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A B S T R A C T

Developing textiles with self-sterilization and self-cleaning properties for microbial deactivation in the medical 
sector and high-risk areas is becoming a hot research topic. Compared with traditional methods like chemical, 
UV irradiation, and heat sterilization for disinfection of microbials, photothermal self-sterilization combined 
with superhydrophobic self-cleaning has gained considerable attention. In this study, we have developed layered 
coatings of candle soot/polydimethylsiloxane (CS/PDMS) and polylactic acid (PLA) on cotton fabric to achieve 
photothermal self-sterilization and superhydrophobic self-cleaning properties. The CS nanoparticles generate 
heat when exposed to light, facilitating the photothermal effect. Meanwhile, the CS nanoparticles are integrated 
into the polymer network, creating a hierarchical rough structure that traps air and reduces the water contact 
area. PDMS is a vital binder for CS nanoparticles on cotton fabric, enhancing the durability of the composite layer 
and reducing surface energy. The photothermal and superhydrophobic effects of the developed coating suc
cessfully demonstrated self-sterilization and self-cleaning capabilities, respectively. The as-prepared coating 
exhibits high water repellence with a water contact angle of 159 ± 2◦ and a low sliding angle of 6◦. Moreover, 
the surface temperature of coated cotton fabric rose to 70.2 ◦C within 60 s under 1 sun solar illumination. 
Furthermore, the coating demonstrated excellent mechanical stability by maintaining its superhydrophobicity 
even after 55 sandpaper abrasion cycles, 12 adhesive tape peeling cycles, 140 min of ultrasound and 90 min of 
washing treatment. Additionally, the coated cotton exhibited excellent flexibility, breathability, air permeability, 
water vapor transmission, self-sterilization against gram-positive Staphylococcus aureus and gram-negative 
Pseudomonas aeruginosa bacteria, and self-cleaning against dust contamination. The present results have high 
potential for developing advanced self-cleaning cotton fabrics with contactless sterilization of microbials for 
commercial applications.

1. Introduction

Ever-growing human health issues are caused by infections with 
several microbes and viruses through contact with the nose, eyes, 
mouth, and skin [1]. Viruses, bacteria, and other microbes can grow on 
the surfaces of protective equipment, including face masks, goggles, 
medical aprons, clothing worn daily in medical sectors and hazardous 

areas [2]. Recently, the outbreak of the coronavirus SARS-Cov-2 
impacted the world in over 210 countries, infecting more than 20 
million people and creating a global health emergency during 
2020–2022 [1,3]. The World Health Organization (WHO) has recom
mended using face masks and personal protective equipment as an 
important mitigation strategy against the transmission of the respiratory 
virus [4–6]. Most face masks, aprons, and clothes are made from cotton 
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fabric due to its flexibility, softness, smoothness, and breathability. 
However, on the surface of normal protective cotton-wearing equip
ment, viruses, bacteria, and other microbes can inevitably adsorb and 
grow, potentially infecting the human body [7]. Without disinfection, 
masks, aprons, and other wearable clothes discarded outdoors could 
spread diseases through airborne and water molecules. Hence, devel
oping technologies to deactivate viruses, bacteria, and other microbes 
from cotton fabrics and reuse them is highly demanded.

Over the past several decades, various deactivation/sterilization 
methods have been developed to reduce the transmission of viruses, 
bacteria, and other microbes and prevent infections in the human body. 
Chemical and heat treatments are widely used to sterilize viruses and 
microbes. In chemical treatments, ethanol and hydrogen peroxide are 
recommended to deactivate viruses and microbials [8–10]. In heat 
treatment, boiling water or steam can be used for deactivation because 
viruses and microbes are unstable at temperatures above 70 ◦C [11,12]. 
However, chemical disinfectants, like alcohol and hydrogen peroxide, 
can be toxic if inhaled, ingested, or absorbed through the skin. It may 
also cause irritation to the skin on contact. They often require specific 
concentrations and conditions to be effective. Aerosolized disinfectants 
can lead to respiratory issues, and prolonged exposure may trigger 
allergic reactions and has been linked to cancer and hormone disruption 
[12]. If heat treatments are inadequate, pathogens may not be fully 
inactivated, endangering the health of those exposed. These treatments 
may demand more energy and time, particularly in large-scale opera
tions, and also pose several health issues. To tackle these issues, a 
photothermal superhydrophobic coating has been developed, which 
facilitates contactless self-sterilization upon exposure to sunlight and 
exhibits superhydrophobic self-cleaning properties.

Recently, Zhong et al. [7] have developed a photothermal super
hydrophobic coating by depositing a few layers of graphene onto a 
commercially available surgical mask, utilizing a unique dual-mode 
laser-induced forward transfer method, which resulted in outstanding 
self-cleaning and photothermal properties. Under the irradiation of 
sunlight (1 sun), the surface temperature of the mask quickly exceeds 
80 ◦C, facilitating effective sterilization for reuse. The coating utilizes 
silver nanoparticles and graphene, enhancing pathogen deactivation 
through plasmonic heating and antimicrobial effects while adding 
photothermal absorption and superhydrophobicity to prevent droplet 
adherence. Kumar et al. [3] have fabricated a photoactive antiviral face 
mask, utilizing a dual-channel spray nanocoating of a hybrid of shellac/ 
copper nanoparticles. The coating contains shellac, a natural hydro
phobic biopolymer, enhancing water repellency and copper nano
particles, which provide strong photothermal effects, antimicrobial and 
photocatalytic properties. The temperature of the photoactive mask 
rapidly increases to greater than 70 ◦C within 5 min, under solar illu
mination, which results in a high level of free radicals that disrupt the 
membrane of virus-like particles and make self-cleaning and reusable. 
The multi-walled carbon nanotubes (MWCNTs) and single-walled car
bon nanotubes (SWCNTs) exhibit promising potential in photothermal 
conversion. Su et al. [13] developed a superhydrophobic CNT thin film 
using a vacuum-assisted layer-by-layer assembly method. This film ex
hibits impressive electrothermal and photothermal performance, with a 
water contact angle (WCA) of 165◦. When voltage or light was applied to 
the MWCNT film, it generated heat of 60 ◦C within 60 s. Soni et al. [11] 
have introduced a single spray coating technique for the deposition of a 
superhydrophobic layer of SWCNTs on a melt-blown polypropylene (PP) 
surgical mask. Spraying SWCNTs creates a nanospike-like morphology 
on the PP surface, resulting in a coating with a WCA of 156.2◦ ± 1.8◦. 
Under one sun illumination, the surface temperature of the PP surgical 
mask increases by more than 90 ◦C within 30 s, confirming its self- 
sterilization ability. Kumar et al. [12] have utilized molybdenum di
sulfide (MoS2) nanosheets to modify polycotton due to its excellent 
antibacterial and photothermal phenomena. The surface temperature of 
MoS2-modified polycotton increases by nearly 77 ◦C, making them ideal 
for sunlight-mediated self-disinfection. Pakdel et al. [14] have 

