properties of the original fabrics 

like flexibility, air permeability, etc. Considering its low cost, economical, and nondestructive 

characteristics, the BF process is expected to be an ideal approach in the fabrication and 

modification of fiber materials. While modifying 2D fabrics with refined structures to introduce 

desired functions presents a promising application prospect, directly developing 1D fiber 

materials with elaborate microstructure and customized functionalities can bring even more 

encouraging and creative benefits owing to the larger specific surface area and length-diameter 
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ratio as compared with their 2D equivalents. However, the formation of conformal honeycomb 

porous microstructures (HPMs) on 1D fiber substrates is more challenging than that on 2D 

planar substrates. The conventional drop cast or spin coating method are no longer suitable for 

introducing polymer solution during the 1D confined breath figure (1D-cBF) process because 

the solution cannot uniformly cover the whole surface of a “cylindrical” fiber. Besides, some 

multifilament fibers have loose and uneven surface morphology, making it more difficult to 

form ordered porous microstructures contouring to the nonplanar fiber surface. A survey of the 

literature has shown that no systematic study is conducted or reported in this area. To this end, 

developing 1D-cBF approach for the design and fabrication of a new kind of 1D fiber materials 

is essential for practical applications and inspiring new attention to the material design and 

functions innovation of fiber materials. 

 

Herein, a novel 1D-cBF approach with the characteristics of easily scalable, nondestructive was 

developed for simple, economical and efficient fabrication of a brand-new kind of 1D 

continuous fibers surface-engineered with conformable honeycomb porous microstructures 

(F@HPMs). The main influential factors in the 1D-cBF process including solvents, 

concentrations, polymer bricks, and fiber substrates, and their influence on the formation of 

surface porous microstructures were systematically studied. The obtained F@HPMs 

demonstrated customizable and controllable microstructure morphologies by adjusting the 

experimental variables. Furthermore, this new 1D-cBF technique can also be used for 

straightforwardly manufacturing a new kind of Hybrid F@HPMs (HF@HPMs) that incorporate 
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desired functional nanomaterials in the porous microstructures. By elaborately controlling the 

surface porous microstructures, the resultant HF@HPMs shows a larger specific surface area 

and excellent capacity to load the functional nanomaterials with an alleviative embedded 

phenomenon. As a demonstration of application, the TiO2/HF@HPMs that incorporated with 

photocatalytic active TiO2 nanoparticles were fabricated for the photodegradation of organic 

pollutants, and the TiO2/HF@HPMs showed enhanced performance on photocatalytic 

degradation of pollutants as compared with control samples. These performance-enhanced 

HF@HPMs can take better advantages of the loaded nanomaterials and possess the customized 

multifunction of the introduced components, which is expected to broadly extend the 

application fields of 1D fiber materials to meet specific advanced requirements.  

 

2. Materials and Methods 

2.1. Materials 

 

Polystyrene-block-Polybutadiene-block-Polystyrene (SBS, MW ~133800), Poly 

(dimethylsiloxane)-graft-Polyacrylates (PDMS-g-PAs, Mn ~26000, dimethylsiloxane 

composite: ~80 wt%), Poly (methacrylic acid methyl ester) (PMMA, MW ~120000), 

Chloroform (CHCl3, anhydrous, ≥99.9%), Carbon disulfide (CS2, anhydrous, ≥99.9%), 

Tetrahydrofuran (THF, ≥99.9%) were purchased from Sigma-Aldrich Co. Titanium Dioxide 

Nanoparticles (TiO2 NPs), Copper Nanoparticles (Cu NPs), Zinc Oxide Nanowires (ZnO NWs), 

and Silver Nanowires (Ag NWs) were purchased from XFNANO, Inc. Methylene blue 
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trihydrate (MB, ≥82%) was purchased from Sinopharm Chemical Reagent Co., Ltd. All 

reagents were used as received without further purification. Silver-plated polyester (SPP) 

multifilament fibers and Steel multifilament fibers were bought from the 3M company. Poly 

(ethylene terephthalate) (PET) fibers were provided by a local textile company. 

