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Abstract: This study focuses on the development of superhydrophobic coatings based on
carbon nanotubes (CNTs), which exhibit unique structural and physicochemical properties. The
research includes film materials with both aligned and non-aligned CNT structures prepared by
various deposition techniques, such as chemical vapor deposition (CVD), spray coating, dip
coating, and electrospinning. The primary objective is to analyze current strategies for fabricating
CNT-based superhydrophobic surfaces, identify key parameters influencing the water-repellent
performance, and evaluate the scalability and environmental compatibility of these approaches.
The main finding highlights the effectiveness of both aligned and randomly distributed CNT films in
achieving the Cassie-Baxter wetting regime, with contact angles exceeding 150° and low sliding
angles. The study demonstrates that functionalization with hydrophobic groups, combination of
CNTs with other nanomaterials, and optimized deposition parameters can significantly enhance
surface hydrophobicity while extending the functionality of the coatings. These improvements
include mechanical durability, self-cleaning ability, anti-icing behavior, and antifouling
performance. The results underscore the potential of CNT-based superhydrophobic coatings for
practical applications in fields such as energy, construction, transportation, and biomedical
engineering.
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Superhydrophobicity is a remarkable property that describes the extreme water

repellency of certain surfaces. It is quantitatively measured by the contact angle
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(CA), which is the angle formed between the tangent to the liquid droplet and the
surface at the contact point. Surfaces with contact angles greater than 150° are
classified as superhydrophobic, exhibiting not only high contact angles but also low
sliding angles (SA), typically less than 10°, allowing water droplets to roll off easily.
This behavior is a result of a synergistic combination of high surface roughness and
low surface energy, which reduces the liquid-solid contact area and minimizes
adhesion forces between the surface and the liquid. Superhydrophobicity has gained
considerable interest due to its potential applications in various fields, including self-
cleaning materials, anti-fouling coatings, anti-icing technologies, and water-repellent
fabrics [1-5]. The principles underlying superhydrophobicity have been extensively
studied, with most attention focusing on the Cassie-Baxter wetting model. This model
describes the situation where the liquid rests on top of the surface roughness, creating
a composite interface of air and solid. In this state, the liquid droplet is supported by
the surface topography, which significantly reduces the contact area between the
liquid and the solid, thereby minimizing adhesive forces and promoting droplet
mobility.

Nature has often been the inspiration for creating artificial superhydrophobic
surfaces, particularly the lotus leaf (Nelumbo nucifera), as shown in the Figure 1,
which exhibits excellent water-repellent properties due to its unique micro- and
nanoscale surface structure combined with hydrophobic wax-like coatings [6, 7]. The
creation of synthetic superhydrophobic surfaces typically involves the design of
hierarchical micro- and nanostructures, often combined with the modification of
surface chemistry to reduce the surface energy. This can be achieved through various
means, including the deposition of hydrophobic molecules or the incorporation of
hydrophobic polymers into the material matrix. Among the various materials
explored for superhydrophobic coatings, carbon nanotubes (CNTs) have emerged as a
particularly promising candidate due to their unique structural, mechanical, and
chemical properties. CNTs are cylindrical structures composed of rolled-up graphene
sheets, which possess extraordinary strength, electrical conductivity, and large

surface areas. These properties make CNTs highly suitable for the creation of
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superhydrophobic surfaces, as they provide the necessary nanoscale roughness that is
critical for achieving the Cassie-Baxter wetting state. CNTs are highly tunable, both
in terms of their surface chemistry and their ability to form networks or composite
structures, which further enhances their potential for superhydrophobic applications.
The high aspect ratio and large surface area of CNTs contribute to the formation of
intricate micro- and nanoscale textures that can significantly enhance the water-
repellent properties of a surface. When CNTs are incorporated into coatings, they can
facilitate the formation of a hierarchical roughness that not only increases the surface
area but also aids in the retention of air within the surface structure, thus promoting

the Cassie-Baxter state.

Fig. 1. Digital images and scanning electron microscopy (SEM) images of different natural
species that display hydrophobic properties [8]: (A—C) Nelumbo nucifera (lotus)

A variety of techniques have been developed to integrate CNTs into
superhydrophobic coatings, each with its advantages and limitations. Chemical vapor
deposition (CVD) is one of the most widely used methods for directly growing CNTs
onto substrates, offering precise control over the alignment and density of CNTs [9-
11]. However, CVD is often limited by the scalability and cost-effectiveness of the
process. Alternatively, solution-based techniques, such as electrospinning, dip-
coating, and spray-coating, offer more versatile and cost-efficient alternatives for
large-scale production. These methods enable the incorporation of CNTs into
polymer matrices or the formation of CNT-based composite coatings, enhancing not
only the water-repellent behavior but also the mechanical durability and
environmental stability of the coatings. Hybrid coatings that combine CNTs with

other nanomaterials, such as silica nanoparticles, graphene oxide, or metal oxide
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nanoparticles, have also demonstrated enhanced performance, including improved
anti-fouling, anti-corrosion, and self-healing properties.