developed multifunctional photothermal superhydrophobic cotton fab
ric utilizing silver nanoparticles and polydimethylsiloxane (PDMS) by 
the dip-coating method. The coating exhibited a WCA of 171.31◦ along 
with the silver nanoparticles, enabling photothermal properties. The 
maximum temperature of the coating reached to 46.5◦. Zhong et al. [15] 
have developed photothermal superhydrophobic surgical mask using a 
dual-mode laser-induced forward transfer process with additive depo
sition of laser-induced graphene. The temperature of the coated surgical 
mask elevates to over 80 ◦C within 100 s, under 1 sun irradiation, 
effectively sterilizing the virus. These studies support that photothermal 
superhydrophobic cotton fabrics are effective in realizing self-sterilizing 
and self-cleaning abilities, making them a promising material.

Besides, emerging photothermal materials such as MXenes [16] and 
perovskites [17] have been recognized for their high photothermal 
conversion efficiency. However, challenges such as the selection of 
photothermal components and complexity in the fabrication limit its 
practical application, hindering widespread adoption despite its 
remarkable properties. Candle soot (CS) is a cost-effective material that 
can be easily harvested from ordinary candles, requiring no complex 
synthesis processes [18]. In contrast, MXenes synthesis involves haz
ardous chemicals like hydrofluoric acid, and perovskites require precise 
synthesis with high-purity precursors, which add to their costs [19]. 
Generated through simple combustion, CS aligns with green chemistry 
principles and can be produced renewably from paraffin candles. It 
boasts a high light absorption rate of over 99 %, making it efficient for 
applications like photothermal use. While MXenes and perovskites also 
offer high conversion efficiency, their complexity and cost may not be 
justified for some uses. It can be easily integrated with other materials to 
enhance its properties and withstand high temperatures, unlike MXenes 
and perovskites, which have stability issues under heat and moisture. 
For resource-limited settings, CS offers a practical and functional alter
native to sophisticated nanomaterials. Moreover, CS nanoparticles (CS 
NPs) are generally considered to be low in toxicity to human skin. CS is 
biodegradable. In contrast, MXenes can degrade in air and moisture, 
potentially releasing toxic metal ions such as vanadium, raising concerns 
about their environmental impact [20]. Lead-based perovskites are un
stable and can release toxic lead ions over time, posing ecological risks.

In this study, we developed a photothermal superhydrophobic 
coating on cotton fabric using a composite of CS and PDMS, applied 
through a simple and cost-effective dip-coating method. The CS NPs 
provided the required photothermal effect, generating the heat energy 
necessary for self-sterilization. PDMS, known for its low surface energy, 
also served as a binder, effectively connecting the CS NPs to the cotton 
surface and creating a micro-nano hierarchical surface structure. Addi
tionally, polylactic acid (PLA) was incorporated to enhance the bonding 
strength between the cotton surface and the CS/PDMS composite. 
Although CS [21–23], PDMS [14,24–26] and PLA [27,28] were used in 
several recent reports on superhydrophobic cotton fabrics, this work 
uniquely combines them to yield an optimized coating, yielding highly 
durable superhydrophobic cotton fabrics with photothermal conversion 
efficiency. Experimental results demonstrated that the surface temper
ature of the coating rose to 70.2 ◦C within just 60 s of 1 kW/m2 light 
exposure. The micro-nanostructure composed of CS NPs, PLA, and PDMS 
imparts superhydrophobicity to the surface, achieving a WCA of 159◦. 
These synergistic properties of photothermal and superhydrophobicity 
of modified coated cotton fabric significantly disinfect bacterial 
contamination. Thus, the dual functionality of cotton fabric may have 
impactful commercial applications in healthcare, apparel, public safety, 
and industrial sectors.

2. Experimental section

2.1. Materials

Cotton fabric (mass density- 0.47 g/cm3, air permeability-168 mm 
s− 1 and thickness- 0.13 mm) was obtained from DKTE Textile Industry, 
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Maharashtra, India. Polydimethylsiloxane (PDMS, viscosity 5 cSt) was 
procured from Sigma-Aldrich, India. Chloroform (99 % AR) was bought 
from Spectrochem Pvt. Ltd., India. Polylactic acid (PLA, Mw ~ 80,000 g/ 
mol and particle size of 3 mm) was purchased from Macklin (Shanghai, 
China). Candles were purchased from the local market. Candles were 
utilized to synthesize candle soot.

2.2. Synthesis of candle soot nanoparticles

Initially, soot layers were collected onto a metal plate by moving it 
within the central region of a candle flame. The accumulated soot was 
subsequently scraped off and stored in a glass container. A 500 mg of the 
collected soot was dispersed in 100 mL of chloroform and subjected to 
ultrasonication for 20 min, facilitating the disaggregation of the layered 
soot into finer particles. The mixture was then filtered through a 25 μm 
stainless steel mesh to isolate uniform soot particles. The resulting 
dispersion was then dried on a hot plate at 40 ◦C to ensure the complete 
evaporation of the chloroform. Once the solvent was entirely removed, 
the dried residue was finely crushed using a mortar and pestle to pro
duce homogeneous soot particles, which were subsequently stored in a 
glass bottle for further experimental use.

