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SUMMARY

Anti-smudge coating materials have a broad prospect, but they are susceptible to wear from nails and sand.
Therefore, the potential application of such coatings on glass substrates needs coating features such as
superhardness and high transparency. However, realizing these key properties combined with anti-smudge
function is significantly challenging. In this work, we show a conceptional nanoparticle pattern designing
strategy of materials, inspired by stepping on cobblestone roads with the foot feeling of only the hardness
of stones. Realize the nanoparticle pattern surface of ‘‘cobblestone roads’’ via facile and scalable interfacial
reactions within a molecular compatible system, to successfully achieve the desired coating material prop-
erties including anti-smudge, superhardness, and high transparency. The coating was composed of tensely
crosslinked sub-10 nm building blocks that bear an anti-smudge molecular layer, exhibiting undistinguished
inorganic phase behavior when it was subjected to external forces within the contact point of micro- or above
10 nm nanoscale.

INTRODUCTION

Anti-smudge coatings with low-adhesive surfaces can protect

substrates against both aqueous and oily contaminants,

showing significant importance and promise for self-cleaning

application scenarios.1–6 Generally, the anti-smudge function

of materials is achieved with low-surface-energy compounds

enriched on the surfaces, such as fluorine- or silicon-based am-

phiphobic organic molecules or polymers.7–11 The inherent soft-

ness of organic compositions makes materials with anti-smudge

properties exhibit limited hardness, which are critical issues for

the robustness of coating materials as well as the protection of

various underlying substrates.12–14 In practical applications,

high hardness and transparency are important for the application

of the coating, such as the coating used on screens of mobile

phone screens, windows, and cars. The applied glass may

face the wear of nails and sand, while the line of sight must be

not affected during use. Furthermore, high hardness can prolong

the coating’s lifetime, avoiding abrasion during the application.

Thus, high hardness and transparency of anti-fouling coatings

are essential to fulfill the applicable requirements.

To improve hardness and scratch resistance, inorganic hard

fillers have been incorporated into the anti-smudge organic

coating materials.15–18 However, these hybrid coating compos-

ites tend to have significant heterostructure, Young’s modulus

mismatch, and weak interfacial interaction between inorganic

fillers and organic matrixes, thus typically resulting in only

modest improvements in hardness. Moreover, these fillers, and

various nanomaterials that were used to fabricate superamphi-

phobic surfaces19–21 or SLIPS,22 as well as the crystallinity of

PTFE-based materials tend to scatter light, which can affect

the transparency of these materials23,24 with anti-smudge per-

formance and render them unsuitable for applications as wear-

able electronics or windows. To the best of our knowledge,

only polyhedral oligomeric silsesquioxane (POSS), with cage-

like inorganic/organic hybrid structure, was reported to achieve

both anti-smudge function and superhardness (above 9H, inor-

ganic level), and the molecular scaled composition can avoid

the light scattering induced opacity.25–27 However, the complex

preparation, low solubility in various solvents, and high price of

POSS restrict its large-scale industrial production as well as

the application of hard anti-smudge coatings in different

fields.28,29

Inspired by stepping on cobblestone roads with the foot

feeling of only the hardness of stones, herein, we proposed a

conceptional strategy, a nanoparticle pattern surface based on

ultra-small nanoparticles, to balance and guarantee the desired

material properties including anti-smudge performance, super-

hardness, and transparency. Unlike the traditional method of

choosing and integrating different organic/inorganic compos-

ites, our approach utilized interfacial reactions within amolecular

compatible system, to realize the reduced-scale particle pattern

of ‘‘cobblestone roads.’’ The building blocks function as ultra-

small ‘‘cobblestones’’ with a size of only several nanometers to

form the superhard particle pattern surface. Thus, after the

coating is crosslinked, the coating could show the cobblestones

road-like particle surface properties and external factors cannot

affect the crosslinked part of the particles, mimicking a cobble-

stone road where hard cobblestones are wrapped in cement

and the surface only shows the nature of cobblestones. In
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addition, interfacial molecular engineering endowed the building

blocks with highly crosslinkable and anti-smudge functional seg-

ments. The resulting clear solution can be easily sprayed, dip-

ped, or painted on-site onto various objects, and subsequently

obtain the desired superhard, anti-smudge, also transparent

coating materials. These coatings use inorganic nanoparticles

to cover surfaces with the highest hardness requirements to

avoid the problem of insufficient hardness of organic compo-

nents, and the resulting transparent solution can be easily

sprayed impregnated or applied on-site to various objects

(such as aluminum, iron, glass, and polytetrafluoroethylene).

