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Abstract: Advanced coatings are essential to modern technologies, as they optimise surface charac-
teristics for different application scenarios. Transparent and self-cleaning coatings are increasingly
used as protective coatings for various applications, such as foldable touchscreens, windows, and
solar panels. Moreover, incorporating other functionalities such as high hardness, wear resistance,
and flexibility into transparent and self-cleaning coatings is important for broadening the use cases.
Although many kinds of multifunctional coatings have been developed, it is still difficult to embody
several properties in one coating adequately, as some properties, such as hardness and flexibility,
are inherently contrastive. This review first describes basic principles, including wettability, photo-
catalytic reactions, photo-induced hydrophilic phenomena, and the implication of self-cleaning. The
desired properties of multifunctional coatings are then listed, and methods for evaluating different
properties are used. Recent progress in various preparation methods for multifunctional coatings,
including the sol-gel, dip/spin, and chemical vapour deposition (CVD) methods, are also presented.
Magnetron sputtering (MS) technology is widely used in coating preparation. Compared with
chemosynthesis and CVD, MS is time-saving, suitable for industrial production, and environmen-
tally friendly. Coatings prepared by MS usually possess excellent mechanical properties. Thus, we
highlight the current research status of MS technology in multifunctional coating preparation. More-
over, according to the multilayer design structure of coatings, their optical and mechanical proper-
ties and self-cleaning ability can be controlled by combining the characteristics of different materi-
als. Finally, combining photocatalytic materials such as TiOz with other materials through a multi-
layer structure to obtain a multifunctional coating with excellent overall properties is discussed.

Keywords: self-cleaning coatings; wettability; durability; mechanical properties; optical properties;
photocatalysis; prepare methods

1. Introduction

Advanced multifunctional coatings are essential for modern technology, as coatings
can modify the surface properties of different materials [1]. Among the various coatings,
transparent and self-cleaning protective coatings have played a crucial role in several ap-
plications, such as automobile windshields, camera lenses, and wearable and foldable
electronics in particular, as this field of applications has grown tremendously. Self-clean-
ing coatings are currently divided into two categories: hydrophobic [2,3] and hydrophilic
[4,5]. These two kinds of coatings clean themselves through different water behaviours on
their surface: sliding water for the former and sheeting water for the latter, both of which
remove dirt [6]. Excellent mechanical properties are essential for practical application, re-
gardless of the self-cleaning mechanisms. High hardness is needed to protect the coating
against scratches [1], and wear resistance is crucial for maintaining a roughness-induced
hydrophobic surface [7] and a super-hydrophobic structure [8].

Currently, it is easy to meet any one of the requirements for hardness, flexibility, wear
resistance, transparency, or self-cleaning. However, combining such properties in one
coating is still a formidable task, not to mention that high hardness and high flexibility are
widely considered to be mutually exclusive [9]. Early inorganic glassy coatings are hard,
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and they possess wear resistance [10,11], but their innately low toughness makes them
easy to crack and shatter under long-term bending stresses [12]. At present, considerable
effort is being made to achieve this goal. For instance, several organic materials having
excellent flexibility and high transparency have been reported as protective coatings for
foldable electronics [13-15]. However, because of their organic nature, most of them suffer
from a low hardness of less than 1 GPa, even though it is difficult to protect the substrate
from sand, which is composed of silica (hardness of silica is around 7 GPa) primarily.
Moreover, their thermal stability, impact, and wear resistance are also low. These imper-
fections preclude the use of coatings in many applications. Organic-inorganic (O-I) hybrid
materials developed using sol-gel chemistry [16—19] are fabricated as a common strategy
for improving overall performance. Such coatings are fabricated from various precursors
like silicone, metallic oxide, or alkoxides [16,20-22]. Inorganic and organic components
provide appropriate hardness and flexibility to these systems, respectively. However, the
hardness of O-I coatings is still much lower than that of ceramics or metals. Meanwhile,
complex and time-consuming production processes are not conducive to mass produc-
tion.

In addition to chemosynthesis, magnetron sputtering (MS) is also widely used to pre-
pare coatings, and it allows the production of coatings having a wide range of properties
[23]. For example, the hardness of coatings prepared by MS can range from 1 GPa to more
than 45 GPa [24,25]. Moreover, the wettability of coatings can also be adjusted from super-
hydrophilic [26-29] to super-hydrophobic [30-33]]; both of these different wettability val-
ues are serviceable for self-cleaning coatings in different surroundings [34,35]. Further,
various properties of different materials can be combined in a multilayer structure [36].
These advantages make MS a promising candidate for the fabrication of durable self-
cleaning coatings. However, there are still some trade-offs for both hydrophilic and hy-
drophobic MS-made coatings. For example, roughness and surface topography are essen-
tial for super-hydrophobic surfaces, but high roughness also reduces wear resistance [37]
and sometimes reduces optical transparency [38,39].

Research and review papers that focus on the preparation, properties, and applica-
tions of self-cleaning coatings are increasing in number yearly. However, only some re-
views focus on MS technology for self-cleaning coatings. This review briefly introduces
the basic theory of wetting ability and how it relates to self-cleaning properties. Moreover,
recent advances in multifunctional self-cleaning coatings are presented, with particular
emphasis on methods for evaluating desired properties, including mechanical, optical,
and self-cleaning properties. Multifunctional coatings prepared by MS technology and
multilayer structure coatings will then be detailed.