Aligned carbon nanotube (CNT) films particularly those fabricated as
vertically aligned CNT forests (VACNTSs) or anisotropic CNT films (ACNTs), have
shown significant promise in the development of superhydrophobic surfaces due to
their unique structural characteristics and the high aspect ratio of individual
nanotubes. These films provide a platform for achieving superior water-repellent
properties by combining micro/nanoscale surface roughness with low surface energy
materials. Various strategies have been developed to enhance the superhydrophobic
performance of CNT-based films, including functionalization with fluorocarbon
compounds, the introduction of hierarchical structures, and the deposition of
additional coatings to improve surface stability and durability. Lau et al. [12] were
among the pioneers in fabricating superhydrophobic CNT forests by modifying
vertically aligned CNTs (VACNTs) with a polytetrafluoroethylene (PTFE) coating
using the chemical vapor deposition (CVD) method, the SEM images of the surfaces
as shown in the Figure 2. The resultant surface exhibited outstanding water
repellency, with advancing and receding contact angles (CAs) of 170° and 160°,
respectively.

Non-aligned CNT films present a versatile and scalable approach to creating
superhydrophobic surfaces, leveraging the inherent properties of carbon nanotubes
without the complex alignment procedures required for VACNTs or ACNT films.
These films are typically fabricated through techniques like spray coating, dip-
coating, spin coating, or electrospinning, wherein CNTs are either randomly
dispersed on a substrate or incorporated within a matrix material, often a polymer
[13, 14]. The key to achieving superhydrophobicity with non-aligned CNT films lies
in creating sufficient surface roughness and maintaining a low surface energy. The
random arrangement of CNTs inherently provides a degree of nanoscale roughness.
This can be further enhanced by controlling the concentration of CNTs in the coating
solution, the deposition parameters, and the post-treatment processes. Moreover, the

choice of matrix material plays a crucial role. Polymers with intrinsically low surface
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energies, such as fluoropolymers, or those that can be easily modified to reduce
surface energy, are commonly employed [15]. Non-aligned CNT films are typically
created using spray coating, dip-coating, spin coating, or electrospinning to randomly
disperse CNTs (often with a polymer binder) onto a substrate, followed by surface
modification techniques like fluorination, alkylation, or plasma treatment to lower

surface energy and enhance superhydrophobic properties. Xu et al. [14] demonstrated
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Fig. 2. SEM images of carbon nanotube forests [12]: a — As-grown forest prepared by PECVD
with nanotube diameter of 50 nm and a height of 2 pum; b — PTFE-coated forest after HFCVD
treatment; ¢ — an essentially spherical water droplet suspended on the PTFE-coated forest

a significant advancement in the fabrication of superhydrophobic surfaces using a
simple method involving non-aligned, alkyl-modified multi-wall carbon nanotubes
(MWCNTs), as shown in Figure 3. The left column presents low magnification
images, the right column shows high magnification, and the inset displays the highest
magnification. And the shapes of water droplets on the films surfaces correspond to
contact angles of 155°, 163°, and 159°, respectively. The resulting films exhibited
excellent water repellency, with contact angles (CA) exceeding 150° and sliding
angles below 5°. Notably, these impressive properties were achieved without the need
for spatially aligned nanotube structures, demonstrating that double-structured

roughness and reduced surface energy from grafted alkyl chains are sufficient. Films
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prepared from chloroform suspensions, showed a maximum CA of 163°. The work
underscores the scalability and industrial potential of this approach, offering a cost-
effective solution for producing superhydrophobic surfaces with applications in anti-
contamination and water-repellent coatings. This research not only simplifies the

production process but also expands the practical usability of advanced materials.

Fig. 3. SEM micrographs of the surfaces of MWCNT (COOCi1sH37)n films, prepared from
suspensions of water (A1), chloroform (A2), and dimethylbenzene (A3) [14].

