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A B S T R A C T   

The application of nanotechnology in the corrosion protection of metals has gained considerable attention. In this 
work, a fast, low-cost, and facial method of metal protection was proposed by electrophoretic deposition (EPD) of 
halloysite nanotubes (HNTs). EPD is a standard method to prepare dense homogeneous polymers gaining wide 
application. HNTs exhibiting unique nanostructure, high surface potentials, and good dispersion ability were 
used as the different metals’ coating materials. The coating thickness can be precisely controlled by changing the 
electrophoretic deposition conditions (time, concentration, electrode spacing, and voltage). Coatings of 50 μm 
thickness were achieved at conditions of deposition time of 30 s, HNTs concentration of 4%, electrode spacing of 
30 mm, and voltage of 20 V. The HNTs coating can be applied to complex shapes and different metal types. To 
increase the water resistance, glutaraldehyde crosslinked polyvinyl alcohol (PVA) was further introduced to the 
coating. PVA modification increased the corrosion resistance, wear resistance, and water resistance. The surface 
roughness increased with the deposition time, as evidenced by SEM and 3D optical profiler. When the deposition 
time was increased from 15 to 60 s, the RMS roughness of the coatings increased from 1.46 to 2.82 μm. HNTs/ 
PVA composite coatings on metals are used for thermal insulation, information hiding, and anti-corrosion. When 
the deposition time increased from 15 to 60 s, the coating resistance changed from 13,446.0 to 27,015.0 Ω cm2. 
This work developed an assembled method of nanoclays on metals by EPD and polymer modification, which 
shows excellent potential in metal anti-corrosion.   

1. Introduction 

Metal materials damaged by the surrounding media, known as metal 
corrosion, involved multiphase reactions at the metal interface, which 
brought severe problems such as decreased strength, plasticity, tough
ness, and other mechanical properties [1]. Metals’ anti-corrosion has 
become a priority to ensure safety, efficiency, and long-term durability 
and cut costs [2]. Metal corrosion protection is a systematic project, and 
the widely used corrosion protection techniques mainly contain the 
following four aspects, i.e., proper selection of material [3], surface 
protection [4–6], handling of corrosive media and electrochemical 
protection techniques. Surface protection technology is a simple and 
effective method using various coatings to provide a space barrier to the 
external corrosive environment. [7–9]. 

Electrophoretic deposition (EPD) is a desirable method to prepare 
protective coatings, which is also an approach for preparing composite 
film deposition for biomedical applications [10]. EPD technique has 

been widely used for the deposition of inorganic materials [11], poly
mers [12] and composites [13], which is highly cost-effective due to its 
simplicity [14]. It is possible to produce smooth coatings on various 
metal surfaces, and the thickness of the deposited film is varied by 
adjusting the conditions of EPD [15]. In addition, EPD has been used to 
manufacture nanostructured conductive polymer films because of its 
ability to produce uniform and dense conductive polymer film elec
trodes [16–19]. For example, Hwang et al. have prepared corrosion 
protection for metal surfaces by EPD based on graphene oxide modified 
with phenylenediamine [20]. Multi-walled carbon nanotubes were also 
deposited on stainless-steel substrates by EPD methods for heat extrac
tion devices or tissue engineering scaffold applications [21]. 

Halloysite is a natural silicate clay, often called halloysite nanotubes 
(HNTs), due to their empty lumen structure. HNTs can be applied in 
various fields owing to their unique tubular properties, ample surface 
area, high dispersion, good biocompatibility, non-toxicity, and low cost 
[22–25]. For instance, HNTs and their composites have been widely 
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used in ceramics, polymer composite, catalyst, tissue engineering [26], 
drug delivery carriers, cosmetics, and other fields [27]. HNTs possess an 
inner layer composed of an aluminoxane (Al-OH) group and an outer 
silanol (Si-OH) group [28], with the chemical formula of 
Al2Si2O5(OH)4⋅nH2O [29]. HNTs vary in outer and inner diameters be
tween 30 and 70 nm and 15 and 20 nm, respectively, while the tube 
length is between 200 and 1500 nm [30]. HNTs have predominantly 
negatively charged surfaces [31]. Therefore, HNTs particles could move 
to an anode under an electric field. HNTs can be used as a material for 
EPD, and a dense and homogeneous coating composed of HNTs can be 
formed on the substrates. The EPD of HNTs has been proven to be 
applicable previously [32–39]. For example, Deen et al. prepared com
posite films of HNTs, hydroxyapatite (HA), and hyaluronic acid by EPD 
for biomedical implant applications [10]. HNTs/chitosan nano
composite coatings with drug delivery function and antimicrobial ac
tivity were developed by Farrokhi-Rad et al. through EPD [40]. EPD of 
silane modified HNTs on glass fabrics can also be applied to improve the 
mechanical properties of epoxy composite materials [41]. Due to the 
hydrophilicity of HNTs, the HNTs coating cannot be used for long pe
riods for metal protection in wet environments. Covalent grafting of 
organic compounds such as organosilanes and organophosphorus acids 
on the Al-OH and Si-OH groups on HNTs was evidenced as an effective 
method to improve the water resistance of the HNTs coating [42]. 