2. Basic Theories of Wetting Ability and Self-cleaning Coatings

2.1 Basic Theories of Wetting Ability

Wetting ability is determined by the structure and chemical properties of surfaces
[40]. Water contact angle (WCA) is usually the quantitative criterion for water-wetting
ability. Surfaces can be classified by their WCA: 0°-10° means super hydrophilic, 10°-90°
means hydrophilic, 90°-150° means hydrophobic, and when its WCA is larger than 150°,
a surface is super-hydrophobic [40]. When a solid surface is tilted to the minimum angle
at which water droplets roll down the surface, this minimum angle is called the sliding
angle (SA) [41] or rolling angle (RA) [42]. For an ideal smooth, solid surface, the contact
angle (CA) of any liquid can be calculated by an equation that was first proposed by
Thomas Young [43]:

cos @ = (ysv - ysl)/ylv (1)
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In this equation, O means CA in equilibrium on the solid surface. It is called Young’'s CA
and is shown in Figure la. yg,, Vs, and y;, refer to the interfacial tension or surface en-
ergy of solid-gas, solid-liquid, and liquid-gas, respectively.
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Figure 1. Wetting states: (a) Young; (b) Wenzel; (c) Cassie models. Reprinted with permission from
Journal of Coatings Technology and Research [44]; Copyright 2015 Springer Nature

However, all surfaces in nature possess a certain roughness. Thus, the actual CA usu-
ally cannot be explained by Young's equation. For a better explanation of the wetting on
rough surfaces, Wenzel and Cassie improved on Young’s equation around the 1940s [45].
In Wenzel’s model, a roughness factor (r) was introduced as a modification to Young’s
model. Wenzel’s model is shown in Eq. (2).

cos 8, =r1-cosb, 2)

In this equation, 8,, is the apparent CA (Wenzel’s CA), r is the roughness factor, which
is defined as the ratio of the actual solid-liquid contact area to the projected contact area
(as shown in Figure 1b), and 0 is the intrinsic CA on a smooth surface (Young’s CA).
Later, Cassie and Baxter [45] refined the Wenzel model to fit some super-hydrophobic
phenomena in nature, which the former model could not interpret. In Cassie’s model,
area fraction (f) was introduced. If the wetting happened in a liquid-solid-vapour sys-
tem, as shown in Figure 1c, the Cassie equation could be implemented as below [40,46]:

cosf, = f(cosf+1)—1 (3)

where f represents the proportion of solid-liquid contact area to the total contact area
(solid-liquid and vapour-liquid), & means Young's CA, and 8, means Cassie’s CA.

In summary, when a surface is intrinsically hydrophilic, the greater its surface rough-
ness, the more hydrophilic it will be. When a surface is intrinsically hydrophobic, the
rougher it is, or the smaller the contact area at its solid-liquid interface, the better its hy-
drophobicity.

2.2. Hydrophobic Self-Cleaning Surface
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Figure 2. Diagram (Reprinted with permission from Composites Part B: Engineering [47]; Copyright
2022 Elsevier); and photograph (Reprinted with permission from Advanced Materials [48]; Copyright
2022 John Wiley and Sons) of the self-cleaning process

Hydrophobic surfaces have little or no tendency to absorb water molecules, which
causes any surface water to form droplets and minimises the liquid-solid surface interface
[49]. When the surface is tilted beyond the SA of the water droplet, the droplet rolls over
the surface, picking up dust and moving it away from the surface [50], as shown in Figure
2. Generally speaking, water droplets cannot efficiently capture dust on a normal hydro-
phobic surface due to the non-slip boundary condition [51]. In the case of a hydrophobic
rough surface that is super-hydrophobic, a lesser solid-liquid interface produces lower
friction, and rolling droplets can carry contaminants away. The lotus leaf is the best-
known example of this principle [52]. It does not mean, however, that greater roughness
of a hydrophobic surface is preferable. Neither natural roughness-induced super-hydro-
phobic surfaces nor their artificial counterparts have good mechanical stability [53]. Thus,
they cannot be used productively in harsh, heavily abrasive applications [37]. Moreover,
a rough surface may also decrease optical transparency [39,54], which hinders its applica-
tion in windshields, windows, and solar cells [55]. In some cases, even though the CAs
and SAs of coatings do not qualify them as super-hydrophobic coatings, the coatings can
still be called self-cleaning coatings [50,56], especially when excellent mechanical and op-
tical properties are demonstrated.
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Figure 3. Normal hydrophobic coatings combine with special properties including high transpar-
ency, wear resistance, hardness and flexibility can be described as self-cleaning coatings. (a) Re-
printed with permission from Materials Chemistry and Physics [57]; Copyright 2020 Elsevier. (b) Re-
printed with permission from Advanced Science [50]; Copyright 2022 John Wiley and Sons. (c) Re-
printed with permission from Ceramics International [58]; Copyright 2020 Elsevier.

2.3. Hydrophilic Self-cleaning Coatings

Hydrophilic coatings exhibit several desirable characteristics, particularly pertaining
to their self-cleaning capabilities. Due to the hydrophilic nature of these coatings, water
spreads on their surface and picks up soil [59]. Moreover, hydrophobic contaminants such
as oil either cannot adhere to a hydrophilic surface or are easily removed through washing
[4,60]. In addition to having self-cleaning properties, hydrophilic surfaces are also im-
portant to the fabrication of transparent devices, as the water droplets tend to spread and
interconnect with each other to form a film that prevents the formation of fog [61]. A sche-
matic of the self-cleaning mechanism is shown in Figure 4.
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Figure 4. (a) and (b), self-cleaning property of the bare glass(left) and glass modified by hydrophilic
coating(right) before and after washing with water. The contamination was mixed with silicone oil
and activated carbon. Reprinted with permission from Chemical Engineering Journal [4]; Copyright
2018 Elsevier. (c-d), schematic of hydrophilic self-cleaning mechanism for soil (Reprinted with per-
mission from Solar Energy [59]; Copyright 2020 Elsevier) and oil (Reprinted with permission from
Chemical Engineering Journal [4]; Copyright 2018 Elsevier).