2.3. Fabrication of photothermal superhydrophobic cotton

The fabrication of multifunctional cotton fabrics involves applying 
layers of PLA and CS/PDMS on pre-cleaned cotton. Cotton fabrics cut 
into 3 cm × 3 cm pieces were ultrasonically cleaned with ethanol and 
distilled water for 15 min each and then dried in an oven at 60 ◦C for 30 
min to remove surface impurities. The cleaning process could help 
enhance the coating adhesion. A 0.024 g of PLA was dissolved in 25 mL 
of chloroform and stirred at 450 rpm for 1 h to produce solution A. 
Concurrently, in a separate beaker, solution B was prepared by adding 2 
mL of PDMS in 25 mL of chloroform and stirred at 450 rpm for 30 min. 
Subsequently, 350 mg of CS NPs were incorporated and stirred for an 
additional 30 min to achieve a consistent dispersion. The cleaned cotton 
piece was first soaked in solution A for 5 min and air-dried for 1 min at 
room temperature. It was then soaked in solution B for another 5 min 
and air-dried for 1 min at room temperature. This entire process 
constituted one cycle. To optimize coating, the cotton samples under
went multiple coating cycles such as 5, 7, and 9, and were finally dried at 
120 ◦C for 2 h. The resulting samples were labelled CP-1, CP-2, and CP-3, 
respectively. The synthesis of photothermal superhydrophobic coating 
on the cotton fabric is schematically shown in Fig. 1.

2.4. Characterization

The surface morphology and elemental composition of the coated 
cotton fabric samples were examined by using Field Emission Scanning 

Electron Microscopy (FESEM) (JEOL, JSM-7610F, Japan), coupled with 
energy-dispersive X-ray spectroscopy (EDS). A Stylus profiler (Mitutoyo, 
SJ-210, Japan) was used to evaluate the surface roughness of the sam
ples. The elemental composition and chemical state of coatings were 
studied by X-ray Photoelectron Spectroscopy (XPS) (Thermo Fisher 
Scientific, Escalab 250Xi, USA). The chemical bonding of the coating 
was examined using Fourier Transform Infrared Spectroscopy (FT-IR) 
(Bruker, Germany, VERTEX 70). The absorption in the 200–2500 nm 
was measured using an UV–visible near-infrared spectrophotometer 
(Agilent, TY2021006984, China). A contact angle meter (HO-IAD-CAM, 
Holmarc Opto-Mechatronics, India) was used to determine the coating’s 
water contact angle (WCA) and sliding angle (SA). A digital thickness 
tester (SDL ATLAS K094) was used to measure the thickness of the 
sample according to ASTM D1777. The average particle size of CS NPs 
was determined by ImageJ software.

A mechanical testing machine (Instron 5565, USA and Canada) was 
employed to measure the tensile strength of both pristine and coated 
cotton fabrics. An infrared thermal imager (FLIR, E8, USA) was used to 
measure the surface temperature of the samples. At the same time, 
irradiation intensity was adjusted using an irradiance meter (Perfect 
Light, PL-MW2000, China). A Testex air permeability tester was 
employed to determine air permeability at room temperature at a 
pressure of 100 Pa. The breathability of samples was investigated 
through an ammonia-hydrochloric acid reaction [30].

2.4.1. Self-cleaning test
Self-cleaning is one of the most remarkable properties of super

hydrophobic surfaces. The self-cleaning tests were carried out on both 
pristine and coated cotton fabrics. The pristine and coated cotton fabrics 
were pasted onto the glass substrate utilizing a double-sided tape and 
inclined into a petri dish. Contaminants such as soil particles and chalk 
powder were randomly sprinkled onto the surface to simulate real-world 
dirt deposition. The water droplets were subsequently introduced on the 
surface to study self-cleaning performance.

2.4.2. Antibacterial test
The antibacterial activity of pristine and coated fabrics was thor

oughly investigated against Staphylococcus aureus (NCIM 5345) and 
Pseudomonas aeruginosa (9027) using the agar disk diffusion method. To 
initiate this process, a suspension of the pathogens was precisely pre
pared in sterile saline to ensure optimal conditions for subsequent 
testing. For the antimicrobial activity assessments, the pathogens were 
evenly inoculated onto the surface of sterile Mueller-Hinton agar plates, 
a standard medium for antibiotic susceptibility testing. A sterile 
spreader was employed to ensure a uniform distribution of the inoculum 
across the agar surface.

Fabric samples of size 1 cm × 1 cm were first sterilized by exposure to 
ultraviolet (UV) light for 15 min. This process effectively neutralized 

Fig. 1. Schematic illustration of the fabrication of photothermal superhydrophobic cotton fabric.
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microorganisms, ensuring the samples were safe for testing and pre
serving the integrity of the results. Once sterilized, the fabric samples 
were aseptically placed on the surface of the agar plates that had pre
viously been inoculated with the test pathogens. To evaluate the anti
bacterial effects, the plates were exposed to a near-infrared (NIR) laser at 
a wavelength of 700 nm for 10 min. This exposure assessed whether the 
coated fabrics possess any inherent photothermal antibacterial 
properties.

The plate count method was used to evaluate the effectiveness of 
fabrics against the bacteria. A 100 μL bacterial suspension was inocu
lated into 10 mL of sterile Mueller-Hinton broth and incubated at 37 ◦C 
until it reached an optical density of 0.6–0.8. Then, 100 μL of this sus
pension was transferred into test tubes with 9 mL of broth, and sterilized 
fabric samples were added. These were placed in a rotary shaker at 37 ◦C 
for 10 min. Samples (10 μL) were taken out at 5 and 10 min and spread 
onto sterile Mueller-Hinton agar plates. After incubating the plates at 
37 ◦C for 24 h, visible colonies were counted as colony-forming units 
(CFUs) using the following formula [12]. 