 

2.2. Preparation of F@HPMs via 1D-cBF Method 

 

The fibers were first rinsed with a nonionic detergent aqueous solution and deionized (DI) water 

several times, followed by drying in an oven and kept in a desiccator. The polymer solution 

was prepared by dissolving different amounts of polymers (e.g., SBS, PDMS-g-PAs, PMMA) 

in the selected solvent (e.g., CHCl3, CS2, THF) with the concentration of 100 mg/ml, 150 mg/ml, 

200 mg/ml, 250 mg/ml, respectively. For example, the SBS/CHCl3 solution with a 

concentration of 150 mg/ml was prepared by adding 3 g SBS into a bottle with 20 ml of CHCl3 

as the solvent, and after magnetic stirring at ambient temperature (~ 25oC) for 2 h, the 

transparent SBS/CHCl3 polymer solution was successfully prepared. The high-humidity 

environment was created by adding a small amount of DI water into a well-sealed wide-mouth 

bottle beforehand. In a typical 1D confined Breath Figure (1D-cBF) procedure, PET fiber, for 

example, was coated with the prepared polymer solution by dip-coating method, and then 

transferred to the sealed wide-mouth bottle immediately. The 1D-cBF process was conducted 

at ambient temperature for 15 min. Finally, the novel kind of fiber surface-engineered with 

honeycomb porous microstructures (F@HPMs) was obtained by spontaneously drying the 
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residual water on the fiber’s surface for 30 min under an oven at 50oC, and then kept in a 

desiccator for further experiment and characterization. 

 

2.3 Preparation of HF@HPMs via 1D-cBF Method 

 

To study the feasibility and versatility of the 1D-cBF strategy to incorporate functional nano-

additives with different kinds of fibers for the straightforward fabrication of Hybrid F@HPMs 

(HF@HPMs), various nanomaterials (e.g., TiO2 NPs, Cu NPs, ZnO NWs, and Ag NWs, etc.) 

were blended into the SBS/CHCl3 solution (150 mg/ml, additives/polymer was set at 1:20 in 

the mass ratio) to form the hybrid suspension. After ultrasonication and magnetic stirring for 

30 min at ambient temperature (~ 25oC), the well-dispersed hybrid suspension was obtained. 

The HF@HPMs were directly fabricated with the hybrid solution by the same 1D-cBF process.  

 

2.4 Photocatalytic Degradation of Organic Pollutant 

 

Several silver-plated polyester (SPP) multifilament fibers were selected, tailored, and weighed. 

The length of each fiber was fixed at 3.5 cm and the total weight of these fibers was 0.056 g. 

Then, the SPP-based HF@HPMs that were incorporated with TiO2 NPs via 1D-cBF approach 

(i.e., TiO2/HF@HPMs) were fabricated, tied together, and put into a 5-mL bottle filled with 

methylene blue (MB) aqueous solution (1.65×10-5 M). The photocatalytic degradation process 

was conducted using a 365 nm UV light tube within a dark chamber, and the power of the light 
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was 18 W. The distance between the UV light and samples was set at 10 cm. As a control, 

another group of SPP multifilament fibers with the same size and weight were prepared and 

fabricated into TiO2/HF@Solid coating by the conventional coating method. Furthermore, to 

better highlight the advantages of 1D functional fibers than the 2D fabrics, a well-tailored fabric 

(1 cm × 3.5 cm, 0.063 g) that was lwoven from the same SPP multifilament fibers was 

manufactured. The fabric was then modified with BF method to create surface porous 

microstructures loaded with TiO2 NPs (i.e., TiO2/Fabric@HPMs) for comparison. These two 

control samples were conducted with the same photocatalytic degradation process to compare 

their performance with TiO2/HF@HPMs. The degradation efficiency was calculated by the 

following equation:  

 

�� = 100 × (�� − ��) ��⁄                (1) 

 

where A0 is the initial absorption intensity of MB at 664 nm, At is the absorption intensity of 

MB at 664 nm at different degradation times, and De is the degradation efficiency of MB (%). 

 

2.5. Characterization 

 

The surface microstructural morphologies of the F@HPMs and HF@HPMs prepared by 

different experimental parameters were obtained by scanning electron microscopy (SEM, 

TESCAN VEGA3) under 15.0 kV accelerating voltage after being coated with a thin layer of 
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sputtered gold (2 nm). The elemental analysis of HF@HPMs was analyzed using a SEM 

equipped with an Energy Dispersive Spectrometer (EDS). The photocatalytic activity of the 

prepared fibers/fabric was investigated using a digital camera and a UV-Visible absorption 

spectrometer (UV-Vis, Lambda 18) to monitor the photocatalytic degradation efficiency of 

organic pollutants with time, respectively. The mechanical property tests were carried using a 

universal tensile testing machine (Instron Co., Ltd.) at a loading rate of 5 mm/min. Each fiber 

sample was stabilized on a self-made frame with a gauge length of 3 cm, and the number of the 

tested samples were at least five. 