Hydrophilic self-cleaning is often based on photocatalysis and photo-induced super
hydrophilicity [62-64], which allow self-cleaning coatings to clean themselves and their
environment. For photocatalysis materials such as TiO2 [65], if the light energy is higher
than the band-gap energy of TiOz, an electron can be excited from the valence band to the
conduction band, which then generates a hole in the valence band. If the charge carriers
can escape the charge-annihilation reaction and migrate to the surface, the photoexcited
electrons can reduce atmospheric O2 to generate superoxide radicals(®O?%) or hydroper-
oxyl radicals (HO:z¢). The valence band hole can oxidise surface-adsorbed water or OH-
to produce *OH. These reactive oxygen species can convert organic pollutants into CO2
and water, which cleans the surface. There are different explanations for the mechanism
of photo-induced hydrophilicity. The mechanism that relies on the formation of surface
defects upon UV light illumination was first explained by Wang et al. [66,67] and is al-
ready widely accepted. The observation is that exposure to UV light can transform TiO2
surfaces from hydrophobic to significantly amphiphilic. This change is attributed to the
creation of Ti** defect sites by the photogenerated process, which promotes the dissocia-
tive adsorption of water molecules.
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Figure 5. Schematic illustration of photocatalysis and photo-induced super hydrophilicity. Re-
printed with permission from Applied Catalysis B: Environmental [65]; Copyright 2015 Elsevier.

3. Desired Performance of Transparent Self-cleaning Coatings and Measurement
Methods

3.1. Mechanical Performance
3.1.1. Hardness and Flexibility

Coatings with hardness and flexibility are essential in many applications, such as
flexible electronics [68], micro-electro-mechanical systems [69], and the deposition on flex-
ible substrates such as polymers [2]. Hard and flexible coatings are defined by Musil [70]
as having: a relatively low effective Young’'s modulus E* that has a high ratio with hard-
ness (H/E* > 0.1); high elastic recovery We > 60%; a dense, void-free microstructure. Fold-
able smartphones, wearable electronics, and OLED-based televisions are anticipated to
feature flexible displays [71]. All the applications require protective coatings that are
transparent and self-cleaning but also flexible and hard to prevent scratches and dents. In
addition, high hardness is required to improve the stability of super-hydrophobic struc-
tures [72]. As mentioned in the first section, the flexibility of polymer coatings prepared
by sol-gel methods is pretty, but the hardness is usually less than 1 GPa. Inorganic coat-
ings that are prepared by physical methods such as MS technology can easily obtain high
hardness, but it is difficult for them to obtain a high value of H/E.

Nanoindentation tests and pencil hardness tests are the main methods for evaluating
the hardness of coatings. The latter is often used to test the hardness of polymer coatings.
The largest value of pencil hardness is 9H, which is approximately equal to 0.52~0.75 GPa
of Martens hardness, which is obtained from nanoindentation tests [71]. Flexibility can
also be evaluated by the value of H/E obtained from nanoindentation tests. Moreover, the
bending test is an intuitive approach to measuring flexibility. Different test types exist,
such as the static test method described in GB/T 1371-93, this method requires the relevant
test equipment[50]. Furthermore, the dynamic bending test is performed on a continuous
bending apparatus [1]. These two test methods are shown in Figure 6.
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Figure 6. (a) Flexibility tester [73], coatings were deposited on tinplate and bent on shaft rods of
different diameters in this method. The flexibility was determined by the minimum diameter of the
shaft rod that did not make the coating crack after bending [50]. (b) Photograph of the dynamic
bending test. Reprinted with permission from Composites Part B: Engineering [13]; Copyright 2022
Elsevier.

3.1.1. Mechanical Durability

Figure 7. Damaged super-hydrophobic surface showing higher contact angle hysteresis, which
leads to droplets sticking to the surface. Reprinted with permission from Advanced Materials [53];
Copyright 2010 John Wiley and Sons.

In addition to the bending property related to the flexibility of coatings, research on
mechanical durability, including wear and abrasion resistance, has mainly been done on
super hydrophobic self-cleaning coatings, as their self-cleaning ability and non-wetting
ability rely on a flimsy surface structure. The super-hydrophobicity of a structured surface
can be reduced mainly in two ways [53]: (a) the area of contact between the water and the
surface increases due to a loss of roughness, and (b) the hydrophobic surface layer is de-
stroyed, which results in the exposure of the intrinsically hydrophilic inner layer material.
The difference in the behaviour of water droplets before and after the destruction of the
super-hydrophobic surface is shown in Figure 7. In addition to improving a coating's in-
trinsic hardness and wear resistance, many efforts have been made to enhance its mechan-
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ical durability. Hierarchical roughness, which contains nano/micro length scales, can in-
crease the mechanical stability of the super-hydrophobic surface structure [74,75]. The
basic concept of hierarchical roughness involves using robust microscale structures to pro-
vide spatial protection for relatively fragile nanoscale protrusions from mechanical dam-
age, which enhances surface roughness and non-wettability, as shown in Figure 8. More-
over, fabricating self-healing structures [76,77] can also enhance the mechanical durability
of hydrophobic self-cleaning coatings.

The methods used to evaluate mechanical durability include scratch-resistant testing
and wear testing. The scratch resistance testing is usually performed using a hard abrasive
tip [50,78] (the hardness of the tip depends on the hardness of the coatings) and scratching
the coating under a certain load to compare the changes in the scratch tracks and the trans-
mission of light, etc. The abrasion test involves the circular sanding of the coating under
a certain load using steel wool [50], sandpaper [79], and so on. Afterward, the scratches,
wear rate, surface structure, and changes in properties are analysed. The scratch and wear
tracks are shown in Figure 9.

a b

Abrasion Cycle

Figure 8. (a-b) schematic of the production effect of microscale structure to nanostructure [53]. Re-
printed with permission from Advanced Materials [53]; Copyright 2010 John Wiley and Sons. (c) SEM
images of hierarchical roughness with incremental abrasion cycles. Reprinted with permission from
Small [75]; Copyright 2019 John Wiley and Sons.