Thus, these coatings are promising for various applications,

such as electronic touch screens, windows of vehicles or sky-

scrapers. We believe that the nanoparticle pattern surface strat-

egy can be used for the fabrication of many materials including

those that wish to achieve the combination of different organic

and inorganic characteristics.

RESULTS AND DISCUSSION

Preparation and characterization of the coating
Our approach for preparing anti-smudge superhard transparent

coatings is shown in Figure 1A. Specifically, the superhard

organic core of building blocks bearing amino groups was

initially prepared by the hydrolyzation of 3-aminopropyl triethox-

ysilane (APTES). Subsequently, the core can react with the dou-

ble bonds of the pentaerythritol triacrylate (PETA) comprised

shell via Michael addition. Similarly, the amino groups of

amino-terminated polydimethylsiloxane (NH2-PDMS-NH2) can

also react with PETA to impart the building blocks with anti-

smudge properties, while the surplus double bonds of PETA

would contribute to the highly crosslinking reaction among

building blocks. These reactions resulted in a clear solution

comprising the building blocks with the size primarily distributed

between 1 and 10 nm (Figure 1B).

This solution is applicable for industrial coating techniques

such as spraying and painting, and the final coating materials

could be obtained after curing at 180�C for 2 h. As predicted,

the homogeneous morphology of the tensely crosslinked build-

ing blocks, exhibiting the reduced-scale structures of cobble-

stone roads, was observed via the SEM images (Figure 1C)

and the atomic force microscopy (AFM) images (Figure 1D)

with an average Ra of 0.484 ± 0.037 nm (Figure S1), indicating

the good smoothness of the coating. The energy dispersive

x-ray (EDX) results also indicated a high level of element homo-

geneity of the coating (Figure S2), and the element content was

Figure 1. Preparation and transparency

(A) Illustration of the design and preparation of anti-smudge superhard transparent coating via ‘‘cobblestones road’’ nanoparticle pattern designing of materials.

(B) The size distribution of the building blocks, and the picture indicating the crystal clearness of the aqueous solution containing the building blocks.

(C and D) The SEM (C) and AFM (D) images of the coating surfaces, exhibiting the reduced-scale structures of cobblestone roads with a surface roughness

(Ra: 0.441 nm).

(E) Transmittance spectra of the coating, with the inserted picture indicating the transparency of the coated glass.
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further analyzed via X-ray photoelectron spectroscopy (XPS)

(Figure S3). It is noteworthy that the curing temperature of coat-

ingswould initiate the remaining double bonds on the surfaces of

building blocks thus obtaining the tense multi-crosslinking of the

coating matrix. Furthermore, the spontaneous enrichment of the

PDMS segments anchoring on the surface of the building blocks

can create a low-surface-tension liquid-like monolayer for a

long-lasting anti-smudge function. The transmittance of the

coating was found to be above 98% in the entire testing range

of 500–800 nm, and the insert picture of glass bearing the trans-

parent coating does not obscure the vision (Figure 1E). This op-

tical clarity would be attributed to the good distribution and sub-

10 nm size of the building blocks, which are significantly smaller

than the wavelength of visible light and would not cause undesir-

able scattering.30,31 The chemicals and processes involved are

readily available for the scalable preparation of this coating

material.