 

3. Results and Discussion 

3.1. Proposed 1D-cBF Strategy of F@HPMs and HF@HPMs 

 

The preparation process of fibers surface-engineered with honeycomb porous microstructures 

(F@HPMs) and hybrid F@HPMs (HF@HPMs) via the 1D-cBF strategy is shown in Figure 1. 

Firstly, a fiber substrate was directly immersed into the polymer solution with the selected 

concentration and then transferred to a high-humidity environment immediately (Figure 1a,b). 

Through the evaporative cooling of the volatile solvent in the moisture environment, water 

nuclei would be introduced on the surface of the fiber by nucleation (Figure 1c,d). Then, the 

water nuclei would gradually grow and self-assemble into ordered water droplet arrays by the 

Marangoni convection effect (Figure 1e).36 These water droplet arrays then served as soft 

templates for the formation of the honeycomb porous microstructure of polymers based on the 
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nonsolvent induction effect.37 After subsequent drying in a low-humidity environment, the fiber 

with conformal surface porous microstructures was successfully obtained (Figure 1f). The 

HF@HPMs can be directly fabricated by changing the polymer solution into hybrid suspension

composed of polymer solution and functional nanomaterials via the same 1D-cBF technique, 

as illustrated in Figure 1g-k. After evaporation of liquid residuals, the fiber with incorporation 

of functional nanomaterials in the conformal surface porous microstructures would be obtained 

(Figure 1k).

Figure 1. Schematic illustration of the preparation of the F@HPMs and HF@HPMs.

3.2. Influence of Solvent and Solution Concentration on the Formation of F@HPMs

The solvent used to dissolve polymer bricks was considered as one of the most important factors 

that affect the formation of F@HPMs. According to the mechanism of porous microsturctures

formation,38,39 solvents that have the characteristics of low boiling point and high immiscibility 
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with water are ideal candidates for the 1D-cBF process. Besides, the interfacial tension with 

water and the surface tension of the solvent are also significant factors that cloud affect the 

surface morphologies of the resultant F@HPMs. Table S1 shows three solvents used in this 

study and their physicochemical properties. The surface morphologies of PET-based F@HPMs 

prepared from SBS as polymer brick with different kinds of solvent at a concentration of 150 

mg/ml are shown in Figure 2. First, we chose CHCl3, a wide-used solvent in the BF method, 

for the formation of F@HPMs via 1D-cBF approach. As demonstrated in Figure 2a-d, HPMs 

can successfully form on the PET fiber surface. When changing the solvent to CS2, similar 

porous microstructures can be found, as shown in Figure 2e-h. However, the average spacing 

distance of HPMs formed by CS2 is about 0.29 μm (see inset of Figure 2h) which is much 

shorter than that form by CHCl3 (~ 0.48 um, Figure 2d inset). This is possibly due to the CS2 

has a lower water solubility and higher interfacial tension with water than CHCl3 (Table S1).  

Besides, the higher anisotropy of the pores formed by SBS/CS2 solution during the 1D-cBF 

process is mainly due to the high coalescence tendency between water droplets, which is 

considered as a crucial effect that hinders the formation of conformal porous microstructure.28,40 

The relatively low viscosity of CS2 solvent may have assisted the coalescence phenomenon. 

When choosing a water-miscible THF as the solvent, wrinkled structures instead of HPMs were 

observed on the surface of the PET fiber. In consideration of the formation mechanism of 

honeycomb porous microstructures, the evaporative cooling in a high-humidity environment of 

THF will result in the formation of water droplets on the solution. Once the droplets contact 

with the THF, these droplets cannot stabilize and maintain the shape as a sphere but will spread 
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out due to their high miscibility,41 thereby forming a wrinkled structure after the drying of both 

THF and water.  