Bacterial survival (%) =
No of colonies on test sample

No of colonies on control sample
× 100 (1) 

3. Results and discussion

3.1. Surface and chemical properties

The cotton fabric is first immersed in the PLA solution, forming a 
uniform layer that enhances structural integrity and functionality. 
Subsequently, the CS/PDMS coating is applied using a similar dip- 
coating method, which provides a strong bond to the PLA layer, along 
with additional biocompatibility, waterproofing, and flexibility char
acteristics. For optimization, multiple PLA and CS/PDMS layers were 
applied to cotton fabric. Cotton fibers, which are abundant in hydroxyl 
groups, form strong hydrogen bonds with PLA. This chemical interaction 
significantly enhances the adhesion between PLA and cotton fabric, 
leading to improved structural integrity. Additionally, the interface 
between the PLA-coated cotton fabric and the CS/PDMS composite layer 
relies on physical interactions that ensure strong adhesion of coating 
materials. CS NPs are primarily composed of hydrophobic polyaromatic 
hydrocarbons, which have low polarity [31]. Furthermore, the PDMS 
acts as binding agent as well as a low surface energy materials. The 

hydrophobic CS NPs interact with the non-polar PDMS through van der 
Waals forces, mainly driven by dispersion forces [29]. The combination 
of these diverse interactions between the CS NPs and PDMS creates a 
strong adhesion, resulting in a reliable interface that enhances the 
overall properties of the composite material. This multi-faceted bonding 
approach highlights the complexity and effectiveness of integrating 
these materials for improved performance. The chemical structures of 
cotton fabric, PLA, and PDMS are provided in Fig. 1. Fig. 2 illustrates the 
expected multifunctional properties of the developed surface: super
hydrophobic self-cleaning and photothermal self-sterilization.

Fig. 3a, e and i illustrate the SEM images of the original cotton fabric, 
which presented a relatively smooth microstructure, characterized by 
unaltered fibers and uniform texture. The deposition of the CS/PDMS/ 
PLA composite layer onto cotton fabric significantly enhances adhesion 
between the fibers. This interaction transforms the fabric’s surface 
topography, adding texture and complexity to what was once a smooth 
finish. The aggregation of CS NPs contributes to developing a rough 
texture atop the initially smooth cotton surface. Fig. S1 illustrates the 
morphology of the synthesized CS NPs, which are approximately 
spherical and measure around 46.22 ± 7.6 nm in diameter. Their 
network-like structure is formed through weak Van der Waals forces. 
The SEM images of the CP-1 sample reveal that five layers of the CS/ 
PDMS and PLA composite layers create a uniform coating on the cotton 
fabric, while maintaining its structure and preserving its micropores, 
which are essential for breathability and moisture-wicking. Figs. 3b, f 
and j illustrate the strong bond between the composite layers and the 
cotton fibers. The coating surface roughness is 11.40 μm (Fig. 3p). The 
retention of porosity is crucial for cotton’s suitability in wearable ap
plications across various sectors, as these properties ensure comfort and 
breathability. In contrast, when a greater number of layers, specifically 
seven layers of the CS/PDMS and PLA composite (designated as CP-2), 
were deposited on the cotton fabric, it became apparent that while a 
cohesive composite coating was formed, there was also a notable ag
gregation of composite materials. This aggregation appeared to be 
randomly distributed over the coating, as depicted in Figs. 3c, g and k. 
The micro-aggregation of the composite materials resulted in a hierar
chical rough structure on the cotton surface, with a surface roughness of 
14.51 μm (Fig. 3q). Such coating revealed a thickness of 0.02 mm (see 
Supplementary Information). However, with a further increase in the 
number of CS/PDMS and PLA layers, the SEM image revealed a lack of 

Fig. 2. Schematic illustration of (a) superhydrophobic self-cleaning, and (b) photothermal effect and self-sterilization under NIR light radiation.
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visible aggregated composite material as shown in Fig. 3d and h. The 
surface roughness of CP-3 slightly reduces to 13.18 μm (Fig. 3r). The EDS 
elemental investigation detected three major elements C, O and Si and 
their mapping images are shown in Fig. 3m-o. The majority of element C 
is attributed to CS [18], while Si corresponds to PDMS [32].

The chemical structure of the coated fabric was investigated through 
FT-IR and XPS analysis. In the FT-IR spectrum of pristine cotton, a 
prominent peak in the range of 2800–3300 cm− 1 corresponds to the 
stretching vibrations of the hydroxyl (-OH) groups inherent to the cel
lulose structure. Additionally, a minor peak at 1650 cm− 1 is associated 
with the O–H bending vibrations of adsorbed water, while the peak at 
1065 cm− 1 is indicative of C-O-C stretching due to cellulose structure 
(Fig. 4a). The FT-IR spectrum of only PLA-coated cotton reveals char
acteristic peaks at 1720 cm− 1, 1083 cm− 1, and 714 cm− 1, corresponding 
to the carbonyl (C=O), carbon‑oxygen (C–O), and carbon‑hydrogen 
(C–H) moieties, respectively (Fig. S2). For only PDMS-coated cotton 
fabric, an absorption peak at 2962 cm− 1 indicates the asymmetric 
stretching of C–H bonds in the -CH3 group, while additional peaks at 
793 cm− 1 and 1260 cm− 1 are attributed to -CH3 rocking and Si–C 
stretching in Si-CH3 groups. The antisymmetric and symmetric 

vibrational peaks at 1022 cm− 1 and 1086 cm− 1 further confirm the 
presence of Si-O-Si functionalities within the PDMS structure (Fig. S2) 
[33]. As a result, the FT-IR spectra of the CS/PDMS and PLA layer coated 
cotton fabric (Fig. 4a) demonstrate significant absorption peaks 
reflecting various molecular vibrations. The peak at 2923 cm− 1 is 
attributed to asymmetric C–H stretching in the methyl (-CH3) groups 
[25]. A peak at 1238 cm− 1 relates to vibrational modes of Si-CH3 groups, 
confirming the incorporation of organosilicon components. Peaks within 
the range of 800 cm− 1 to 470 cm− 1 illustrate contributions from silicon 
moieties, while the peak at 1067 cm− 1 indicates Si-O-Si bond vibrations 
typical of siloxane structures [34]. Finally, the peak at 682 cm− 1 rep
resents Si–C bond vibrations in dimethyl siloxane (Si-(CH3)2), under
scoring the substantial presence of PDMS in the coatings [34–36].