Height (um)

Figure 9. (a) Scratch tracks in PET, (b) PET substrate with SiNx/BN coatings. SisN4 ball was used as
tip and a normal load of 50 mN was applied. Reprinted with permission from ACS Applied Materials
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& Interfaces [78]; Copyright 2019 American Chemical Society. (c) and (e) Optical micrographs of pol-
ymer coating before and after wearing. (d) and (f) SEM micrographs of polymer coating before and
after wearing. Reprinted with permission from Applied Materials [1]; Copyright 2022 American
Chemical Society.

2.1.3 Adhesion to Substrate

Adhesion strength is essential, especially for flexible coatings [37], as it represents the
coating’s resistance to separation from the substrate when vertical tension is applied [80].
For coatings prepared by sol-gel methods, weak adhesion between the coating and the
substrate sometimes presents barriers to their practical application [81]. Many efforts have
been made to improve the adhesion strength of coatings. For example, introducing polar
groups on the surface allows inter- and intramolecular hydrogen bond formation, which
results in better substrate adhesion performance [80]. However, this method may make
the coating more likely to attract dust, and it is unsuitable for hydrophobic self-cleaning
coatings. In order to make super-hydrophobic surfaces that have high substrate adhesion,
Zhang introduced donor-acceptor self-assembly to nanoparticles having a polyurethane
matrix and metal-organic framework [82]. In this report, the enhancement of adhesion
strength was due to aromatic group stacking during donor-acceptor self-assembly [83]. In
addition to the chemical preparation methods, many strategies have been developed to
improve the adhesion strength of physically made coatings. Sun [81] used oxygen plasma
to modify a polycarbonate substrate to enhance adhesion and then deposited SiO2/TiO:z
films on the substrate using pulsed laser deposition. Because different substrates and coat-
ings have different properties, we should select specific methods to obtain the desired
adhesion strength.

There are different ways to test adhesion strength, such as the tape test, pull-off test,
shear lap test, three- and four-point bending test, and the crosshatch test. A detailed de-
scription of these test methods can be found in research published by Rezaee [84]. More-
over, the schematics of these methods can be viewed in Figure 10.
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Figure 10. Schematics of different methods of testing for adhesion strength: (a) pull-off method.
Reprinted with permission from Applied Materials [80]; Copyright 2023 American Chemical Society.
(b) Tester for pull-off method. Reprinted with permission from Journal of Materials Chemistry. A [15];
Copyright 2020 Royal Society of Chemistry. (c) Crosshatch test method. Reprinted with permission
from Applied Surface Science [81]; Copyright 2022 Elsevier. (d) Tape test method. Reprinted with per-
mission from Friction [35]; Copyright 2023 Springer Nature. (e) Shear lap test method. Reprinted
with permission from ACS Applied Materials & Interfaces [82]; Copyright 2023 American Chemical
Society.

2.2. Optical and Self-cleaning Properties
2.2.1. Optical Properties

Optical properties include transmittance, reflectance, and absorptivity. The testing
method for optical properties is relatively fixed. A spectrophotometer can obtain all the
spectrums [50,78,85]. When a beam of light strikes any object, the light will be reflected,
absorbed, or transmitted. Hence, to improve transmission, reflection and absorption must
be reduced, as per the following equation [86]:

at+tp+t=1 4)

where a, p, and T mean absorptivity, reflectivity, and transmissivity, respectively. Be-
cause it is a relatively easy task to reduce absorptivity through modern means of mate-
rial synthesis, the common strategy for enhancing transmission is to decrease reflectivity
with antireflective (AR) coatings [86], including interference layers [86] and inhomoge-
neous layers or surface structures [87]. Inhomogeneous layers and surface structures call
for a compromise between optical and mechanical properties [88], so it is not preferred.
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Currently, there are three main strategies for designing AR coatings [49]: design
quarter-wave single-layer, graded-index coating, and multilayer interference coating
(shown in Figure 11). For the first method, the optical thickness of the coating should be
M4, and the refractive index of the coating (n.), substrate (n;), and air (n,;,, equal to 1)
should conform to the following equation [49]:

n, = (nairns)l/z (5)

Single-layer coatings eliminate reflection only at a specific wavelength, which hinders
their application in areas where broadband AR characteristics are a prerequisite. The
second method relies on gradually decreasing the refractive index of coatings, from the
value of substrate (high refractive index) to the value of air (low refractive index). The
general tool for achieving this goal is building moth-eye nanostructures or controlling
nanoporosity throughout a coating [89]. However, this method is hindered by poor me-
chanical properties, as mentioned. The third type of AR coating comprises a series of
layers with varying thicknesses, which alternate between high and low refractive in-
dexes [90]. By appropriately arranging different uniform layers, it is possible to optimise
the destructive interference of reflected light at various interfaces, thereby minimising
the overall reflection of light. This method offers a significant advantage, as it enables
the AR capability to extend across a wide range of incident angles and a broad spectrum
of wavelengths, which encompass the UV range to the near-IR range.

A
fy 3
A
M 3
) |
Vi . ns B
4 LA 4
Substrate Substrate ‘ Substrate

Figure 11. Three main design strategies for AR coatings: quarter-wave single-layer coating, graded-
index coating, and multilayer interference coating. Shear lap test method. Reprinted with permis-
sion from Applied Energy [49]; Copyright 2020 Elsevier.