 

Figure 2. Typical SEM images of the PET-based F@HPMs prepared from SBS with different 

solvents at the concentration of 150 mg/ml via 1D-cBF approach: (a-d) CHCl3, (e-h) CS2, and 

(i-l) THF. The insets of (d) and (h) are their magnified views correspondingly (scale bar: 2 μm).  

 

Solution concentration is another important factor that affects the formation of F@HPMs. To 

investigate the influence of solution concentration on the construction of F@HPMs, SBS and 

CHCl3 were chosen as brick material and solvent, respectively. Figure 3a-a’’ show the surface 

morphologies of pristine PET fiber at different magnifications. The surface of the pristine PET 

is very smooth without any porous microstructures even at high magnification (Figure 3a’’). 

When conducting the 1D-cBF process with SBS/CHCl3 at a relatively low solution 

concentration (100 mg/ml), only some irregular and disordered porous structures can be 

observed (Figure 3b-b’’), indicating that a low concentration of the solution is not able to form 
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uniform HPMs. This phenomenon is possibly due to the following reasons: when using a 

polymer solution with insufficient concentration for the 1D-cBF process, the solution cannot 

uniformly cover the whole surface of a fiber, so the resultant porous microstructures are 

irregular. Besides, the viscosity of the polymer solution will decrease as the concentration 

decreases, and the polymer protective layers are not strong enough to stabilize water droplets, 

resulting in the heterogeneity of porous microstructures.42 The average size of these irregular 

porous structures is about 1.2 μm (Figure 3f). When increasing the solution concentration to 

150 mg/ml, continuous and regular HPMs with the average pore size of 1.8 μm (Figure 3c-c’’ 

and g) are beginning to form on the fiber surface. With the increase of solution concentration 

to 200 mg/ml, more narrowly dispersed pores were found on the fiber surface, as demonstrated 

in Figure 3d-d’’, and the pore size becomes smaller (~1.3 μm, Figure 3h) as compare to their 

low concentration counterparts. When the concentration reaches 250 mg/ml (Figure 3e-e’’), the 

average pore size further reduces to 0.92 μm (Figure 3i), and some uneven pit can be observed 

on the fiber surface at a middle magnification, as shown in Figure 3e’, implying that the 

excessive solution concentration can hinder the formation of F@HPMs. To better illustrate the 

size of porous microstructure, the average pore sizes of PET-based F@HPMs prepared from 

SBS/CHCl3 with different concentrations are plotted in Figure S1. 
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Figure 3. Typical SEM images of the pristine PET fiber (a-a’’), and PET based F@HPMs 

prepared from SBS/CHCl3 as polymer solution with different concentrations via 1D-cBF

approach: (b-b’’) 100 mg/ml, (c-c’’) 150 mg/ml, (d-d’’) 200 mg/ml, (e-e’’) 250 mg/ml, and (f-

i) their pore size distributions. Scale bar of (f-i): 5 μm

From the above results, an appropriate solvent and solution concentration are key factors in 

forming regular and uniform HPMs during the 1D-cBF process. Solvents that have different 

water solubility, vapor pressure, and interfacial tension with water can significantly change the 

shape of porous microstructure as well as the spacing distance between these porous structures. 

Besides, a polymer solution with insufficient concentration cannot uniformly cover the whole 

surface of a fiber, resulting in an irregular surface microstructure, while an excessive 

concentration of the solution would introduce some surface defects on the obtained F@HPMs

due to its high viscosity. The optimal solution concentration in the 1D-cBF process to form 
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ideal F@HPMs is between 150-200 mg/ml. Furthermore, the concentration would also affect 

the pore size and regularity of the HPMs, which implies that the F@HPMs with adjustable and 

controllable surface microstructures can be achieved by adjusting these experiment parameters 

mentioned above.  

 

3.3. Influence of Brick Materials and Fiber Substrates on the Formation of F@HPMs 

 

The characteristic of polymer brick materials used in 1D-cBF process also plays an important 

role in the formation of F@HPMs. The brick materials can be roughly divided into two 

categories: amphiphilic and nonamphiphilic.28 The brick material used in the above 

experiments was SBS, a typical multiblock copolymer with the characteristic of nonamphiphilic. 