Liquid repellency properties of the coating
To demonstrate the anti-smudge property of the coating, as

shown in Figure 2A, the contact angles (CAs) and sliding angles

(SAs) of various liquids with different surface tensions (including

n-hexane, ethanol, N, N-Dimethylformamide (DMF), hexade-

cane, diiodomethane, and water with surface tensions of 20.3,

22.1, 25.7, 27.2, 50.8, and 72.8 mN/m at 20�C, respectively)
and various oils with different viscosities (including peanut oil,

pump oil, and crude oil with viscosities of �80, 200, and 300

cP at 20�C, respectively) were evaluated. All these liquid droplets

could easily slide off the coating surfaces, even with small CAs,

which indicates the desired low adhesion and excellent anti-

smudge performance of the coatings. Based on the CAs of water

and n-hexadecane on the coated/uncoated surface, the surface

energy of the coated surface was calculated to be approximately

22.72 mJ/m2, largely smaller than that of the uncoated one

(55.75 mJ/m2) (see Table S1). Photographs in Figure 2B showed

the processes of the water, hexadecane, and peanut oil sliding

off the coating surfaces, these liquids would slide quickly without

leaving any residue.

Lotus-inspired superhydrophobic or superoleophobic sur-

faces exhibiting liquid repellency rely on the entrapped air layer

and surface topography and, thus would fail when in contact

with pressured liquids as that tend to permutate into the tex-

tures and displace the air.32–34 Unlike these pressure-sensitive

rough surfaces, our coating was mainly attributed to the liquid-

like anti-smudge segments that anchoring on the surface of the

building blocks,35,36 and the molecular functional surface is

supposed tomaintain its anti-smudge performance under pres-

sure (Figure 2C). As shown in Figure 2D and Video S1, the ink

Figure 2. Good antifouling properties of the coating

(A) CAs and SAs of different liquids on the coating surfaces.

(B) Photographs of various liquids sliding off the coated glasses without leaving any residue.

(C) The image illustrating the liquid-like PDMS segments that anchor on the surface of the building blocks, thus achieving the anti-smudge surface function.

(D) The coating maintained its liquid repellency and anti-smudge performance when it was subjected to local pressure resulting from two pieces of squeezed

glasses, tested with water-based ink.

(E) The sprayed oil-based graffiti can be readily wiped clean even via dry tissues.
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liquids were dropped both onto the uncoated and coated areas

of the glass surface, and the other glass (also with uncoated

and coated regions) was then placed on top and pressed

down matching underneath to provide the local pressure. The

spread liquid on the uncoated/coated glass interface exhibited

different wetting phenomena when removing the top glass. It

was observed that the droplets on the uncoated area spread

out andwere seriously stained, while the droplets on the coated

interface shrank quickly and reverted back to smaller droplets.

In contrast, if using an original glass to press, the liquid on the

coating would be adhered to and carried away by the upper un-

coated glass, leaving a clean coating surface without ink liquid,

as shown in Figure S4. This indicates that when compared with

the glass surface, the coating exhibited significantly lower

adhesion properties. In addition, the coating exhibited easy

clean properties toward undesired foreign materials such as

graffiti. As shown in Figure 2E, when the oily inks of Sharpie

markers are sprayed onto the coated glass, the graffiti can be

easily removed even with the use of dry tissues. However, the

oily ink traces on uncoated glass were difficult to remove

(Figure S5).

Superhardness and good substrate adhesion of the
coating
To enhance hardness is challenging for liquid repellency sur-

faces with different mechanisms including Lotus-inspired tex-

tures37,38 and Nepenthes-inspired liquid films.39,40 In contrast,

the superhardness >9H at the inorganic level of our coating was

determined according to the standard ASTM D3363 proto-

col.41,42 The test indicated the highest pencil hardness rating

of >9H, with unnoticeable scratches when the coating was sub-

jected to the scratching using a 9H pencil with a load of 1 kg and

the ink could still shrink on the scratched coating (Figure S6).

This superhardness demonstrates superior performance

compared to the commercial polyurethane (PU) coating, which

exhibited a hardness (H) below the median score of the hard-

ness scale (Figure S7). To avoid the impact of the substrates

on the coatings, an indentation depth of 500 nm corresponding

to less than 1% of the coating thickness (�60 mm, Figure S8)

was used according to ISO 14577-4 standards.43,44 Further-

more, the surface mechanical properties of the coating were

further investigated via nanoindentation and nanoscratch tests

(Figure S9). The nanohardness and elastic modulus values of

the coating obtained as average values from five measure-

ments were 368.7 MPa and 4.68 GPa, respectively, and the

experimental values are listed in Table S2. For the wear test,

the coating was abraded using steel wool under an average

pressure of 15.0 kPa, and no peeling or scratches were

observed on the coating surface after 200 abrasion cycles (Fig-

ure S10). Although the CAs and SAs of water and hexadecane

were slightly changed after various abrasion cycles (Figure 3A),

the droplets of these liquids were still able to slide off the

coating surface without leaving any residual traces (Figure S11

and Video S2). The coating maintains anti-smudge properties

after 1,000 cycles of abrasion when using cotton under an

average pressure of 15.0 kPa Figure S12 shows the CAs and

SAs of water and hexadecane after various abrasion cycles.