This paper prepared a HNTs/PVA composite coating with excellent 
water resistance and corrosion resistance by glutaraldehyde cross
linking. The superiority of its physical properties was verified by the 
water resistance test, scratch resistance test, and thermal conductivity 
test. The metal protection performance was verified by the electro
chemical impedance spectrum and Tafel curve. It was also found that the 
transparency of the HNTs coating increase after wetting, which can be 
used in information hiding. The HNTs coating prepared by EPD can be 
applied in complex shapes and various metals, and a deposition pattern 
can obtain by a mask method during the EPD process. This study has 
shown a bright future in manufacturing HNTs-polymer composite 
coating on metals by EPD, which shows potential in metal anti- 
corrosion. 

2. Materials and methods 

2.1. Materials 

Halloysite nanotubes (HNTs) (mined from Yunnan Province, China) 
was supplied from Guangzhou Runwo Materials Technology Co., China. 
Polyvinyl alcohol (PVA, 1788 model) was purchased from Deli Group 
Co., Ltd, China. Glutaraldehyde and poly(sodium-p-styrenesulfonate) 
(PSS) were obtained from Sigma-Aldrich. The dyes (methylene blue 
and neutral red) were obtained from Chengdu Aikeda Chemical Reagent 
Co., Ltd., China. Ferric chloride (III) hexahydrate and sodium chloride 
were purchased from Tianjin fuchen chemical Co., Ltd, China. All the 
metal materials for EPD and ink were purchased from local markets. 

2.2. Preparation of the HNTs/PVA composite coatings 

2.2.1. Preparation of PSS-modified halloysite 
HNTs were modified using PSS to improve the tubes’ surface charge 

and dispersion stability [43]. HNTs powder and PSS were placed in a 
beaker at a mass ratio of 10:1. The addition of PSS made the Zeta po
tential of HNTs dispersion change from − 24.2 to − 29.2 mV. The mixture 
was stirred magnetically at room temperature for 48 h to allow specific 
adsorption. The mixture was then centrifuged in a centrifuge at 8000 
rpm for 10 min. The supernatant was discarded, and the precipitation 
was washed three times with anhydrous ethanol, and then dried and 
ground into a powder to give modified HNTs powder. 

2.2.2. EPD preparation of HNTs coatings 
EPD of HNTs coating was conducted by the instrument of a two-way 

DC regulated power supply (APS3005S-3D, Shenzhen ATTEN Technol
ogy Co., Ltd, China) with the copper sheet as the positive and negative 
electrodes at a set voltage of 5–25 V and an electrodes distance of 10–40 
mm. The concentration of HNTs aqueous dispersion varied from 1 to 4 
wt.%, and the deposition time was 15–60 s. Electrophoretic deposition 
times that were too short can result in coatings that were too thin to 
cover the substrate (Fig. S1). Excessive deposition time could cause 
stress cracking on the coating surface during drying, which was not 
satisfactory for the corrosion protection application. After electropho
retic deposition, the positive copper sheet was dried at room tempera
ture for at least 1 h until complete drying. 

2.2.3. Preparation of HNTs/PVA composite coatings 
A 5% PVA aqueous solution was used to immerse the completely 

dried HNTs coating. After the coating was completely wet, the coating 
was removed and dried naturally at room temperature. PVA could form 
a thin film on the surface of the HNTs coating. The HNTs/PVA composite 
coating was then immersed in a 5% GA aqueous solution and crosslinked 
in an oven at 60 ◦C for 1 h [44]. 