During the 1D-cBF process, SBS was precipitated around the water nuclei with the evaporation 

of solution, followed by forming a layer to stabilize the water droplets and gradually evolved 

into HPMs.43 PMMA is a hydrophobic linear homopolymer that could also be used as brick 

material, as shown in Figure 4a-c. The PET-based F@HPMs prepared from PMMA/CHCl3 

with a concentration of 150 mg/ml via 1D-cBF approach showed a similar surface porous 

microstructure as F@HPMs prepared from SBS/CHCl3 under the same condition. PDMS-g-

PAs, however, is an amphiphilic polymer composed of the hydrophobic linear backbone of 

PDMS and hydrophilic segments of polyacrylic acid and polymethacrylic acid. The PET-based 

F@HPMs prepared from PDMS-g-PAs/CHCl3 with a concentration of 150 mg/ml via 1D-cBF 

approach are shown in Figure 4d-f. It can be found that the pore size of HPMs is quite large, 
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approximately 55 μm. Besides, the pore shape formed on the fiber surface is also different from 

those by SBS/CHCl3 at the same conditions, due to their diverse mechanism of water 

stabilization. The PDMS-g-PAs can stabilize water droplets by assembling the amphiphilic 

molecules at the water/solution interface to form a protective layer. After the complete 

evaporation of solution and water droplets, many small holes with the size ranging from 0.5-

1.2 μm were left inside of each HPM unit (see Figure 3f). The hole size is smaller than those of 

HPMs by 2 orders of magnitude, thereby forming a kind of novel hierarchical HPMs on the 

fiber surface. 

To further demonstrate the feasibility of this novel 1D-cBF strategy on different 1D continuous 

substrates, a silver-plated polyester (SPP) multifilament fiber, as well as a steel multifilament 

fiber composed of loose and long fibers with complex structures (insets of Figure 4g and 4j) 

were also used to replace the PET single fiber, respectively. After fabricating by the same 1D-

cBF approach with SBS/CHCl3 as polymer solution and at the concentration of 150 mg/ml, 

similar HPMs with identical multifilament fiber profiles were observed, as demonstrated in 

Figure 4g-i and Figure 4j-l, respectively. Magnified views of these two resultant F@HPMs 

show the most significant advantages of this 1D-cBF technique: this strategy can directly 

construct intact and continuous HPMs even at the sharply curved surface (see arrows in Figure 

4i and 4l). It is noteworthy that directly assembling materials with unique microstructures at the 

loose and uneven surface of 1D substrates meanwhile maintain their unique surface profiles is 

quite difficult and challenging by the conventional techniques. These results confirm that in 

addition to the single fiber with a smooth surface, the 1D-cBF strategy can also be applied to 
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other 1D continuous substrates with complex structures and uneven surface morphologies.

Figure 4. Typical SEM images of F@HPMs using different polymer bricks and substrates with 

the solution concentration of 150 mg/ml via 1D-cBF approach: (a-c) the PET-based F@HPMs 

prepared from PMMA/CHCl3, the inset of (a) is the chemical structure of PMMA, (d-f) the 

PET-based F@HPMs prepared from PDMS-g-PAs/CHCl3, the inset of (d) is the chemical 

structure of PDMS-g-PAs, where G = graft, R’ = H or CH3, R is a mixture of H, C1 to C4 esters,  

(g-i) the SPP-based F@HPMs prepared from SBS/CHCl3, the inset of (g) is a pristine SPP

multifilament fiber, and (j-l) the steel-based F@HPMs prepared from SBS/CHCl3, the inset of 

(j) is a pristine steel multifilament fibers. Scale bar of the insets of (g) and (j): 200 μm.

3.4. Incorporation of HF@HPMs with Functional Nanomaterials
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Benefiting from their larger specific surface area, porous structures were considered as great 

platforms for loading various functional components. Nevertheless, porous structures 

themselves cannot help to form a homogenous distribution of nanomaterials on the fiber surface. 

A detailed survey of the literature shows that the major difficulty in combining functional nano-

additives with 1D continuous fibers lies in the aggregate tendency of the nanomaterials, which 

would inevitably affect their service efficiency and result in unnecessary waste.44,45 Another 

encouraging advantage of the 1D-cBF approach is that various nanomaterials can be 

straightforwardly loaded on the porous microstructures of F@HPMs by a simple one-step 

fabrication method. More importantly, the loaded nanomaterials show an alleviate embedded 

phenomenon, making the 1D-cBF approach an ideal method to fabricate HF@HPMs with 

customized functionalities. As illustrated in Figure 5a Route , when using a conventional 

coating method to incorporate nanocomponents on the 1D fiber surface, no porous structure 

can be formed on the fiber surface, and the nanocomponents tend to aggregate with each other. 