2.2.2 Self-cleaning Properties of Hydrophobic Coatings

Measuring the WCA and SA of hydrophobic coatings can initially determine whether
the coating performs self-cleaning. If the WCA of the coating is greater than 150° and the
SA is less than 10°, this coating is likely to have good self-cleaning properties [6]. In some
cases, researchers conduct simulated contamination experiments on coatings. If the con-
taminated coating can easily be cleaned, even if its CA and SA data are less than ideal, it
can be called a self-cleaning coating [50,57]. Contamination-cleaning experiments typi-
cally use contaminants such as dust, dirt, or carbon particles to soil the coating and then
add droplets to the coating to see whether the droplets carry the contaminants off the
coating surface, as shown in Figure 2. Using this kind of method to evaluate self-cleaning
performance is relatively subjective. A method that used spectrophotometric measure-
ment to test the self-cleaning efficiency of coatings was designed by Kumar et al. In this
method [14,91], the lightness (L1) values of the as-prepared coatings were first measured
using a spectrophotometer over five points spread uniformly across the sample surface.
A 10-mL special artificial dirt solution was then sprayed over the test samples, and the
samples were then mounted at an angle of 45° to the ground. The dirt was left to dry
overnight and then heated at 60 °C for an hour, as shown in Figure 12a. The drying step
in this process is important because wet dirt can be thoroughly cleaned off all coatings.
The lightness values were measured again after the dirt dried and were recorded as L2.
Next, 10 mL of clean water was sprayed at a pressure of 3 bar from a distance of 25~30 cm
over the samples mounted at the same angle, as shown in Figure 12b. The lightness values
after cleaning were measured and recorded as L3, shown in Figure 12b. The amount of
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dirt that had accumulated on the samples before and after the cleaning was calculated as
[(L;y = L,)/Ly x100] and [(L; — L3)/Ly X 100]. The self-cleaning efficiency was defined

as [100 — (=222 x 100}].
1

Figure 12. Photographs of (a) coatings after dirt spray and (b) coatings after water spray for cleaning.
Reprinted with permission from Applied Surface Science [91]; Copyright 2015 Elsevier.

2.2.3 Self-cleaning and Photocatalytic Properties of Hydrophilic Coatings

Hydrophobic coatings can remain free from dirt and grime. Nevertheless, if a surface
is ruined with oil contaminants, its self-cleaning capability will be lost due to its lipophilic-
ity [60]. As we mentioned in Section 1.3, a hydrophilic surface is usually oleophobic, which
can be used as another kind of self-cleaning surface. Water can wash away oil without
detergent on this kind of surface. Furthermore, coatings that have photocatalytic proper-
ties may possess super hydrophilic properties and degrade surface organic pollutants
through photocatalytic reactions [34]. CA measurements, photocatalytic efficiency testing,
and contamination-cleaning testing are used to evaluate the performance of such coatings
[34,64]. Photocatalytic efficiency testing includes two parts: the evolution of wetting prop-
erties and the degradation rate of organic pollutants under UV or visible light irradiation.
The change in wettability can be obtained by measuring the curve of the WCA over time
under certain illumination, as shown in Figure 13a. The degradation rate of the pollutant
by the coating can be obtained by measuring with a spectrophotometer the change in the
concentration of organic matter (such as methyl orange) in the solution under a certain
amount of light, and the concentration equalling the photocatalytic activity is calculated
using Equation (6) [92]:

Co— G
= [ ] x 100% ©6)
Co
The degradation of organic matter is also considered a first-order dynamic reaction, as
shown in Equation (7) [92]:

Ce

—In (c_) = kt @)

0

In these two equations, Co is the initial concentration, Ct is the concentration at time t of
irradiation, and k is the reaction rate. Figure 13b shows the relevant curves.
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Figure 13. Process of WCA (a) increase and (b) decrease by the coatings under dark conditions and
ultraviolet irradiation, respectively. (c) Photocatalytic degradation of methyl orange, and (d) degra-
dation kinetics curves. Reprinted with permission from Applied Surface Science [92]; Copyright 2023
Elsevier.

4. Fabrication Methods and Materials for Multifunctional Coatings

Some methods for the preparation of multifunctional coatings have already been
mentioned. In this chapter, we detail some common preparation methods and the mate-
rials used for such coatings. In addition, their advantages, disadvantages, and applicabil-
ity will also be discussed. The preparation process for hydrophobic coatings can generally
be divided into two steps: construction of surface roughness and modification using low-
surface-energy materials [93]. There are many ways to achieve such goals. For example,
laser burning [94], surface etching [95], photolithography [52], and plasma treatment [96]
can be used to create surface roughness. Moreover, materials having low surface energy,
such as carbon fluoride [42], silicones [14], metal oxides and nitrides [55], can be used for
surface treatment, used as fillers, or used to prepare coatings. For hydrophilic coatings,
Si0Oz [60], TiO2 [97], and rare earth oxides [34] are commonly used raw materials because
of their special surface properties and band-gap energy. Considering the other optical and
mechanical performance requirements, the available methods are limited. The most com-
monly used methods are introduced in this review and include the sol-gel method,
dip/spin-coating [98], and the chemical vapour deposition (CVD) method.

4.1. Coatings Deposited by Sol-gel Method Combined with Dip/spin Method

The sol-gel method is the most commonly used method for conventional coatings
[59]. This process proceeds by converting a precursor mixture (such as a water or alcohol
solution) into a homogeneous gel under certain conditions [99]. This method is useful for
both hydrophobic and hydrophilic coatings. The application of this method is inexpen-
sive, practical, and includes few technical details [59]. However, the deposition process of
this method is difficult to control, so it usually needs spin and dip coating according to
the process shown in Figure 14. Developing organic-inorganic hybrid coatings based on
sol-gel chemistry is an effective way to obtain hard and flexible coatings [100]. Zhang et
al. [50] reported a highly cross-linked multifunctional epoxy-siloxane hybrid coating by
combining sol-gel chemistry with an epoxy-amine curing reaction. The reacted solution
was then dropped on various substrates and dried. In their study, the resulting coating
exhibited high transmittance under visible wavelength, ceramic-like hardness, and poly-
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mer-like flexibility because of the unique combination of siloxane nanoclusters and poly-
mer networks. Meanwhile, because the coating contained fouling-resistant telomers and
the low surface tension liquid lubricant polydimethylsiloxane (PDMS), it exhibited excel-
lent anti-biofouling and self-cleaning properties with a relatively small WCA. Yang et al.
prepared hydrophilic silicon dioxide film on an acrylate polyurethane substrate using the
sol-gel and spin methods. SiO2 and tetraethoxysilane served as precursors, and water and
ammonium hydroxide as solvents in this process. The reacted sol was spin-coated onto
the substrate and then dried. Finally, the coating showed a small WCA of 16°, with self-
cleaning performance. If the inorganic material chosen for the organic-inorganic hybrid
system is titanium dioxide, a coating can further enhance its functionality by degrading
surface organic pollutants through photocatalytic reactions [101-103]. For example, Azam
et al. [103] prepared transparent TiOz and metal-doped TiO:2 nanocrystalline films via an
affordable and facile sol/gel dip-coating method to improve the self-cleaning performance
of the glass covers of solar panels. The metal-doped TiO2 showed enhanced efficiency for
methylene blue degradation.