Compared to other literature,45–48 our coating exhibited well-

combined features of antifouling, transmittance, and hardness,

as shown in Figure S13.

The superhardness and excellent wear resistance mechanism

of the anti-smudge surface are illustrated in Figure 3B. Just like

we can only feel the hardness of stones when our footsteps on

cobblestone roads, for this tensely crosslinkedmatrix comprised

the sub-10 nm blocks, a micro- or nano-scaled tip should not be

able to distinguish the blocks from the crosslinked interfaces.

Thus, this coating would act as a continuous inorganic phase

behavior when it is subjected to external forces with a contact

point of above 10 nm length scale.

Contrary to the anti-smudge low adhesion surface of the

coating, a strong adhesion bottom to substrates was achieved.

As shown in Figure 3C, the shear strengths of the coating

attached to a range of substrates were evaluated, including the

tin plate, stainless steel (403), Al, and glass.49 Among them,

the coating on Al exhibited the lowest shear strength, which

may be attributed to the highest thermal expansion coefficient

of Al (�23.6 3 10�6/�C)50 with significant surface expansion

and shrinking changes. However, regardless of these sub-

strates, a minimum shear strength higher than 200 kPa was

achieved. This high level of adhesion could be attributed to the

well-leveling and film-forming properties of the coating solution,

resulting from the sub-10 nm composition and tense crosslinking

chemistry. In addition, the chemical bonds could form between

the hydroxyl group on the substrate surface and the residual

silane agent of the coating. The hydroxyl and amino groups of

the coating could form hydrogen interaction with the substrates.

Thus, the coating is firmly attached to the metal substrate, and

results in a strong adhesive bottom layer. The different shear

strength valuesmeasured for various substrates can be ascribed

to the varying substrate composition that resulted in different

synergetic interfacial adhesion interactions between the coating

materials and the substrates, e.g., hydrogen bonding, hydropho-

bic interactions, and van der Waals forces, etc.51 Thus, the

coating could be firmly attached to various hydrophilic and hy-

drophobic substrates, such as iron sheet, glass, porcelain, poly-

lactic acid (PLA), and polytetrafluoroethylene (PTFE). A knife was

used to create a hundred grid with an interval of 1 mm on the

coating, and then adhered and peeled off via a 3M tape. The

result showed that no species was peeled off after the adhesion

strength test, indicating good adhesion between the coating and

various substrates (Figure S14).

Corrosion resistance and good transparency
To determine the corrosion resistance of this coating, the

half-coated steel sheet was subjected to various corrosive liq-

uids, including CuSO4 (1.0 mol/L), NaCl (1.0 mol/L), and HCl

(1.0 mol/L). As shown in Figure 3D, the coated tin plate surface

showed no signs of corrosion, while the uncoated area appeared

to be seriously corroded. The anti-corrosion performances of a

bare tin plate and a coated tin plate were further examined by

an electrochemical corrosion test. As shown in Figure 3E and

Figure S15, in comparison with the bare tin plate, the coated

area exhibited a positive shift in the corrosion potential (Ecorr)

and a reduction in the corrosion current density (Icorr). Generally,

a higher Ecorr value and a lower corrosion Icorr value indicate

that the coating provides better corrosion protection and is
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able to slow the dissolution rate of the substrate, which thus

demonstrates that this coating imparts corrosion resistance.52

Moreover, when the coating was immersed in various organic

solvents (including n-hexane and N, N-dimethylacetamide

(DMAC)), aqueous solutions with pH values ranging from 3 to

11, and artificial seawater for 21 days, the sliding behaviors of

water and hexadecane on the coating surface were discovered

negligible changes (Figures S16 and S17). In addition, the

coating also maintained its liquid repellency after the treatment

of underwater ultrasonic waves for 180min (Figure 3F). These re-

sults confirmed that the coating is highly resistant to damage and

has excellent durability for providing long-term protection of

substrates.