2.3. Characterization 

The elemental composition of HNTs was determined by X-ray fluo
rescence (XRF) (Malvern Panalytical, United Kingdom). Field emission 
scanning electron microscopy (SEM, ULTRA55, Carl Zeiss Jena, Ger
many) was used to analyze the morphology of the HNTs coating. Before 
testing, a layer of gold was sprayed on the coating surfaces. Energy 
dispersive spectrometry (EDS) mapping were also employed to explore 
the element distribution. Fourier transforms infrared (FTIR) spectra 
were obtained with a Thermo FTIR (Nicolet iS50, Thermo Fisher Sci
entific Co. Ltd., USA) spectrometer. X-ray diffraction (XRD) patterns 
were recorded with Cu Kα radiation using a Miniflex 600 diffractometer 
from RIKEN, Japan. TGA curves were obtained using a TGA instrument 
(TGA2, METTLER TOLEDO Ltd., Switzerland) and measured from 50 to 
800 ◦C at a 50 mL/min nitrogen flow rate and a heating rate of 10 ◦C/ 
min. 3D optical profiler (UP-DUAL MODE, Rtec Instrument Ltd., USA) 
was used to study the surface morphology. The 3D morphology was 
analyzed by Gwyddion analysis software to obtain linear profiles. 

2.4. Water resistance and abrasion resistance test 

2.4.1. Contact angle tester 
Water contact angle (WCA) was tested at room temperature using a 

contact angle tester (DSA100, Kruss Ltd, Germany). The water contact 
angle image was captured immediately after the release of water drop
lets. The volume of the water droplets was 10.0 ± 0.5 μL. At least five 
measurements were made per substrate. 

2.4.2. Simulated rain washout test 
The coatings were placed in a Petri dish to investigate the water 

resistance. An appropriate amount of water was drawn from a syringe 
without a needle and injected onto the surface of the coatings at a 
specific rate and allowed to wet well to observe whether the coatings 
peeled off or showed deformation. Then, the water was poured out of the 
Petri dish, and the coating surface was dried with a hairdryer and 
compared with the coating before immersion in water. 

2.4.3. Abrasion resistance test 
The coatings of HNTs before and after treated by PVA and GA were 

applied with a 100 g load and sandpaper and pulled in a vertical di
rection for 10 cm. The appearances were observed by the photograph. 
Furthermore, for more visual and quantitative analysis, the weight 
changed of the coatings after 9 times abrasion were recorded by an 
electronic balance. 
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2.5. EPD of HNTs on different substrates 

Experiments were designed to perform the EPD of HNTs on different 
metal substrates with complex shapes. Copper foam, nickel foam, screw 
nuts, key fobs, or other decorative objects were used as experimental 
materials to observe the electrophoretic deposition of HNTs. 

2.6. Preparation of specific patterns of HNTs coatings 

To verify that EPD can prepare a specific pattern of HNTs coatings. A 
non-conductive material was used as a mask to cover part of the coating 
during the EPD process, allowing HNTs to be deposited on the exposed 
part. The deposited coating was dried in an oven, and the mask was 
carefully removed to obtain a specific pattern of HNTs coatings after 
complete drying. 

2.7. Thermal conductivity test 

The thermal conductivity studies were firstly investigated by 
measuring water temperature on an HNTs coated copper substrate. 
HNTs coatings with deposition time of 1, 2, and 3 min were selected to 
test their thermal conductivity (at a voltage of 20 V, a distance of 30 mm 

between the poles, and a dispersion concentration of 4%). The heating 
plate temperature was set at 70 ◦C, and a small bottle containing 20 mL 
of water was placed on the heated plate. The water temperature was 
measured by an infrared thermal imager (TiS 55, Fluke Electronic In
strument Ltd., USA). The melting of the wax on the HNTs coating and the 
copper plate was then compared. The copper sheet with and without 
HNTs coating was placed on a heating plate at 150 ◦C, and two bottles of 
wax were placed on the metal sheets. 

2.8. Corrosion resistance testing 

To investigate the corrosion behavior of HNTs/PVA composite 
coatings, polarization tests and electrochemical impedance spectros
copy (Shanghai Chenhua CHI760E) were carried out at room tempera
ture, using graphite and standard glycine electrodes (SCE) as auxiliary 
electrodes. For the reference electrode, impedance spectra were ob
tained in the frequency range of 10 MHz to 30 MHz, respectively, with 
an amplitude of 20 mV. 