After the evaporation of the solvent, almost all nano-additives are embedded in the solid coating 

layer. On the contrary, when conducting the incorporation process via 1D-cBF approach, the 

nanocomponents are self-assembling at the water droplet-solution interface owing to the 

synergistic effect of 1D-cBF process and the Pickering emulsion effect,46,47 as illustrated in 

Figure 5a Route . The obtained HF@HPMs show conformal porous microstructures on its 

surface, and nanocomponents can well disperse in these porous platforms with an alleviative 

embedded phenomenon and enlarged exposing areas. Figure 5b-d shows a typical hybrid SPP 

multifilament fiber that incorporates with TiO2 NPs using the conventional coating method (i.e., 



20

TiO2/HF@Solid coating). The surface of the obtained TiO2/HF@Solid coating is quite smooth 

without any porous microstructure. And it can be seen clearly that the TiO2 NPs are totally 

embedded into the solid coating (see arrows in Figure 5d). The SEM images of 

TiO2/HF@HPMs prepared from 1D-cBF process (Route ) are shown in Figure 5e-h. 

Continuous and regular HPMs were observed on the fiber surface, and many of these pores 

were found to be decorated with nanoparticles by mechanical interlock. These results confirm 

that the 1D-cBF approach can be utilized to straightforwardly incorporate TiO2 NPs with 1D 

fiber to fabricate a novel kind of HF@HPMs with homogenously distributed TiO2 and larger

exposing area for enhanced functional applications.

Figure 5. (a) Schematic cross-sectional diagrams of: (Route ) Nanocomponents aggregate 

and embed inside the solid coating layer during the conventional coating method and (Route ) 
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Nanocomponents self-assemble at the water droplet-solution interface during the 1D-cBF 

process. And SEM images of TiO2/HF@Solid coating (b-d) and TiO2/HF@HPMs (e-h) at 

different magnifications, the inset of (h) is its magnified view (scale bar: 2 μm). 

 

To investigate the feasibility and versatility of the 1D-cBF strategy to incorporate various 

functional nano-additives with different kinds of fibers for the straightforward fabrication of 

HF@HPMs, various nanomaterials including TiO2 NPs, Cu NPs, ZnO NWs, and Ag NWs were 

employed, and then further combined with SBS/CHCl3 polymer solution to form the hybrid 

suspension, respectively. The additives/polymer was set at 1:20 in mass ratio. The HF@HPMs 

were directly prepared with these hybrid suspensions via the same 1D-cBF process. Figure 6a 

and its inset show a typical PET-based HF@HPMs incorporated with Cu NPs, and it can be 

seen clearly that the obtained HF@HPMs has a similar microstructure as F@HPMs without the 

addition of nanomaterials (see Figure 3). Besides, some particulate nanocomponents can be 

found inside of porous structure on the fiber surface (see arrows in Figure 6a), implying that 

Cu NPs are successfully loaded on the HF@HPMs. These particles are further confirmed as Cu 

NPs by EDS (Figure 6c). Figure 6d-e shows a PET-based HF@HPMs incorporated with TiO2 

NPs. Similarly, some pores were found to be decorated with nanoparticles, and the EDS 

spectrum (Figure 6f) confirmed the TiO2 particles. The NPs normally act as stabilizers during 

the 1D-cBF process, and they will self-assemble onto the interface of water/solution by 

Pickering emulsions effect and form a protective layer around the water droplets that help the 

formation of HPMs. The different physicochemical properties of the NPs (e.g., size, shape and 

amphiphilicity) will influence this process, and therefore, the resultant morphology of porous 
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structures may slightly vary when incorporating with different NPs.48,49 In addition to the 

nanoparticles, some functional nanowires with a high length-diameter ratio were also used to 

incorporate with HF@HPMs. In contrast with NPs, the length of NWs can even exceed the 

average diameter of the porous structures (0.92-1.8 μm). During the 1D-cBF process, the NWs 

may stretch across the whole water droplets, help the growth of these water droplets and 

produce a larger pore size after the water are removed, as demonstrated in Figure 6g-h. The 

resultant porous microstructures served as frameworks to stabilize the NWs meanwhile 

provided a large exposing area. The EDS presented that the circled area in Figure 6h mainly 

includes Zn, O, and C elements, which confirms the nanowires inside pore are ZnO NWs. 

