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ABSTRACT: Polymeric coatings with oxygen barrier properties are an important technology in food packaging that can extend the 

shelf life of food products and reduce waste. Although a typical technology in practical use is the deposition of metal or inorganic 

materials between multilayer films to reduce the oxygen transmission rate, once the film is damaged, oxygen permeates through the 

damaged area, damaging the packaged food. In addition, nanobrick wall structures consisting of nanoplatelet bricks have the potential 

to replace barrier films made of inorganic materials, however, they similarly lack repair performance or have slow repair speed despite 

having repair performance. Inspired by the rapid self-repair mechanism of cephalopods, the study develops a nanoclay-containing 

coating that can rapidly repair surface damage via water. By introducing CaCl2-derived counterions and montmorillonite for nano-

brick wall structures into polyelectrolyte multilayers stacked by layer-by-layer self-assembly, the non-covalent polymer network is 

increased, resulting in mimicking a strong cephalopod-derived β-sheet structure and non-covalent intermolecular interactions derived 

from cephalopods. Regardless of the amount of montmorillonite added, the self-healing process was completed within 10 sec. The 

high-water retention at the surface showed super-bubble-phobicity in water and inhibited gas permeation. The oxygen permeability 

of the coatings with more than a certain amount of montmorillonite was less than 1/100 of that of bare polyethylene. The ultra-fast 

self-healing gas barrier coating has the potential to be used not only for food products but also for electronics and pharmaceutical 

packaging and gas separation applications. The key technology developed in this study provides novel insights into the construction 

of self-healing membranes made of composite materials and will contribute to the formation of a sustainable society.  

■ INTRODUCTION 

Oxygen barrier thin films and coatings for packaging applica-

tions are of great interest for the stable protection of food, phar-

maceuticals, and electronic devices.1-3 In particular, in food 

packaging, it is an important technology to reduce oxygen per-

meability, which can inhibit food deterioration and conse-

quently lead to food waste.4,5 Conventional packaging technol-

ogy consists of building a multi-layered structure using lamina-

tion, vapor deposition, and other methods.6 In this multilayer 

structure, metals, metal oxides, and other inorganic materials 

are inserted between the plastic films as gas barrier layers. How-

ever, in recent years, various points have become apparent from 

both health and environmental perspectives, such as their leach-

ing into food and problems related to separation at the time of 

disposal.7,8 In addition, as a fundamental issue, if the surface of 

the package is damaged during the transportation process or the 

display process at the store, the oxygen will flow into the pack-

age starting from the damaged part, and the deterioration of the 

content food will be significantly advanced.9 

To overcome these limitations, a nanobrick wall structure has 

been devised using the layer-by-layer (LbL) self-assembly 

method to stack layered materials and polymers with nanoplate-

lets.10-12 Montmorillonite (MMT), which are clay materials 

(nanoclay), layered double hydroxide (LDH), and graphene are 

often used as nanoplatelets for thin films with gas barrier prop-

erties.13-15 MMT, in particular, is a good candidate for general-

purpose food packaging applications because of its low cost and 

ease of handling due to its high dispersibility in polymer solu-

tions. The composite of the nanoclay and polymer exhibits re-

markable gas barrier performance because of the tortuous path-

way of gas molecules moving around the nanoplatelets, called 

the maze effect when oxygen permeates.16-18 Therefore, it has 

been shown that increasing the amount and orientation of the 

nanoplatelets can produce a low oxygen transmission rate 

(OTR) comparable to that of conventional inorganic thin films. 

Therefore, the LbL method is an effective construction method 

for both sides due to the advantage that the nanoplatelets can be 

oriented perpendicular to the oxygen diffusion direction and the 

amount of additives can be easily controlled by the initial con-

centration of the polymer solution.19-22 

Another advantage of using LbL self-assembly is its self-

healing function.23,24 Polymer multilayers composed of weakly 

electrolyte polycations and polyanions can self-repair by water-

mediated membrane expansion and subsequent reformation of 

bonds between polymers.25,26 Polymer multilayers with self-

healing behavior have been investigated for various applica-

tions, and their application to antifouling, antibacterial, 



 

 

superhydrophobic, conductive, flame-retardant, and gas barrier 

membranes has been reported so far.27-31 Despite considerable 

efforts, however, self-healing using polymer multilayers is still 

slow in its repairing speed, taking more than 5 minutes at the 

minimum as a recent excellent example.32 

Therefore, the purpose of this study is to develop multilayer 

coatings with quick repair speed while compositing nanoclay to 

the polymer multilayer for gas barrier performance. The con-

cept for improving the self-repair speed was inspired by the 

self-repair mechanism of cephalopods such as squid (Figure 1). 