u
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Figure 14. (a) Dip-coating and (b) spin-coating processes. Reprinted with permission from Energy &
Environmental Science [104]; Copyright 2008 Royal Society of Chemistry.

4.2 CVD Method

The CVD vacuum deposition method produces high-quality, high-performance solid
materials. It is one of the most popular coating methods, like the sol-gel method. In a typ-
ical CVD process, the substrate is exposed to volatile precursors, which react and/or de-
compose on the substrate surface to produce the desired deposit [65]. This method is com-
monly used for optical purposes with glass applications, as a desired refractive index can
be obtained [59]. Furthermore, the composition and structure of coatings can be easily
controlled by the deposition conditions. Park et al. [105] reported a single-step aerosol-
assisted CVD (AACVD) method in which Al-doped ZnO nanoparticles were functional-
ised in a mixture of PDMS, epoxy resin (EP), and steric acid (SA) and were used as a pre-
cursor. They obtained an EP/PDMS/SA/Al1ZnO-coated super-hydrophobic surface with
good self-cleaning performance. Moreover, CVD techniques have been extensively re-
searched for the deposition of TiO:2 thin films on various substrates for self-cleaning and
optical properties. Using an open-air liquid-assisted plasma-enhanced deposition process,
Rodolphe et al. [106] deposited transparent amorphous TiO:2 layers at atmospheric pres-
sure. Lin et al. [107] prepared FTO/TiO: tandem films using AACVD, followed by an an-
nealing process. These coatings had a minimum CA of only 5°, indicating they were likely
to exhibit good self-cleaning properties. CVD techniques can also be combined with other
methods, such as sol-gel and template approaches, to obtain desirable properties. Zhang
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et al. [108] reported a novel template for fabricating highly transparent, fluorine-free su-
per-hydrophobic coatings. This research used PDMS as the silica source and multi-walled
carbon nanotubes as the sacrificial template, followed by a CVD process to render the
surface hydrophobic.

5. MS-made Multifunctional Coatings

MS is also a popular method to use in depositing thin films, as it has the advantages
of a controllable film thickness, high purity, high deposition speed, favourable adhesion,
easy operation, and environmental friendliness. [109] Utilising MS technology, it is possi-
ble to deposit a wide range of materials, provided that they can be prepared as magnetron
targets. MS is technically divided into two types [40] according to different power sources,
including direct current (DC) and radio frequency (RF) power sources. The DC-MS
method is used to sputter conductive materials, and the RF-MS method is used to sputter
non-conductive materials. The commercial application of self-cleaning titanium dioxide
coatings prepared by MS technology has long been in use. Numerous studies have shown
that utilising MS technology to design and prepare periodic layered nanostructures con-
taining different materials effectively adjusts the hardness and flexibility of the coatings
[36]. Furthermore, according to the different properties of the materials in the periodic
multilayer nanostructures, the overall properties of the coatings can be flexibly adjusted
[78], such as adhesion to the substrate, surface wettability, and electronic structure. There-
fore, periodic multilayer nanostructures have great potential in multifunctional coating
preparation. This chapter first introduces the conventional hydrophobic/hydrophilic mul-
tifunctional coatings prepared by MS technology and their potential applications in self-
cleaning. Subsequently, the principles of periodic nano-multilayer structures and the rel-
evant progress in multifunctional coatings based on this structure will be detailed.