Moreover, the steel multifilament fibers were chosen as substrates to verify the feasibility of 

1D-cBF strategy to incorporate nanomaterials with 1D continuous fibers that have complex 

surface morphology. As shown in Figure 6j, complex steel-based HF@HPMs incorporated with 

Ag NWs were successfully prepared. The corresponding EDS result of the circled area is also 

shown in Figure 6l. There are mainly Fe, Ag, O, and C elements, where Fe element represents 

the steel substrate, and Ag represents the incorporated Ag NWs. Besides, the mechanical 

properties of the PET fibers and SPP fibers fabricated with different conditions were 

investigated, as shown in Figure S2. It was found that the introduction of surface porous 

microstructure can slightly increase mechanical strength of the resultant PET and SPP fiber as 

compared with their pristine counterparts. The tensile strengths of the F@HPMs were found to 

increase by 2% for both PET fiber and SPP fiber. Moreover, the incorporation of TiO2 NPs with 

surface porous microstructure can further enhance the tensile strength of the resultant fiber 
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owing to the enhanced dispersive adhesion and mechanical interaction between the NPs and 

polymer brick.50–52 The SEM images of the fractured area of PET-F@HPMs (Figure S3 a-c) 

and PET-TiO2/HF@HPMs (Figure S3 d-f) are also obtained. As shown in Figure S3c, for the 

PET-F@HPMs without TiO2 NPs, most of the microstructures near the fracture surface were 

found to be cracked. However, for the PET-HF@HPMs that incorporate with TiO2 NPs (Figure 

S3f), the microstructures were found to deform into elliptical shape with little cracks, indicating 

the good interfacial adhesion between the TiO2 NPs and polymer brick.53 These results 

demonstrated that this new 1D-cBF strategy has promising potential for customizable 

fabrication of 1D functional fiber materials to meet specific requirements of advanced 

functional applications.  
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Figure 6. SEM images of HF@HPMs using SBS/CHCl3 combined with different functional 

nanocomponents as hybrid solutions at the concentration of 150 mg/ml via 1D-cBF approach: 

(a, b) the PET-based HF@HPMs incorporated with Cu NPs, (d, e) the PET-based HF@HPMs 

incorporated with TiO2 NPs, (g, h) the PET-based HF@HPMs incorporated with ZnO NWs, 

and (j, k) the complex steels-based HF@HPMs incorporated with Ag NWs. The insets are their

SEM images at lower magnification correspondingly and the scale bar is 250 μm. And (c, f, i, 

l) are the EDS spectrums of the circled area of (b, e, h, k), respectively. Additives/polymer was 

set at 1:20 in mass ratio.

3.5 Photocatalytic Degradation of Organic Pollutants

As a demonstration of the feasibility of this new 1D-cBF strategy for customizable fabrication 

of advanced functional fibers to meet specific application requirements, a kind of functional 

fibers with the rational design of porous microstructures that loaded photocatalytic active 
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components was developed as high-performed fibers to remove organic pollutant efficiently, as 

shown in Figure 7. A bunch of hybrid SPP multifilament fibers incorporated with TiO2 NPs 

using 1D-cBF approach (i.e., TiO2/HF@HPMs, as shown in the left inset of Figure 7a) was 

chosen to conduct the photocatalytic degradation. The surface morphologies of 

TiO2/HF@HPMs were shown in Figure 5e-h. Methylene blue (MB), a wide-used organic dye 

in textiles industries, was chosen as the model pollutant. Figure 7a shows the UV-visible 

absorption spectrum of MB aqueous solution (1.65×10-5 M) before and after photocatalytic 

degradation in the presence of TiO2/HF@HPMs at different times. The aqueous solution of MB 

exhibits a strong absorption peak at 664 nm before the experiment, and the absorption peak was 

decreased significantly during the degradation process. After 25 h of UV exposure, the 

absorbance of MB aqueous solution was decreased by 96.5%, and the color of the solution 

became colorless (right inset of Figure 7a), indicating almost all MB was degraded. As 

contrasted with TiO2/HF@HPMs, TiO2/HF@Solid coating without porous microstructures (see 

Figure 5b-d and left inset of Figure 7b) were also chosen to evaluate their photocatalytic ability. 