Previous studies have shown that cephalopods can self-repair 

their legs and other parts of their body.33-35 Their polypeptides 

are composed of a network of proteins and strong β-sheet 

nanostructures, which can be rapidly repaired upon damage by 

non-covalent intermolecular interactions and chain diffusion 

via hydrogen bonds. We focused on the bonding/non-bonding 

parts and hypothesized that doping of MMT and CaCl2 ions 

could suppress the bonding between polymers and realize quick 

self-repair. By ion doping only the polymer solution during 

coating construction and removing residual salts by rinsing with 

pure water, it is expected that the polymer chains can be con-

trolled by counterion binding.36,37 In addition, the introduction 

of counterions can reduce the charge density of the polymer and 

change the conformation of the polymer from a loop structure 

to a train structure, which leads to improved water absorption 

and retention performance.38,39 Furthermore, since each 

nanoclay, MMT, is an independent platelet, it is expected not to 

interfere with the quick movement of the polymer.40 Therefore, 

the nanoclay and ion doping could enhance the mobility of the 

polymer network, resulting in the possibility of achieving rapid 

repair performance even before and after the introduction of the 

nanoclay. 

Here, we introduced nanoclay at different concentrations into 

ion-doped multilayer membranes composed of a weak poly-

electrolyte, branched polyethyleneimine (bPEI)/polyacrylic 

acid (PAA), and the results showed a repair time of 10 seconds. 

Moreover, independent of the concentration of the clay, it 

showed a quicker healing performance than the existing water-

mediated self-healing membranes. By increasing the concentra-

tion of nanoclay, a barrier film was constructed with an OTR of 

less than 0.1, the detection limit of the instrument, and an OTR 

of 1/100 before and after coating. Furthermore, the high-water 

retention at the surface demonstrated super-bubble-phobicity 

and inhibited gas-bubble permeation in water. The results of 

this study are advantageous in that the repair speed is much 

faster than that of conventional self-healing gas barrier films, 

and the low cost of the mechanism can be expressed only by 

introducing electrolyte salts and nanoclay. In the future, it is ex-

pected that the self-healing film can be used to quickly repair 

defective parts of packages by using the moisture of the food 

contents or to reseal packages once they have been opened. 

Thin-film coatings with rapid self-healing performance will 

protect and extend the life of food products, thereby contrib-

uting economically and socially to the reduction of waste and 

the achievement of our Sustainable Development Goals (SDGs). 

 

■ RESULTS AND DISCUSSION 

Water retention properties. LbL self-assembly is a power-

ful approach to the preparation of polymeric thin coatings, and 

the advantage is the ability to control coating thickness ranging 

from nano- to microscale and freely combine any substance, 

that can be dispersed in a solution, into the polyelectrolyte mul-

tilayer as an additive.41,42 To understand the impact of MMT 

nanoclay, the number of bilayers was unified to 30-bilayer for 

all coatings, and the pH of each solution was unadjusted by ad-

ditional acid/base. The actual coating thickness slightly varied 

depending on the concentration of MMT (Figure 2a). Compared 

to the film thickness of 24.2 μm without MMT, the film thick-

ness slightly decreased to 23.3 μm when 0.02 mg/mL of MMT 

was added, which was within the error range considering the 

standard deviation. When the concentration of MMT was in-

creased to 0.2 mg/mL, the film thickness increased to 26.8 μm, 

and when MMT was further added to 2 mg/mL, the film thick-

ness conversely decreased. It has been shown in previous 

Figure 1. Design of cephalopods-inspired rapid self-healing nanoclay composite coatings. a Focus on a squid and the nanostructure 

of β-sheet nanocrystal and protein chain networks derived from the cephalopods’ polypeptides. b Fabrication methodology for rapid 

self-healing nanoclay composite coatings via layer-by-layer self-assembly. c Completely deposited polymer multilayer on substrates. 