CONCLUSIONS

CNT-based superhydrophobic coatings offer diverse applications across
industries, leveraging their ability to repel water. In anti-icing technologies, they
minimize ice formation on surfaces like aircraft wings and wind turbines. For self-
cleaning materials, these coatings facilitate easy removal of dirt and dust from
building facades and solar panels via rainwater. As anti-fouling coatings, they prevent
organism accumulation on ship hulls, reducing drag. Water-repellent fabrics benefit
from these coatings, enhancing comfort and functionality in apparel, while
biomedical applications utilize them to prevent bacterial adhesion on devices,

minimizing infection risks. Future research in CNT-based superhydrophobic coatings
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will likely focus on integrating CNTs with advanced materials like graphene, silica,
or metal oxides to enhance performance and create multifunctional coatings.
Simultaneously, efforts will be directed towards developing sustainable and
environmentally friendly fabrication techniques, emphasizing green solvents, reduced
energy consumption, and minimized waste. Addressing scalability and durability
challenges remains critical, driving innovation in CNT dispersion, coating stability
through crosslinking or hybridization, and the creation of self-healing materials for
widespread adoption. CNT-based superhydrophobic coatings represent a promising
area of research with significant potential for various applications. While challenges
remain, ongoing advancements in fabrication techniques, material integration, and
durability enhancement are poised to make these coatings more viable for
commercial use, contributing to innovations in self-cleaning surfaces, anti-icing

technologies, and beyond.
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CYHEPTTAPOP®OBHI NOKPUTTA HA OCHOBI BYI'VIEHEBUX
HAHOTPYBOK

130 FOH

AcrmipaHt

Jennc BAKJIAH

Joxtop dinocodii, acCUCTEHT
Ouaexkcii MUPOHIOK
JI.T.H., TOLIEHT,

Iyiiki JEHT

Jloxtop dinocodii, mpodecop

AHoTauis: Lle nocnimkeHHs 30cepeKeHO Ha po3podii cynepriapoGpoOHUX MOKPUTTIB HA
ocHOB1 ByrieneBux HaHOTpyOok (BHT), siki meMOHCTpyOTh YHIKaJIbHI CTPYKTYpHI Ta (i3HKO-
XiMIYHI BIACTUBOCTI. JIOCTI/PKEHHSI OXOIUTIOIOTH TUTIBKOBI MaTepialii SK 3 BUPIBHSIHUMH, TaK 1 3
HEBUPIBHAHUMU cTpykTypamu BHT, BUroTOBIE€HI PI3HUMHU METOJAMU OCAKCHHS, TaKUMH SK
xiMiuHe oca/pkeHHs 3 mapoBoi (aszu (CVD), HanmuiaeHHs, HAaHECEHHS MOKPHUTTS 3aHYpPEHHSIM 1
enekrpocmiHiar. OcCHOBHa MeTa — TpOaHaNi3yBaTH TIOTOYHI CTparerii BUTOTOBJICHHS
cynepriapodoOHuX moBepxoHb Ha ocHOBI BHT, BH3HAUNMTH KIIFOYOBI MapamMeTpH, 110 BIUTMBAIOTH
Ha BOJIOBIJIITOBXYBaJIbHI BIACTUBOCTI, 1 OI[IHUTH MAacCIITa0OBaHICTh 1 €KOJOTIYHY CYMICHICTh ITUX
migxoniB. OCHOBHUI BHCHOBOK MIJAKPECIIO€ €(PEKTUBHICTh SK BUPIBHAHMX, TaK 1 BHUIAIKOBO
posnoxainenux miiBok CNT y nocsruenHi pexumy 3mouyBaHHs Kecci-bakcrepa 3 KOHTaKTHUMH
kyramu TioHan 150° 1 HU3BKMMH KyTaMH KoB3aHHA. JIOCTIIKEHHS JEMOHCTPYE, IO
¢dbynkuionanizamis rigpodgodbHumu rpynamu, noexananHs BHT 3 inmmMu HaHomarepiazaMu Ta
ONTHMI30BaHI MapaMeTpyd OCAHPKEHHS MOXYTh 3HAYHO IMMABUINUTH Tiapo(oOHICTh TMOBEPXHI,
po3mmproourd  (PYHKIIOHAIBHICT,  MOKPUTTIB. [li TOKpamieHHs BKIIOYAIOTh MEXaHIuHY
JIOBTOBIYHICTb, 3/IaTHICTh JO CAMOOYHIICHHS, 3aXHUCT BiJl 3JICICHIHHS Ta €PEKTUBHICTD 3aXHUCTY BiJ
obOpoctanHs. Pe3ynbTaTtu MiAKpeCIo0Th NOTeHIIal cynepriipohoOHuX nokpurTiB Ha ocHoBl YHT
JUTsl TIPAaKTUYHOTO 3aCTOCYBAaHHS B Takux cdepax, sSK EHEpPreThka, OyAiBHUIITBO, TPAHCIOPT 1
6iomMennYHa 1HXEHEPis.

KiarouoBi caoBa: cymnepriapodoOHicTs, ByrierneBi HaHOTpyOkn (BHT), mnokpurts,
IIOPCTKICTh TIOBEPXHi, HU3bKA TOBEPXHEBA CHEPTis, 3aXUCT BiJ 3JICICHIHHS, CAMOOYHUIICHHS,
3aXUCT BiJ 00OpOCTaHHS, BOJAOBIAIITOBXYBaJIbLHUMN 3aCi0

19