5.1 MS-made Hydrophobic Multifunctional Coatings

As the MS method can deposit any kind of coating, intrinsically hydrophobic mate-
rial can be used as the target in preparing hydrophobic coatings. Polytetrafluoroethylene
(PTFE) is a commercial material that is highly prevalent in bulk and thin film forms owing
to its exceptional corrosion and chemical resistance, outstanding thermal stability, exceed-
ingly low surface energy, and insolubility in conventional solvents. Moreover, thin films
of PTFE also exhibit a low refractive index of approximately 1.4 [110], which indicates its
potential for optical applications. As early as 2010, Kim et al. [111] prepared super-hydro-
phobic PTFE coatings on an etched Al surface by the RF-MS method. The Al substrate was
etched by 7 wt.% HCI solution for different durations to create different surface rough-
nesses. The PTFE film was then coated on this surface. As the thickness decreased, the CA
gradually increased to 162°. Tripathi et al. [112] investigated the optical and microstruc-
tural properties of RF-MS sputtered PTFE films for hydrophobic applications. All the coat-
ings showed high transmittance and hydrophobicity, which suggested their potential for
self-cleaning multifunctional applications. However, the hardness and thermal stability
were both low. Zenken et al. [113] discovered that the oxides and nitrides of numerous
low-electronegativity metals exhibited inherent hydrophobic properties, coupled with ex-
ceptional mechanical properties such as high hardness levels of up to approximately
20 GPa and remarkable thermal stability exceeding 1000 °C. Figure 15 shows why this
kind of surface is hydrophobic. Musil et al. [114] prepared flexible hydrophobic ZrN film
by the DC-MS method, and the WCA of the film reached 93°. This film also showed a high
hardness of 21.1 GPa, and its value of H/E was 0.125, which suggests it possesses good
flexibility. Recently, a transparent and hydrophobic CeO:2 film with stable mechanical
properties was presented by Zhu et al. [55]. The DC-MS method was used to deposit CeO:
film on glass. According to the oxygen flow ratio adjustment, films having different sur-
face roughnesses and surface chemical compositions were produced to achieve optimal
transparency and mechanical properties. The max value of WCA reached 109.4° with a
relatively low surface roughness (3.18 nm). Moreover, the deposition of CeO: films onto
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glass substrates provided an optical transmittance of 84.0% at 550 nm. No mechanical
damage or hydrophobicity loss was imposed on the films after the solid particle bombard-
ment, tape peeling, and linear abrasion, as shown in Figure 16.
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Figure 15. Characteristics that determine the hydrophilicity/hydrophobicity of material surfaces. (a)
Graphical representation of Pauling electronegativity of elements. (b) Hydrophilicity of the surface
of an oxide of a high-electronegativity metal. (c) Hydrophobicity of the surface of an oxide of a low-
electronegativity metal. (d) Increased hydrophobicity of the surface of a nitride of a low-electroneg-
ativity metal compared with the corresponding oxide. (e) Schematic of bonding an oxygen or nitro-
gen anion to a metal cation in the film. (f) Measurements of the WCA of various surfaces. Reprinted
with permission from Journal of the American Ceramic Society [113]; Copyright 2014 John Wiley and
Sons.
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Figure 16. (a)—(c) Transmittance, absorption spectrum, and photo pictures of films with different O2
flow ratios. (d), (e) Linear abrasion and peeling test. (f), (g) Plots of mechanical abrasion and peeling
cycles as a function of WCA. Reprinted with permission from Vacuum [55]; Copyright 2021 Elsevier.

The WCA of smooth hydrophobic surfaces is unlikely to exceed 120° [44], which is
generally insufficient for self-cleaning coatings. To improve the hydrophobicity of a coat-
ing, it is necessary to increase its surface roughness. The MS method allows for control of
the surface morphology of the coating through the adjustment of the deposition parame-
ters, as shown in Figure 17. However, as we all know, if the internal grain size is coarse
and the structure is loose, the coating will not have good mechanical properties. It will not
meet the requirements for a flexible hard coating with a ‘dense, void-free microstructure’
as we described. It is difficult to prepare coatings with super-hydrophobic surfaces using
the MS method. Though the MS method can be combined with other methods in the prep-
aration of a structured surface, it is still difficult to avoid the influences of high roughness
on wear resistance and optical properties.
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Figure 17. Schematic representation of the influence of substrate temperature and argon pressure
on the microstructure of metal coatings deposited using cylindrical MS sources. T (K) is the substrate
temperature, and Tm (K) is the melting point of the coating material. Reprinted with permission
from Materials Science and Engineering: A [115]; Copyright 2003 Elsevier.

5.2 MS-made Photocatalytic Multifunctional Coatings

In order to make the self-cleaning function more efficient, the composition of such
coatings often contains semiconductor materials with photocatalytic properties, such as
TiO2 [97], CeOz [34], and CuxO [85]. TiO: is one of the most famous photo-activated mate-
rials. Owing to its high photocatalytic efficiency, chemical stability, relatively low cost
[116], wide transparent region (approximately 350-1200 nm [117]), and refractive index
close to that of glass (2.2-2.7 for TiO2 and 2.1-2.2 for glass) [117,118], TiO2 is suitable for
use as a high refractive index layer in multilayer AR film with self-cleaning properties. A
single-component but bilayer AR coating of TiO2 porous nanorods with a low refractive
index (1.38) and a TiO:z dense layer with a high refractive index (2.45) was presented by
Khan et al. according to the glancing angle deposition technique [119]. The refractive in-
dex of TiO:z can be tuned from 2.4 to 1.38 at 550 nm via an oblique angle (Figure 18). The
coating exhibited good mechanical resistance, high transparency, and good AR properties
on several substrates. Nano-texture enhanced the photocatalytic properties for self-clean-
ing and organic degradation. On the downside, the coating was not durable. An increase
in reflectivity of approximately 2% was observed 14 days after the deposition. In order to
improve its mechanical strength and adhesion resilience, the coating was annealed after
it was deposited, which means it could not be used on polymer substrates. In addition,
scratch tests were performed, but not hardness or modulus measurements. Flexible coat-
ings can also be produced from TiO:-based materials. By applying the RF-MS method,
Miao et al. [120] fabricated porous and amorphous TiO: thin films on flexible polyester
and cotton fabric substrates, which showed the high potential for TiO2 films to be used in
smart clothing and wearable devices.
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Figure 18. (a) Reflectance of TiO2 coating on soda lime, (b) comparison of coated and uncoated sub-
strates, (c) photocatalytic degradation of MB and MV using TiO: coating as a catalyst, (d) optical
micrographs of scratches under different annealing temperatures. Reprinted with permission from
Journal of Alloys and Compounds [119]; Copyright 2020 Elsevier.

Photocatalytic self-cleaning coatings do not require special structures on their surface,
which gives them good wear resistance and makes them suitable for MS methods. A va-
riety of materials from a wide variety of sources are inexpensive and suitable for industrial
applications. There are many reports of such coatings, and TiO: self-cleaning glass is al-
ready in commercial use. However, several problems still need to be solved in pursuit of
the large-scale application of such coatings. For example, TiO2 is a wide band-gap (3.2 eV)
semiconductor that is active under ultraviolet radiation, which constitutes only 4%-5% of
the solar spectrum [116]. The anatase and rutile TiO: phases are superior photocatalysts
to the amorphous structure [121,122]. However, in order to obtain the anatase or rutile
phase, substrate heating or annealing processes are needed [122], which raises the cost of
manufacturing TiOz coatings and prevents their deposition on polymer substrates. When
the deposition temperature is low, the deposited films are generally amorphous [123],
which is suitable for transparent applications because of the weak internal scattering.
However, the high recombination rate of photo-induced electrons and holes in amor-
phous TiO: further weakens its photocatalytic activity. Elemental doping [124] and cou-
pling TiO2 with another semiconductor having a different band gap [116,125] are usually
used to improve photocatalytic activity. By applying DC-MS and high-power impulse MS
(HPIMS), Abidi et al. [125] deposited CuxO/ TiO:z coating on a polyester cloth to purify
volatile organic substances indoors and outdoors according to visible photocatalytic reac-
tions. The low deposition temperatures, high photocatalytic activity and flexibility of
CuxO/ TiO2 coating demonstrates the potential of TiOz-based coatings for multifunctional
coating applications.