Ion-doped polyelectrolyte matrix containing nanoclay (MMT), either breaking a polycation/polyanion pair and acting as counterions. 



 

 

studies that increasing the concentration of electrolyte salts in-

hibits the growth of the electrolyte membranes due to the in-

creased charge shielding of the polymers in each component so-

lution, and the additive MMT was expected to have the same 

effect.43 On the other hand, it has also been experimentally 

shown that as the immersion time in the MMT solution in-

creases, the film thickness increases dramatically due to the in-

creased frequency of MMT nanoplatelet migration relative to 

the surface.44 The question to be considered is whether MMT 

acts on the polymer in solution or on the surface deposition, 

with the concentration determining which is dominant. There-

fore, the film thickness of the self-healing nanoclay coating 

could be attributed to the predominant effect of MMT on the 

surface deposition up to 0.2 mg/mL, which promoted the film 

thickness growth, while at 2 mg/mL, MMT affected the poly-

mer network and inhibited the film thickness growth. The water 

uptake and water retention per minute of the prepared coatings 

were evaluated (Figure 2b, 2c). Increasing the concentration of 

MMT slightly affected the water absorption rate, with a de-

creasing trend up to an increase of 0.2 mg/mL of MMT and a 

Figure 2. Water retention on self-healing nanoclay coatings. a Coating thickness, b water absorption rate, and c initial moisture 

content per unit volume of self-healing coatings with different concentration of MMT. d Static and e dynamic super-bubble-phobicity 

on the self-healing nanoclay coating with MMT 2 mg/mL for repelling and jumping gas bubbles under water, respectively. 

Figure 3. Chemical bonding analysis and optical features. a Wide-band and b narrow-band Fourier transform infrared (FT-IR) spectra 

of coatings with MMT 0 (sky), 0.02 (light green), 0.2 (yellow), and 2 mg/mL (red), respectively. c Measured transmittance changes of 

the coatings on glass substrates with different MMT concentration. d Photo image of each coating on glass substrates. e Surface rough-

ness profiles, Sa (arithmetical mean height, light blue bars), and Sq (root mean square height, RMS, pink bars), of the coatings with 

different MMT concentration.  



 

 

return to the original water absorption rate at 2 mg/mL. The re-

sult was evaluated from the contact area and height of the water 

droplets on the surface as an experimental procedure. Therefore, 

if the surface roughness is large, air pockets may be created be-

tween the water droplet and the surface in the initial state. The 

phenomenon would have affected the deviation, resulting in a 

decrease in the water absorption rate and a larger variation. On 

the other hand, when the water retention per unit volume was 

evaluated in the membranes after immersion in pure water, the 

effect of the concentration of MMT was found to be small. This 

indicates that the complete contact of water with the surface can 

absorb and retain the same amount of water, independent of the 

addition of MMT. 

An application of the high-water holding capacity at the sur-

face is the super-bubble-phobic property in water. When the 

bubbles were placed on the surface, the contact angle was more 

than 150 degrees, which completely inhibited the adhesion of 

gases (Figure 2d). The bubbles released toward the surface and 

hitting the coating were observed with a high-speed camera 

(Figure 2e and Movie S1). The highly water-holding surface 

formed a stable water film on the top surface as it absorbed wa-

ter from the water bath, repelling the colliding bubbles and pre-

venting them from sticking. As a result, the self-healing 

nanoclay coating in this study has the potential to be applied to 

inhibit gas permeation in liquids. 