The XPS analysis of the optimized coating CP-2 reveals three major 
peaks at binding energies of 103 eV, 285 eV, and 533 eV, corresponding 
to Si2p, C1s, and O1s signals (Fig. 4b) [37]. This indicates the presence 
of candle soot particles along with PDMS and PLA in the coating. The 
deconvoluted C1s spectrum shows three types of carbon bonding at 
284.8 eV (C-C/C-H), 286.4 eV (C–O), and 289 eV (C=O) (Fig. 4c) [38]. 
Additionally, the Si 2p spectrum displays peaks at 102.32 eV and 103.7 

Fig. 3. SEM images of (a, e and i) pristine cotton, (b, f and j) CP-1, (c, g and k) CP-2 and (d, h and l) CP-3 samples. (m-o) EDS elemental mappings images of CP-2 
sample. (p-r) Surface roughness of CP-1, CP-2, and CP-3 samples.
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eV, attributed to Si–C and Si-O-Si bonding (Fig. 4d) [39]. The O1s 
spectrum features two peaks linked to C––O and O–Si bonding, high
lighting silicon‑oxygen interactions (Fig. 4e). The FT-IR and XPS anal
ysis confirms the chemical composition and interactions within the 
coating matrix.

3.2. Wettability and photothermal effect

Due to the presence of many hydroxyl groups, the pristine cotton 
exhibited a hydrophilic nature, which rapidly absorbs water, as illus
trated in Fig. 5a. However, a significant transformation occurred after 
applying the composite coating, yielding superhydrophobicity. The CP-1 
sample demonstrated a WCA of 151◦, indicating effective water repel
lency. The CP-2 sample demonstrated an even higher WCA of 159◦, 

which suggests improved superhydrophobic properties. However, the 
CP-3 sample exhibited a slight decrease in WCA (153◦). This reduction 
can be attributed to the formation of a smoother surface texture. The CP- 
2 coating achieved the highest WCA of 159◦, indicating high water 
repellence. The increase of WCA with the rise in the number of layered 
coatings is linked to the increasing surface roughness of the fabrics, 
which, in synergy with the low surface energy properties of PDMS, 
contributed to effective superhydrophobicity. However, increasing the 
number of coating layers beyond an optimal point led to a decline in 
WCA values due to the smoothing of the fiber surface, reducing micro- 
scale roughness. This loss in texture diminishes the surface’s ability to 
trap air.

The efficacy of the coatings was further demonstrated in practical 
applications, where the coated fabrics displayed strong repellence 

Fig. 4. (a) FT-IR spectra of pristine and coated cotton fabrics. (b) XPS full spectrum and high-resolution spectra of CP-2 sample (c) C1s, (d) Si2p, and (e) O1s scans.
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against various common types of water-based stains, including milk, tea, 
soft drink (Fanta), and dyed water stains, as shown in Fig. 5c. 
Remarkably, a mirror-like finish was observed on the superhydrophobic 
cotton fabric (CP-2) post-immersion in water, indicative of the suc
cessful formation of an air layer on the fabric’s surface, as highlighted in 
Figs. 5d-e. Additionally, the CP-2 sample was measured to have a low SA 
of 6◦. Such a feature is advantageous for maintaining the cleanliness of 
the fabric surface. Notably, when these samples were freely placed in 
water, the coated cotton displayed buoyancy, floating on the water’s 
surface. In contrast, the untreated cotton sank immediately, as depicted 
in Fig. 5e, further underscoring the superior hydrophobicity imparted by 
the multilayered coatings.

The surface energy of the CP-2 sample was calculated using Eq. (2)
[40], 

WSL = γLA(1+ cos ɵo) (2) 

Here, ɵo is the static contact angle, WSL is the work of adhesion per 
unit area between two surfaces and γLA is the surface energy (surface 
tension) of the liquid against air. The calculated surface energy for CP-2 
sample was 4.7808 mN/m, significantly lower than that of pristine 
cotton (144 mN/m). This notable reduction indicates the formation of a 
lower-energy surface. To access the wetting behaviour, the solid-liquid 
contact fraction (f) was determined by the Cassie-Baxter model, as 
shown in Eq. (3) [41], 

Cos θCB = f (Cosθ0 +1) (3) 

The solid-liquid fraction of the CP-2 sample is calculated to be 
0.03015.

The light absorbance capabilities of the CP-2 sample in comparison 
to pristine cotton were analysed using UV–vis-NIR spectroscopy 

(Fig. 6a). Pristine cotton demonstrates a significantly limited capacity 
for light absorption, indicating its overall ineffective performance. In 
contrast, the CP-2 sample exhibits a notably enhanced light absorbance 
across the broad wavelength range of 250 to 2500 nm [42]. This sig
nificant light absorption in the ultraviolet, visible, and NIR regions is 
crucial, as it correlates with heat energy generation through the pho
tothermal effect, which can be utilized for self-sterilization. These 
enhanced characteristics can be attributed to the integration of CS NPs 
within a PDMS matrix, coupled with the development of a hierarchical 
rough structure on the cotton fibers. The hierarchical structure of 
superhydrophobic coatings is beneficial to trap light through internal 
reflections, which improves light absorption efficiency [23]. Carbon- 
based CS NPs exhibit excellent light absorption and efficiently convert 
light energy into heat through lattice vibrations. When exposed to low- 
energy light, the π electrons in their frameworks undergo transitions 
from a lower energy level to a higher one (π*), enhancing their light- 
harvesting properties across UV, visible, and NIR wavelengths. The 
absorbed light energy is quickly converted into thermal energy, leading 
to localized heating on the coating’s surface [43]. This rapid energy 
dissipation enhances the photothermal response, making these coatings 
ideal for applications in light-induced self-sterilization, promoting sur
face cleanliness, and facilitating the development of self-cleaning ma
terials in various environments. Fig. S3 shows the schematic of the 
photothermal conversion of photothermal superhydrophobic cotton 
fabric.