It is noteworthy that the optical transparency of coating is

important for the practical application of anti-smudge materials.

Thus, this coating can be applied to the screen of electronic de-

vices (e.g., smartphones) without changing its optical clarity (Fig-

ure 4A). The coating’s repellency toward an artificial fingerprint

liquid (consisting of lactic acid, acetic acid, sodium chloride, so-

dium hydrogen phosphate, 1-methoxy-2-propanol, hydroxyl-

group-terminated polydimethylsiloxane, and deionized water)

was investigated,53 and an aqueous ink solution (1 wt %) was

added to the artificial fingerprint liquid to present a clearer

enlarged image of the trace that was pressed by a finger on

the coated (Figure 4B) and uncoated (Figure S18) glass plates.

The uncoated glass is readily wet and contaminated by the arti-

ficial fingerprint liquid. However, when this liquid is applied to the

coated part, it contracts into distinct droplets immediately, and

this contraction of the fingerprint would obviously weaken the

disturbance toward reading.

This transparent coating could also find an application on the

windscreen, as it repels liquid contaminations (Figure 4C and

VideoS3) aswell asdust, which is readily carried awayby rain (Fig-

ure S19). Remarkably, this coating can improve driving safety dur-

ing rainy weather, as reducing raindrop retention can prevent rain-

induced poor visibility. Sliding or staying of raindrops that splatter

on thewindscreenofamovingcar is influencedbybothgravity and

the wind force.54 To simulate this situation, we use a hair dryer to

blowon themodelwindscreenwithvariousvolumesofwaterdrop-

lets, thus conducting a force analysis on themotion of the droplet,

combined with Newton’s second law ‘‘F� f�mgsina =ma’’ (Fig-

ure 4D). The experimental results also indicated that the raindrops

Figure 3. Good stability of the coatings

(A) The CAs and SAs of the coatings after abrasion using steel wool for various cycles.

(B) The illustration of the superhard mechanism of the anti-smudge surface when the coating is subjected to external forces. A micro- or nano-scale tip would not

distinguish the sub-10 nm blocks and cause scratches.

(C) Shear strengths of coatings applied onto various substrates including metals and glass.

(D) The coated and uncoated steel for the corrosion protection tests at room temperature (�28�C), using HCl, CuSO4, and NaCl solutions as corrosive liquids.

(E) Tafel polarization curves of bare and coated tin plates.

(F) The CAs and SAs of the coatings after the ultrasonic treatment (40 K Hz).
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were pulled down by gravity when the mess exceeded a certain

threshold, while smaller ones were pushed upward when the

wind prevailed (Figure 4E and Video S4). At both the sliding

down and upward circumstances, the windscreen was clear

without vision-disturbed residue. In contrast, medium-sized and

very little droplets would stay as the difference between gravity

andwind force could not overcome the friction, and these droplets

would obstruct the driver’s vision thus causing danger. Surpris-

ingly, the volume range for droplets to stay was discovered to be

very limited for the coated windscreen, while that is significantly

larger for theuncoatedglass.Foraquantitativecalculationaccord-

ing to the various liquid volumes, it was found that the liquid-solid

contact fraction of the coating is only one-tenth of that of the un-

coated glass.

Conclusion
In summary, we have created an anti-smudge coating with

superhardness and high transparency via the nanoparticle

pattern surface designing strategy of materials. Excellent repel-

lency toward various liquids, hardness of above 9H, and trans-

mittance of 98% were simultaneously achieved for this coating

material. In addition, the chemicals and processes involved

make this coating readily applied in large-area, daily, on-site ap-

plications on various substrates. The coating with combined

properties is expected to have applications in fields including

electronic screens and vehicle windows.

Limitations of the study
The limitation of this study is that the structure and roughness

of the coating surface cannot be adjusted to prepare series

patterns.
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KEY RESOURCES TABLE

METHOD DETAILS

Characterization and measurements
The size distribution of building blocks wasmeasured by Malvern Zetasizer Nano ZS90, and all the tests were performed in triplicate.