Chemical and optical analysis. In ordinary polymer mul-

tilayers by LbL, polycations and polyanions are constructed by 

depositing them by strong electrostatic bonds. In the present 

work, ion doping and addition of MMT nanoclay are carried out 

to mimic the strong β-sheet and non-covalent polymer network 

derived from cephalopods, and the effect is verified (Figure 3a 

and 3b). In comparison with the FTIR spectra of bulk bPEI and 

PAA in the previous study, no new peaks were formed by the 

addition of ion doping and MMT nanoclay.45 In conventional 

non-ion-doped polymer multilayers, the carboxyl group of PAA 

completely dissociates and bonds with bPEI, resulting in the ap-

pearance of a strong COO-peak (1560 cm-1) and no COOH peak 

(∼1714 cm-1) (Figure S1). On the other hand, the addition of ion 

doping and MMT in the present study resulted in a large and 

clear appearance of the COOH peak (∼1714 cm-1) in addition to 

the COO- peak (1560 cm-1). Hence, the ion doping and nanoclay 

were shown to affect the functional groups of each polymer and 

inhibit the bonding between polycation and polyanion. 

It was also found that the peaks associated with carboxyl 

groups were changed by increasing the amount of MMT added. 

A doublet centered on the original COOH peak was observed 

within the COOH peak, and the increase in MMT changed this 

doublet peak into a single peak. The doublet peak is attributed 

to the intermolecular and intramolecular hydrogen bonds origi-

nating from the COOH of PAA.46 Hence, the ion doping sup-

pressed the dissociation of the carboxyl groups and the hydro-

gen bonding appeared stronger, while the addition of MMT sup-

pressed the hydrogen bonding, suggesting that MMT was de-

posited on the bPEI along with PAA. This result is consistent 

with the previous discussion on film thickness, where the in-

crease in MMT inhibits the network between and within poly-

mer molecules, thereby suppressing the increase in film thick-

ness. 

The optical effects of the addition of MMT were evaluated 

(Figure 3c and 3d). When the coating was deposited on a glass 

substrate, the transmittance remained constant at about 20% be-

fore the addition of MMT (note: the sharp absorption around 

300 nm wavelength is due to the glass substrate). The transmit-

tance of the coating with 0.02 mg/mL of MMT was slightly re-

duced relative to the coating before addition. When 0.2 mg/mL 

of MMT was added, the transmittance decreased further, show-

ing a transmittance of about 10%. The overall transmittance of 

the coating with 2 mg/mL of MMT increased, but as shown in 

the transmittance curve and photographs, the decrease in trans-

mittance at wavelengths between 300 and 500 nm versus wave-

lengths above 500 nm was larger than that of the coating under 

other conditions, and the entire coating turned slightly yellow 

in the photographs. It is suggested that the film thickness, re-

fractive index, and surface roughness have a combined effect 

on the transmittance variation. The film thickness was maxim-

ized at 0.2 mg/mL, as mentioned earlier, which increased the 

optical path length for vertically incident light to hit the scatter-

ing medium, resulting in increased scattering. According to the 

Figure 4. Self-healing observations. Surface images of the self-healing nanoclay coatings at different exposure time in water with 

different MMT concentrations, 0 mg/mL (first line), 0.02 mg/mL (second line), 0.2 mg/mL (third line), and 2 mg/mL (fourth line), were 

observed using a 3D laser scanning microscopy at different positions. The red scale bar is 100 μm. 



 

 

Fresnel equations, the refractive index of an LbL coating can be 

estimated using a simple mixing rule:47,48 

𝑛𝑙 = 𝑓𝑎𝑖𝑟𝑛𝑎𝑖𝑟 + 𝑓𝑝𝑜𝑙𝑦𝑒𝑐𝑎𝑡𝑖𝑜𝑛𝑛𝑝𝑜𝑙𝑦𝑐𝑎𝑡𝑖𝑜𝑛 + 𝑓𝑝𝑜𝑙𝑦𝑎𝑛𝑖𝑜𝑛𝑛𝑝𝑜𝑙𝑦𝑎𝑛𝑖𝑜𝑛 +

𝑓𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒𝑛𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒   (1) 

where 𝑓𝑥  is the volume fraction, and 𝑛𝑥 is the refractive in-

dex of component 𝑥. The decrease in refractive index leads to a 

decrease in the surface scattering of the film. In the present coat-

ing, the refractive indices of bPEI, PAA, and MMT are 1.529, 

1.527, and 1.426, respectively. Although optical refractive in-

dex evaluation by ellipsometry could not be carried out in this 

study due to the low overall transmittance of the coating, the 

increase in the content of MMT would directly contribute to the 

decrease in the overall refractive index of the coating. The sur-

face roughness was also evaluated (Figures 3e and S2). Accord-

ing to the results, Sa (arithmetical mean height), Sq (root mean 

square height, RMS), and Sz (maximum height) all increased 

with increasing MMT concentration up to 0.2 mg/mL. In the 

coating with 2 mg/mL of MMT, Sa and Sq were decreased. Fur-

thermore, Sz was found to be smaller than that of the coating 

before the addition of MMT. As for the surface roughness, the 

surface observation clearly showed the difference between the 

MMT concentration conditions (Figure 4 and Figure 5). This 

suggests that the surface roughness that contributes to scattering 

may be suppressed by the excessive introduction of MMT, 

which led to the increase in transmittance. 

Rapid self-healing performance. The surface repair was 

observed for different immersion times in water (Figure 4 and 

Figure 5). The repair performance was much faster than that of 

conventional polymer multilayers, and the repair of scratches of 

about 100 μm was completed in about 10 seconds under all 

MMT concentration conditions, and the scratches on the surface 

were almost invisible. In terms of the height evaluation results, 

no significant scratches were observed after 5 seconds of im-

mersion in water, but indentations were still observed on the 

surface. Later, when the immersion time was 10 seconds, no 

scratches could be discerned from the height evaluation. Even 

after further immersion in water, the damaged area was not ex-

posed again, and the scratches and indentations disappeared 

completely. Interestingly, the concentration of MMT nanoclay 

added did not affect on the repair time. This result indicated that 

MMT did not inhibit the quick migration of macromolecules 

due to their independent nanoplatelet structures (i.e., broken 

nanostructures). The positive impact of independent nanoplate-

let structures on gas barrier performance has been shown in 

Figure 5. Height analysis of self-healing coatings. 3D height images of the corresponding self-healing nanoclay coatings in Figure 4 

at different water-exposure time with MMT 0 mg/mL (first line), 0.02 mg/mL (second line), 0.2 mg/mL (third line), and 2 mg/mL (fourth 

line), were analyzed using a 3D laser scanning microscopy at different positions. The roughness scale bar is -30–30 μm. 

Figure 6. Rapid self-healing performance. Healing rate calculated using height difference in the level before and after exposure in 

water at different exposure time with different MMT concentrations, 0 (sky), 0.02 (light green), 0.2 (yellow), and 2 mg/mL (red), re-

spectively. 



 

 

previous studies, and similarly, the properties were found to be 

valid for fast self-healing surfaces. 

In multilayers constructed by the LbL self-assembly method, 

the polymer closer to the substrate expands predominantly, so 

that the substrate exposed by damage quickly becomes invisi-

ble.49 Therefore, the height of the damaged area was evaluated 

graphically as the self-healing performance to consider the self-

healing process to be complete when even the dent is com-

pletely erased, instead of the damage recovery in the lateral di-

rection to the substrate (Figure 6 and Figure S3). The healing 

rate was calculated using the following formula: healing rate 

[%] = [{height of reference surface (average height of coating 

excluding scar (dents) - average height in scar (dents)} / height 

of reference surface (average height of coating excluding scar 

(dents))] × 100. From the detailed height evaluation, it was clear 

that more than 90% of the surface scratches were repaired after 

5 seconds of water immersion for all MMT concentration con-

ditions. The time to complete repair was 10, 30, 20, and 10 sec-

onds at MMT 0, 0.02, 0.2, and 2 mg/mL, respectively. It should 

be noted that this calculation result does not take into account 

the roughness, so if the entire coating is uneven after deposition, 

the roughness will also be averaged together. However, it took 

less than 30 seconds to completely repair the coating under all 

conditions, suggesting that this is the fastest level of repair time 

for a polymer multilayer coating to recover surface scratches. 

From the above results on the repair performance, the addition 

of ion dope and MMT nanoclay enhanced the mobility of the 

polymer on the substrate by inhibiting the bonding between the 

polymers in the polymer multilayer, and achieved a quick self-

healing that could erase the surface scratches in the fastest 10 

seconds. 