The photothermal characteristics of uncoated and coated cotton 
samples were evaluated under a xenon lamp emitting 1 kW/cm2 light 
intensity. Prior studies have demonstrated that CS NPs exhibit distinct 
photothermal effects, which have been utilized across diverse applica
tions, including thermoregulating textiles [44], artificial muscle 

Fig. 5. Orange dyed water on (a) pristine cotton and (b) coated (CP-2) cotton fabrics; WCA image in inset, (c) Milk, Tea, Fanta, and red dyed water drop on CP-2 
sample, (d) Mirror-like phenomena on CP-2 sample dipped in water, (e) Pristine and coated (CP-2) samples freely placed into colored water. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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technologies [45], antimicrobial surfaces [46,47], oil remediation 
[48–50], and de-icing solutions [51,52]. Fig. 6b illustrates the 
comparative surface temperature profiles of pristine cotton and super
hydrophobic CP-2 cotton fabric during exposure to xenon lamp irradi
ation. Under continuous illumination, the CP-2-coated cotton rapidly 
increases temperature up to 70.2 ◦C within 60 s, indicating a strong 
photothermal response. In contrast, the pristine cotton fabric showed 
negligible temperature (~ 40 ◦C) fluctuations throughout the exposure 
period, emphasizing the substantial enhancement in thermal perfor
mance provided by the CP-2 coating. Further analysis showed that CS/ 
PDMS formulations demonstrated significant photothermal effects, 
which depended on the concentration of CS NPs in the coatings. As 
shown in Fig. 6c, the surface temperature increased rapidly with the 
light on and cooled quickly when it was turned off. The repeated pho
tothermal effect, as shown in Fig. 6d, indicates that these fabrics retain 
their functional properties after multiple light exposure cycles, demon
strating durability and resilience. Such qualities are crucial for 

applications requiring consistent performance in varying environmental 
conditions, making these fabrics a promising choice for smart textiles 
and innovative technologies. Both the superhydrophobic characteristics 
and the intricate surface microstructure of the CP-2 sample remained 
intact even after undergoing multiple illumination cycles, as shown in 
Fig. 6d. Fig. 6e displays infrared thermal imaging, clearly highlighting 
the significant temperature variations between the pristine cotton and 
the CP-2 sample under xenon lamp illumination.

Further, the photothermal properties of the CP-2 sample were 
investigated with the surface contamination by dust particles. For a 
systematic analysis, one half of the CP-2 sample was deliberately 
covered with fine soil particles or small-sized stones, while the other half 
was kept bare, as illustrated in Fig. 7. Under illumination with light at an 
intensity of 1 kW/m2, the surface temperature of the soil-contaminated 
CP-2 sample reached 59.9 ◦C, whereas the stone-contaminated part had 
a temperature of 64 ◦C. This noticeable difference in surface tempera
ture can be attributed to the obstruction of light radiation, which 

Fig. 6. (a) Standard solar spectrum and UV − Vis− NIR of absorption spectra in the range from 250 to 2500 nm of the pristine cotton and CP-2 sample. (b) Variation 
of surface temperature of the pristine and CP-2 sample under 1 kW/m2 solar irradiation. The insets show infrared images under 1 kW/m2 solar irradiation for 2 min. 
(c) Photothermal heating curve of CP-2 recorded during a light on-off cycle. (d) Variation of the surface temperature of CP-2 sample under series of on and off modes 
of light irradiation. (e) Infrared thermal images of pristine cotton and CP-2 sample throughout the exposure of xenon lamp illumination.
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Fig. 7. Photothermal performance of CP-2 cotton fabric without or with coverage of soil and small stones.

Fig. 8. Schematics of (a) sandpaper abrasion test and (b) adhesive tape test. The relationship between (c) WCA and sandpaper abrasion cycles, (d) WCA and adhesive 
tape peeling cycles, (e) WCA and ultrasonication time and (f) WCA and immersion time.
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impeded the effective absorption of light energy. Despite the contami
nants on the surface, these temperature levels are sufficient to deactivate 
microbes under light irradiation. This indicates that, the photothermal 
effect remains effective in achieving microbial deactivation even with 
dust. Furthermore, due to the unique superhydrophobic properties of 
the CP-2 sample, as water is poured over the surface, both the dust 
particles and the deactivated microbes can be effectively rinsed away. 
This investigation demonstrates the practical application of the coated 
fabric in environments where maintaining cleanliness and microbial 
control is crucial.

3.3. Mechanical stability

To evaluate the practical applicability of the as-prepared photo
thermal superhydrophobic cotton, it is crucial to examine its durability 
under various aggressive conditions [42,53]. The changes in mechanical 
properties of the cotton samples before and after the coating were 
monitored by measuring the tensile strength. The maximum load of the 
uncoated and coated samples were 14.42 N and 21.29 N, respectively. 
The corresponding maximum elongations in length were 25.92 mm and 
32.25 mm, suggesting improved mechanical properties after the coating.