The CAs and SAs were measured using a CA measuring instrument (JC2000A). The droplet volumes employed in the CAs and SAs

measurements were 5 and 20 mL. Transmittance spectra of the coating were measured from 450 to 800 nm using a UV-visible spec-

trometer (Varian Cary 7000 spectrophotometer) with bare glass as a reference. Scanning electron microscopy (SEM) images of coat-

ings were obtained by a Zeiss Sigma 300 scanning electron microscope at 5 kV. Coatings were sputtered with gold via Quorum

SC7620 before SEM observations, and the elemental content was obtained by EDX characterization. AFM images of coatings

were obtained by a Bruker Dimension Iconscanning probe microscope. XPS (K-Alpha, Thermo Fisher Scientific) equipped with

monochromatized Al Ka radiation (hy = 1486.7 eV) was employed to analyze the elemental composition of the coating surface.

The pencil hardness of the coating was determined using a VF2378 pencil hardness tester (Thermimport Quality Control,

Netherlands). The final pencil hardness of the coating is equal to the pencil that was just soft enough for not being able to make

scratches on a coating. Abrasion tests were measured by an abrasion test system (Chuangheng, A20-339) with a piece of steel

wool as the abrasion material, using a weight of 500 g placed above to enhance the abrasion force. Nanoindentation tests were

measured by a nanoindentor (Bruker Hysitron TI980) equippedwith a Berkovich diamond tip at 25�C. For each force loading, holding,
and unloading cycle, themaximum loadwas 500 mN, and the loading and unloading rates were both at 100 mN/s. The nanoindentation

hardness and effective Young’s moduli were calculated by computer using the OliverPharr method. For the substrate adhesion tests,

the coating solution was applied to the substrate, and then covered with another substrate slide, and subsequently cured to obtain

the test samples. The samples were evaluated using a universal testing machine (HZ-1007E, Dongguan Lixian Instrument Technol-

ogyCo., Ltd) at a rate of 50mmmin�1. A pulling force was applied to the samples until a separation occurred between the coating and

the substrate, then the maximum stress and strain values were recorded. The shear strength was determined as the ratio of the

maximum stress and the coating area. At least five parallel samples were tested for each group.

Preparation of the coating
20.0 g APTES was dissolved in 2.0 g deionized water and 20.0 g ethanol, and the mixture was subsequently stirred for 4 h at 60�C to

prepare the mixture A. PETA (3.0 g), ethanol (1.0 g), and PMA (1.0 g) were stirred thoroughly at 400 rpm and room temperature

(ca. 25�C) in a sealed container for 10 min to prepare the mixture B. Subsequently, NH2-PDMS-NH2 (0.1 g) and the mixture A

REAGENT or RESOURCE SOURCE IDENTIFIER

Amino-terminated polydimethylsiloxane Suzhou Qitian New Materials CAS: 63148-62-0

(3-Aminopropyl) triethoxysilane Macklin CAS: 919-30-2

Pentaerythritol triacrylate Macklin CAS: 3524-68-3

Ethanol Macklin CAS: 64-17-5

Diiodomethane Macklin CAS: 75-11-6

n-Hexane Macklin CAS: 110-54-3

Dimethylacetamide Macklin CAS: 617-84-5

2-Acetoxymethyl-1-Methoxypropane Macklin CAS: 116-11-0

Hexadecane Macklin CAS: 544-76-3

Commercial polyurethane Macklin N/A

Light crude oil PetroChina N/A

HCl Tianjin Damao CAS: 7647-01-0

NaCl Tianjin Damao CAS: 7757-82-6

NaOH Tianjin Damao CAS: 1310-73-2

Peanut oil local stores N/A

Pump oil local stores N/A
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(1.2 g) were slowly added into the mixture B and stirred at 400 rpm and room temperature (ca. 25�C) for 24 h to obtain the clear so-

lution. This solution was casted onto substrates including glass and tin plate, and the desired coating materials were prepared after a

simple thermal curing process at 180�C for 2h.

QUANTIFICATION AND STATISTICAL ANALYSIS

Averaged values and standard deviation (s. d.) are calculated from at least 3 different measurements for each entry. The quantitative

data were presented as mean ± standard deviation.
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