Oxygen barrier performance of nanoclay coating. The 

nanobrick wall structure can reduce the oxygen transmission 

rate (OTR) by creating an extremely tortuous pathway for the 

permeating molecules due to the maze effect. The environmen-

tal humidity during the measurement was set to 0% and 50%, 

and the OTR was measured (Figure 7). 0% humidity is a setting 

often used in general basic research tests, while 50% humidity 

was used as an ISO-compliant condition. Polyethylene, which 

is often used in food packaging, was chosen as the base material. 

For polyethylene without coating, the OTR was 12900 and 8600 

mL/(m2∙24h∙atm) at 0 and 50% humidity, respectively, indicat-

ing a very high oxygen permeation. When a coating was applied 

to the polyethylene, the OTR was dramatically improved. First, 

in tests under 0% humidity conditions, the OTR was 1/10 of the 

original OTR for all coatings, reducing the oxygen transmission 

rate. When the humidity was 0%, the effect of the added con-

centration of MMT was small because the polymer multilayer 

film did not expand. It was also observed that the present poly-

mer multilayer film cracked at 0% humidity (Figure S4). The 

polymer multilayer could not withstand the rapid decrease in 

humidity during the test, and this crack was the starting point 

for oxygen permeation, which resulted in a minimum OTR of 

1000 mL/(m2∙24h∙atm). On the other hand, under the condition 

of 50% humidity, the difference depending on the concentration 

of MMT added became larger. Under humid conditions, the pol-

ymer multilayer film may expand, and there is a risk of oxygen 

permeation through it. Without the addition of MMT, the OTR 

was reduced by half compared to that before coating. In the 

coating with 0.02 mg/mL of MMT, the OTR was slightly lower 

than before the addition. At 0.2 mg/mL of MMT, the OTR de-

creased sharply and showed 500 mL/(m2∙24h∙atm). The MMT 

concentration was further increased and the coating with 2 

mg/mL added resulted in an OTR below the lower limit of the 

OTR evaluation system (> 0.1). Considering that the OTR de-

creased to 1/6 with the increase in MMT concentration from 

0.02 mg/mL to 0.2 mg/mL, the value of 2 mg/mL is estimated 

to be less than 0.08 (less than 1/6 of 500 mL/(m2∙24h∙atm)) even 

if we underestimated the value. Hence, compared to the case 

without coating, the restorative nanoclay coating was evaluated 

to have demonstrated oxygen barrier performance, suggesting 

that it was effective in reducing the OTR to 1/100. It was also 

found that by increasing the concentration of MMT, the shield-

ing effect of nanoplatelets of MMT was more dominant than the 

highway function of increasing oxygen permeability due to the 

expansion of polymer multilayer under high humidity. 

 

■ CONCLUSIONS 

By mimicking the self-healing mechanism of cephalopods 

through ion doping and nanoclay complexation, we have 

achieved a coating that can self-heal surface scratches at a very 

fast rate through water. The introduction of ions and nanoclay 

interfered with the strong electrostatic bonds between the poly-

mers, improving the mobility of the polymer chain and com-

pletely repairing the surface in 10 seconds. The separate plate-

lets of nanoclay did not disturb the mobility of the polymers and 

proposed a high repair performance independent of the MMT 

concentration. In the coating with 2 mg/mL of MMT, the nano-

brick wall structure of the stacked platelets resulted in a reduc-

tion of gas permeation, and the oxygen permeability of the coat-

ing was less than 1/100 compared to that before coating, result-

ing in its effectiveness as a gas barrier coating. Moreover, the 

high-water retention property demonstrated super-bubble-pho-

bicity in water and inhibited gas bubble permeation. This ultra-

fast self-healing gas barrier coating has the potential to be used 

not only for food products, but also for electronic devices, phar-

maceutical packaging, and gas separation applications by opti-

mizing it for future applications. These potential applications 

suggest that the coating developed in this study will be a 

Figure 7. Oxygen transmission rate. Oxygen transmission 

rate (OTR) of a bare polyethylene (PE) film (without coatings, 

light blue bars) and self-healing nanoclay coatings with differ-

ent MMT concentrations, 0 (sky bars), 0.02 (light green bars), 

0.2 (yellow bars), and 2 mg/mL (red bars), at different relative 

humidity, respectively. The detection limit of the instrument is 

OTR 0.1 × 103 mL/(m2∙24h∙atm). 