The coated cotton’s stability was assessed by measuring the changes 
in WCA and SA following various stability tests. Fig. 8 illustrates the 
changes in WCA and SA after the cotton fabric was subjected to a series 
of rigorous evaluations: the sandpaper abrasion test, adhesive tape 
peeling test, and ultrasound treatment (simulates machine washing). 
Additionally, the fabric was immersed in alkaline and acidic solutions to 
investigate its chemical resilience. During the sandpaper abrasion test, 
the coated cotton was pasted on glass slide and was rubbed against 
sandpaper (grit no. 2000) under a controlled load in a linear motion at a 
consistent speed. This process can lead to the detachment of the coating 
material from the cotton surface, which may compromise the integrity of 
the surface structure. The coating loss is particularly significant as it 
directly affects the wettability characteristics of the cotton fabric [54]. 
Removing the coating materials diminishes the hydrophobic properties, 
leading to a decrease in WCA (Fig. 8c). The unique combination of CS 
and PDMS, along with PLA, enhances interlayer adhesion while main
taining superhydrophobicity through 55 abrasion cycles. Beyond this 
point, the WCA becomes 145.6◦, and SA is 12◦, showing minimal 
changes and indicating good durability against mechanical stress. The 
gradual decrease in WCA observed with an increasing number of sand
paper abrasion cycles can be attributed to the partial damage of the 
hierarchical micro/nanostructures [55]. As mechanical abrasion takes 
place, the embedded CS particles may become dislodged from the PDMS 
network, resulting in a smoother surface. This increases the actual 
contact area between the water and the substrate, which leads the sur
face to transition toward a hydrophobic state.

An adhesive tape was applied to the coated cotton surface, and a 200 
g metal disc was rolled over it before peeling off the tape [39] (Fig. 8b). 
Fig. 8d shows that the WCA declines with the number of adhesive tape 
peeling cycles. Notably, the coating retains its superhydrophobic prop
erties even after 12 peeling cycles, with a WCA of 151.8◦ and a SA of 9◦. 
This suggests that liquids can easily move across the surface, indicating 
strong resistance to external adhesive components and ensuring dura
bility despite mechanical stress. However, as the number of peeling 
cycles increases, the WCA drops below 140◦. This significant decrease in 
WCA may be due to the detachment of the coating composite [56]. The 
detachment disrupts the hierarchical surface structure of the coating, 
resulting in a reduction in WCA.

The stability of washing processes is essential for cotton fabrics used 
in clothing. An ultrasound treatment was used to simulate washing 
conditions and assess stability by measuring changes in WCA and SA 
over varying durations, as shown in Fig. 8e [57]. The coated fabrics 
exhibited remarkable resilience, maintaining their superhydrophobic 
properties after 140 mins of continuous ultrasound treatment. Notably, 
extending the treatment to 140 min resulted in minor changes in WCA 

(150◦) and SA (12◦), indicating that the fabrics can withstand washing 
impacts well. Further, to investigate the washing resistance of coated 
cotton fabrics in harsh environments, we used a stirred washing method 
to mimic actual laundering conditions [58]. The washing solution was 
prepared by mixing 300 mL of tap water with 0.05 g of detergent in a 
500 mL beaker. The coated cotton was added to the washing solution 
and the mixture was stirred at 150 RPM for various time intervals. After 
15 min of stirring, the cotton was taken out and dried at 100 ◦C for 30 
min to ensure complete drying. This process was repeated multiple times 
up to 150 min. The WCA was measured after every 15 min of washing. 
The WCA of CP-2 sample declined with washing time (Fig. S4). Notably, 
the coated cotton fabric demonstrated remarkable resilience, sustaining 
its superhydrophobic characteristics with a WCA of 152 ± 2◦ even after 
a 90 min of washing treatment. This finding highlights the effectiveness 
of the coating in preserving the fabric’s hydrophobic properties under 
repeated laundering conditions, affirming its potential for practical ap
plications. As the washing time increases to 150 min, the WCA decreases 
to below 130◦. This reduction in WCA may be due to the detachment or 
degradation of the coating components, resulting in a diminished sur
face structure that negatively impacts the coating’s wettability [59].

Clothing is often exposed to various chemical environments, 
including alkaline and acidic solutions, making it essential to evaluate 
the durability of fabric coatings. In a series of experiments, coated cotton 
fabric samples were immersed in solutions with pH levels of 2 (acidic), 7 
(neutral), and 12 (alkaline) for 5 h. WCA were measured at one-hour 
intervals to assess hydrophobic properties. Results showed satisfactory 
performance across all pH levels. This indicates that while the coating 
retains some water repellence, it effectively withstands harsh chemical 
exposure, highlighting its real-world applicability. However, after 5 h, 
the WCA values began to decline, despite prolonged contact with 
different pH solutions (see Fig. 8f). Immersion in solutions with pH 
levels of 2, 7, and 12 over time resulted in a noticeable decrease in WCA 
[60]. This decline may be attributed to the chemical degradation or 
hydrolysis of functional groups, such as Si–O–Si or Si–C bonds, as well 
as changes in surface roughness. Both acidic and basic solutions can 
disrupt the siloxane network or leach out surface-modifying agents, 
which compromises the surface chemistry and morphology necessary for 
maintaining superhydrophobicity.

3.4. Flexibility, air permeability, water vapor transmission and 
breathability

The structural attributes of cotton fabrics, their weave pattern, fiber 
composition, and fragile nature are crucial in influencing their flexi
bility, breathability, and air permeability. It is collectively distributed to 
provide wearer comfort in daily applications. To evaluate the flexibility 
of both uncoated and coated (CP-2) samples, the fabric was naturally 
folded (Fig. 9a-b). A negligible variation in length was revealed. These 
results indicate that, the coating doesn’t affect the flexibility of cotton.