After the same degradation process, the absorption intensity was only decreased by 65.7%, and 

the color of the solution was still blue (right inset of Figure 7b), indicating the incomplete 

degradation of MB. Furthermore, to better highlight the advantages of 1D functional fibers over 

the 2D fabrics, a well-tailored fabric woven from the same SPP multifilament fibers was 

prepared. The fabric was then modified with BF method to create surface porous 

microstructures that were loaded with TiO2 (i.e., TiO2/Fabric@HPMs, as shown in the left inset 

of Figure 7c). After the same UV exposure time, the absorption intensity of the MB solution 
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was decreased by 82.7%, and the color of the solution turned to light blue. The MB degradation 

efficiency of these three samples was further plotted against time, as demonstrated in Figure 7d. 

TiO2/HF@HPMs shows the highest ability to remove the MB pollutant during the whole 

process, while the TiO2/HF@Solid coating presents the worst performance. These results 

confirmed that when using the conventional coating method, most TiO2 NPs were embedded in 

the solid coating (Figure 5d), resulting in the relatively low efficiency of photocatalytic 

degradation. With the synergistic effect of 1D-cBF technique and the Pickering emulsion effect, 

TiO2 NPs can be effectively loaded on the HPMs platforms with an alleviative embedded 

phenomenon, which plays the most important role in the photocatalytic degradation of organic 

pollutant.54,55 Besides, benefiting from the larger specific surface area of 1D TiO2/HF@HPMs, 

the contact area between photocatalytic active TiO2 and organic pollutants also becomes larger, 

resulting in improved photocatalytic efficiency of TiO2/HF@HPMs in contrast to 2D 

TiO2/Fabric@HPMs. Moreover, the durability of the photocatalytic activity of 

TiO2/HF@HPMs was also investigated by repeating the photodegradation process for five more 

times. After each process, the fibers were washed gently by DI water and then dried at 35oC in 

oven for 8 h. As shown in Figure 7e, the photodegradation efficiency of 1D TiO2/HF@HPMs 

can maintain above 90% even after five photodegradation cycles, indicating the good durability 

of the prepared functional fibers. 
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Figure 7. UV-visible absorption spectrum of methylene blue aqueous solution (1.65×10-5 M) 

before and after degradation in the presence of: (a) 1D TiO2/HF@HPMs, (b) TiO2/HF@Solid 

coating and (c) 2D TiO2/Fabric@HPMs, insets of (a-c) are digital photographs of the 

corresponding fibers or fabric (left) and methylene blue aqueous solution after 25 h UV 

irradiation time (right). The degradation efficiency profile of different samples (d), and 

photocatalytic degradation efficiency of TiO2/HF@HPMs after five cycles of testing (e).

4. Conclusions

In conclusion, a novel and facile 1D confined Breath Figure (1D-cBF) technique was developed

for simple and efficient fabrication of a new kind of fibers surface-engineered with honeycomb 

porous microstructures (F@HPMs). The obtained F@HPMs demonstrated customizable and 

controllable surface microstructural morphologies by elaborately adjusting the solvent types, 

solution concentration, and polymer bricks. Besides, this new 1D-cBF strategy can directly 

construct intact and continuous HPMs on the loose and complex surface of different 1D fiber 

substrates meanwhile maintain their unique surface profiles. Various functional 
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nanocomponents can also be straightforwardly loaded on the porous microstructures of fibers 

by this simple one-step 1D-cBF method to form a type of hybrid F@HPMs (HF@HPMs) with 

customized functionalities. Moreover, benefiting from the synergistic effect of the 1D-cBF 

technique and the Pickering emulsion effect, the loaded nanomaterials can be well dispersed in 

the porous platforms with an alleviative embedded phenomenon and enlarged exposing areas. 

The photocatalytic degradation experiments reveal that the 1D TiO2/HF@HPMs possess the 

highest efficiency (96.5%) to remove organic pollutants as compared with TiO2/HF@Solid 

coating and 2D TiO2/Fabric@HPMs. And the photodegradation efficiency can maintain above 

90% even after five experimental cycles. Therefore, this 1D-cBF strategy is anticipated to 

extend the application fields of 1D continuous fiber materials with enhanced performance to 

meet a variety of specific advanced requirements. 
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