 

 

promising material that can play an extraordinary role in eco-

nomic and social contributions toward waste reduction and the 

achievement of the SDGs. 

 

■ METHODS 

Materials. branched polyethyleneimine (bPEI, Mw ~ 10,000, 

refractive index 1.529, Polysciences, Inc., PA, US), polyacrylic 

acid (PAA, Mw ~ 250,000, refractive index 1.527, Wako Pure 

Chemical Industry Ltd., Osaka, Japan), CaCl2 (Wako Pure 

Chemical Industry Ltd., Osaka, Japan), and sodium montmoril-

lonite nanoclay (MMT, refractive index 1.426, Fluorochem Ltd, 

Glossop, UK) were used for the preparation of self-healing 

nanoclay coatings. MMT can be dissociated in solution by using 

sodium montmorillonite, which also acts as an ion. Deionized 

water (Milli-Q Direct-Q UV3, Merck KGaA, Darmstadt, Ger-

many) was used for the precursor solution and rinse for LbL 

self-assembly method. All polymers were used without further 

purification. Glass substrates (26 × 76 mm, thickness 1.0 mm, 

refractive index 1.52, S1111, Matsunami Glass Ind., Ltd., Ki-

shiwada, Japan) and polyethylene film (PE, thickness 50 μm, 

TOCHISEN CHEMICAL INDUSTRY CO.,LTD., Tochigi, Ja-

pan) were used as substrates. 

Preparation of self-healing coatings. Polycation and pol-

yanion solution were composed of bPEI 4 mg/mL and PAA 4 

mg/mL, respectively, with 10 mM CaCl2 and MMT at different 

concentration. To improve the dispersion of MMT, the solution 

was treated with an ultrasonic homogenizer for 1 min. All solu-

tions were stirred for 12 h. The solution pH of polycation and 

polyanion were 10.5 and 3.1, respectively, and they were not 

further adjusted. All substrates were cleaned in KOH solution 

(1:120:240 wt% KOH/H2O/EtOH) for 5 min and then rinsed 

thoroughly with ultrapure water. The substrate was alternately 

immersed in polycation or polyanion solutions for 5 min and 

then rinsed with pure water after deposition of each layer for 

every 2 min to completely remove residual CaCl2 in the PEMs. 

Characterization. The surface morphology, thickness, 

roughness, and self-healing performance of the coatings were 

analyzed using a 3D scanning laser microscope (VK-X100, 

KEYENCE Corp., Osaka, Japan). The water retention was 

measured using an electronic analytical scale and calculated 

from the contact area and height of 5-μL water droplets using a 

contact angle meter (Drop Master 300K, Kyowa Interface Sci-

ence Co., Ltd, Saitama, Japan). Images of static and dynamic 

super-bubble-phobicity under water were captured using a 

monochrome high-speed camera (Chronos 1.4, Kron Technol-

ogies Inc., BC, Canada). The chemical properties were meas-

ured using FT-IR (Nicolet iS50, Thermo Fisher Scientific Inc., 

MA, US). Transmittance measurements in the spectral range of 

300–1500 nm were carried out using a UV-visible/NIR spectro-

photometer (V-780, JASCO Corp, Tokyo, Japan). A photo of 

each coating on glass substrates was acquired using an action 

camera (GoPro Hero 8, GoPro, Inc., CA, US). OTR for oxygen 

permeability was measured via differential pressure method us-

ing a gas permeation analysis system (GTR-10XFKS, GTR 

TEC Corp., Kyoto, Japan) that complies with ISO 15105-1 and 

JIS K7126 and can analyze the gas transmission rate and per-

meability coefficient of gases under controlling relative humid-

ity. The OTR measurement was conducted via an entrusted 

measurement by Kanagawa Institute of Industrial Science and 

Technology (KISTEC), Kanagawa, Japan. 
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