5.3 Advances in Multifunctional Coatings in Multilayer Structures

One-component coatings cannot satisfy multifunctional needs. Enhancing overall
performance by compounding different materials is a common tool used in the design of
materials [50,85,126]. The MS deposition of multilayer coatings is a highly efficient
method for the preparation of composite materials for a wide range of applications in
tribology [127], optics [128], biomedical [24], and other fields. Multilayer structures are
one of the most promising approaches to improving flexibility while maintaining high
hardness. For example, an Si/DLC coating prepared by Penkov et al. showed a high hard-
ness of 38-45 GPa, and a H/E ratio of 0.15, which suggests the high flexibility of such a
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coating. This coating is deposited at room temperature and thus can be deposited on plas-
tic substrates. However, the coating is not transparent. Later, Penkov et al. [78] prepared
SiNx/BN periodical nanolayered coatings (shown in Figure 19) by MS. In this system, SiNx
is hard but semi-transparent. BN is relatively soft and more transparent. The desired bal-
ance between hardness, flexibility, and transparency was achieved by combining the dif-
ferent characteristics of SiNx and BN. The thickness of each layer and sputtering condition
also contributed to adjusting the coating properties. All the performances make it prom-
ising for multifunctional protective coatings. However, this research did not discuss wet-
ting or self-cleaning ability.
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Figure 19. (a) and (b), Mechanical and optical properties, (c)TEM image of the cross-section, (d)
photo of SiNx/BN PNCs. Reprinted with permission from ACS Applied Materials & Interfaces [78];
Copyright 2019 American Chemical Society.

Mazur et al. [90] presented a functional photocatalytically active and scratch-resistant
AR coating based on TiO: and SiO: using microwave-assisted DC-MS. This AR coating
consisted of five thin films with high (TiO2) and low (SiOz) refractive indexes. Unlike con-
ventional AR coatings, the top layer was TiO: rather than SiO: to impart a self-cleaning
capability to the coating. The coating possessed an increased hardness of 9.8 GPa and in-
creased scratch resistance compared with the glass substrate, a high transmittance of 97%,
and a low reflectance of approximately 3%. Due to the thin TiO: top layer (just 10 nm) of
the coating, it had a photocatalytic effect: after 12 h of UV-vis exposure, the deposited
coating decomposed almost 30% of phenol. The results are shown in Figure 20. It is worth
noting that the coating in this study exhibited intrinsic hydrophobicity with a CA of 91.1°.
However, the authors did not test its photo-induced hydrophilicity or intuitive self-clean-
ing performance.

Reports on using MS technology to produce flexible hard coatings that are also trans-
parent and self-cleaning are still rare. There are numerous reports on multilayer coatings,
and significant efforts have been made to enhance their desired functions. The SiNx/BN
periodical nano-multilayer coating presented by Penkov et al. may be a good example of
a flexible, multifunctional coating prepared by MS technology. Along this line, more effi-
cient multifunctional coatings could be designed using periodical multilayer structures.
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Figure 20. (a) Structure of AR coating and refractive index of TiO2 and SiOz. (b) and (d) Transmit-
tance and reflectance of AR coating. (d) Photocatalytic activity. (e) Hardness and (f) optical micros-
copy profilometry investigations before (left) and after (right) scratch test. Reprinted with permis-
sion from Applied Surface Science [90]; Copyright 2016 Elsevier.

6. Conclusions and Outlook

Self-cleaning coatings with high hardness, flexibility, transparency, antireflection,
and self-cleaning properties are strongly needed in modern society. The trade-offs be-
tween the different properties that are desired are hindering their application. Under-
standing and attempting to balance these trade-offs are essential to promoting the devel-
opment of multifunctional coatings. This review summarises the basic principles of wet-
ting ability, other properties required for multifunctional self-cleaning coatings, testing
methods, and common means of coating preparation.

Though many efforts have been made to improve the comprehensive performance of
multifunctional coatings, numerous problems still have not been solved. Mechanical
properties, including high hardness and durability, are the most important issues, espe-
cially for polymer coatings, as these have been the most-studied coatings to date. We high-
light the current research status of MS technology in multifunctional coating preparation,
as MS can easily produce the desired mechanical and optical properties. Moreover, it is
one of the most commonly used coating technologies today. However, more research is
needed. Multilayer coatings deposited by MS technology combine the properties of dif-
ferent materials that are already widely used for wear resistance, high hardness, and op-
tics. Recent research has demonstrated the great potential of such structures in the prepa-
ration of coatings with high hardness, flexibility, and transparency. Nevertheless, further
research is still needed to provide them with self-cleaning properties.

Photocatalytic materials represented by TiO2 have good mechanical and optical prop-
erties. TiOz-based self-cleaning and AR coatings on glass deposited by MS have been ex-
tensively researched. However, most of the research should have mentioned the mechan-
ical properties of such coatings. A few studies have shown the high hardness of TiO2 and
the low temperatures at which it can be deposited on flexible substrates using MS. These
results suggest the possibility of multifunctional coatings with improved properties made
from TiOz. The preparation of multilayer coatings from materials such as TiOz merits fur-
ther research.
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