The air permeability of the pristine cotton is 168 mm s− 1. Incorpo
rating the PLA/CSNP/PDMS composite led to a slight reduction in the 
air permeability (102 mm s− 1). To study the air permeability, the coated 
sample was tied to the opening of a container with a rubber strip as 
shown in Fig. 9c and d. The container was filled with hot water. The 
results show that the water vapor was escaped from the coated sample 
after 10 s and condensed in the beaker as shown in Fig. 9(c, d) [61]. 
Furthermore, the breathability of the cotton was evaluated utilizing a 
chemical reaction containing ammonia and hydrochloric acid. Hydro
chloric acid and ammonia solution were filled in two different con
tainers [60]. As Fig. 9(e-f) depicts, no smoke was observed when the 
ammonia solution container cap was sealed and the HCl bottle was 
covered with pristine or coated cotton. However, when the cap of the 
ammonia solution container was removed, white smoke is produced due 
to the generation of ammonia chloride (NH4Cl) (Fig. 9g, h). The in
tensity variation of the smoke suggests that the coating does not affect 
the air permeability significantly.
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3.5. Self-cleaning performance

In outdoor environments, cotton materials often face significant 
contamination from various environmental pollutants such as dust, fine 
soil particles, and deactivating microbes. To evaluate the self-cleaning 
capabilities, experimental investigations were conducted where dust 
particles, specifically modelled by soil and chalk particles, were 
randomly distributed over the cotton samples. The testing setup 
involved adhering the sample first onto a glass slide using double-sided 
tape. These slides were then positioned at an angle of 6◦ within a petri 
dish. During the experiment, water droplets were deliberately intro
duced onto the surface of the dust-contaminated samples. With the 
pristine sample, the water droplets were rapidly absorbed by the 
adhering dust particles, which stuck to the cotton itself (Fig. 10 (a-c)). 
This behaviour can be attributed to the presence of hydroxyl groups on 
the surface of the pristine cotton, encouraging water to bind with the 
dust and the cotton fibers. In contrast, the CP-2 sample exhibited 
remarkable superhydrophobic properties, which conferred a significant 
self-cleaning ability. In this case, the water droplets formed spherical 
shapes and did not adhere to the surface; instead, they rolled off, 

effectively carrying the captured dust particles with them. The 
remarkable performance of CP-2 can be traced back to its intricate 
micro-nano surface structure created by the incorporation of CS NPs and 
the utilization of PDMS, which reduces surface energy. This dual-level 
architectural design facilitates the superhydrophobic effect and en
hances the self-cleaning properties, as illustrated in Figs. 10 (d-f).

3.6. Self-sterilization performance

To evaluate the bacteria-repelling capabilities of the super
hydrophobic surface derived from the CP-2 sample, the sample was 
strategically placed on the surface of an agar medium. As shown in 
Fig. 11, the superhydrophobic characteristics of the CP-2 surface 
significantly reduced the water/solid interfacial contact area, effectively 
minimizing bacterial adhesion. This property enables the surface to 
repel the majority of bacteria, highlighting its potential as a protective 
barrier against microbial colonization. In addition, the antibacterial 
efficacy of the coated fabric was rigorously assessed by exposing it to 
various durations of NIR laser irradiation at a wavelength of 700 nm. 
The model bacteria selected for this study were Staphylococcus aureus 

Fig. 9. Comparison of flexibility of (a) pristine, and (b) coated cotton fabric. (c, d) The photograph of CP-2 sample, showing water vapor condensed on roof of the 
beaker. (e-f) The breathability of the (e, g) pristine cotton and (f, h) CP-2 coated cotton fabric.

Fig. 10. Self-cleaning behaviour of (a-c) pristine cotton fabric, and (d-f) CP-2 sample against dust particles (contaminants appear like chalk powder).
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and Pseudomonas aeruginosa; both commonly associated with infections. 
After a 5 min exposure to the NIR laser, the bacterial survival rates on 
the CP-2 sample were significantly decreased, showing reductions of 45 
% for S. aureus and 50 % for P. aeruginosa compared to untreated pristine 
cotton. When the duration of irradiation was increased to 10 min, the 
antibacterial performance improved further, resulting in survival rate 
reductions of 23 % for S. aureus and 18.4 % for P. aeruginosa.

These findings emphasize the remarkable antibacterial activity 
arising from the combined effects of the intrinsic superhydrophobic 
properties and the photothermal response induced by the laser irradia
tion. This synergy suggests that while the superhydrophobic surface 
effectively deters most bacterial adhesion, the few bacteria that do 
manage to adhere can be rapidly sterilized through photothermal ther
apy when exposed to NIR irradiation. Notably, the significant reduction 
in viable bacteria observed after 10 min of NIR irradiation underscores 
the surface’s strong antibacterial potential, indicating its applicability in 
the developing self- sterilizing materials for various health-related 
applications.

4. Conclusions

The study reports a simple and efficient approach in developing a 
photothermal superhydrophobic cotton fabric. The fabrication involves 
applying sequential layers of polylactic acid (PLA) and a mixture of 
candle soot (CS) and polydimethylsiloxane (PDMS) using a cost-effective 
dip coating technique. The surface characterization revealed that the CS 
NPs are integrated within the PDMS network, resulting in a hierarchical 
rough structure that effectively traps an air layer on the surface, thereby 
reducing the water contact area. The designed formulation of PLA and 
CS/PDMS on the cotton fabric demonstrates superhydrophobicity, 
achieving a WCA of 159 ± 2◦ and a SA of 6◦. The surface energy of the 
coated cotton fabric (4.7808 mN/m) was significantly lower than that of 
pristine cotton fabric (144 mN/m), contributing to its enhanced super
hydrophobicity. The solid-liquid fraction of the coated cotton fabric was 
calculated to be 0.03015. Additionally, the presence of CS as a photo
thermal component in the coating generates heat when exposed to NIR 
light through the photothermal effect, reaching temperatures of up to 
70.2 ◦C within 60 s under 1 sun illumination. The deactivation of 

S. aureus and P. aeruginosa bacteria under light illumination confirms 
that the composite coating exhibits excellent self-sterilization proper
ties. Furthermore, results regarding mechanical stability indicate that 
the coating maintains its superhydrophobicity after withstanding 55 
cycles of sand abrasion, 12 cycles of adhesive tape peeling, 140 min of 
ultrasound and 90 min of washing treatment. Furthermore, the coated 
cotton fabric demonstrated a good response in terms of flexibility, 
breathability, air permeability, and water vapor transmission. These 
results prove the high potential of the developed superhydrophobic 
cotton fabric in developing contactless microbial sterilization and self- 
cleaning technologies.
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