Copper was used as the metal model. A ferric chloride solution was 
obtained by adding 0.75 g of initially ground ferric chloride powder to 
0.6 mL of concentrated hydrochloric acid and 0.9 mL of water, followed 
by a slow dilution to 30 mL with water. Composite coatings of HNTs/ 

Fig. 1. Schematic showing the EPD process of HNTs coating 
(A). The influence of HNTs concentration (at a voltage of 20 V, 
electrode spacing of 30 mm and deposition time of 30 s) (B), 
deposition time (at a voltage of 20 V, an electrode spacing of 
30 mm and a concentration of 4%) (C), voltage (at an electrode 
spacing of 30 mm, a deposition time of 30 s, and a concen
tration of 4%) (D), and electrode spacing(at a voltage of 20 V, a 
deposition time of 30 s and a concentration of 4%) (E) on the 
coating thickness and weight.   
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PVA with a deposition time of 15–60 s were prepared on copper rods by 
EPD. The composite coating and copper rods were placed in the ferric 
chloride solution for 48 h, and the corrosion of each sample was 
observed. 

3. Results and discussion 

3.1. Factors affecting the EPD of HNTs 

Clays always have a net negative charge because silica (Si4+) is 
substituted by aluminum (Al3+) in the mineral structure. This replace
ment leads to negative charged surfaces of HNTs [45]. However, the 
negative charges of raw HNTs are not enough for stable dispersion in an 
aqueous medium. PSS was added to improve the negative charge and the 
uniform dispersion of the HNTs suspension [46]. The purities of HNTs 
may have an influence on the EPD process and the coating appearances. 
The elemental composition by XRF of the used HNTs was determined as 

follows (wt%): SiO2, 53.26; Al2O3, 44.98; Fe2O3, 0.35; P2O5, 0.75; CaO, 
0.36. The purity of HNTs was 98.24% which was calculated by the sum 
of the content of SiO2 and Al2O3. Fig. 1A shows the schematic for pre
paring HNTs coating by the EPD method. 

To study the factors affecting EPD, HNTs concentration, deposition 
time, voltage, and the distance between the two poles were changed, 
and the thickness and weight of the coating were recorded. The coating 
thickness was tested by a calibrator, while a balance tested the coating 
weight. 

Fig. 1B shows the influence of HNTs concentration on the coating 
thickness and weight. The thickness of HNTs coating at a concentration 
of 4% (45.7 μm) is approximately three times the thickness of 1% (14.6 
μm), and the average deposition weight increased from 3.6 mg to 15.5 
mg. Fig. 1C shows that the coating thickness with a deposition time of 
60 s (75.3 μm) is approximate twice the coating thickness with a 
deposition time of 15 s (38.0 μm). The coating weight increases with 
deposition time from 8.4 mg to 24.9 mg. Fig. 1D shows the relationship 

Fig. 2. EPD of HNTs on various substrates (A). A specific shape of patterned HNTs coatings prepared by mask (B); Appearance of patterned HNTs coatings on copper 
substrate (C). 
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between the thickness and weight of the coating with voltage. The 
thickness increases from 30.0 μm to 63.0 μm when the voltage varies 
from 10 V to 25 V, and average weight increased from 8.0 mg to 16.5 
mg. Electrode spacing also affects the coating thickness. The farther the 
spacing, the less deposition. 10 mm electrode spacing resulted in 100.0 
μm thickness and 10.3 mg average weight, while 40.0 mm electrode 
spacing resulted in 20.3 μm thickness and 25.2 mg average weight 
(Fig. 1E). Therefore, increasing the HNTs concentration, deposition 
time, and voltage leads to a regular increase in the thickness and weight 
of the EPD coating. Increasing the distance between the two electrode 
plates will lead to a regular decrease in the thickness and weight of the 
EPD coating. It should be noticed that the HNTs coating will become 
uneven, and cracks occur if further increasing the concentration and 
deposition time, and voltage. 

3.2. EPD of HNTs on different substrates and patterned HNTs coating 

Copper is a suitable substrate for the EPD of HNTs due to its good 
conductivity and proper surface roughness. A further experiment is 
needed on whether HNTs can be deposited into other metals by EPD. 
Several commonly used metal materials were selected for the EPD of 
HNTs, such as keychains, nuts, copper artifacts, copper rods, stainless 
steel bars, and foam metals. Due to the different conductivity of each 
material, EPD conditions were varied to prepare a uniform coating of 
HNTs. The appearances of these objects before and after the EPD of 
HNTs coating are shown in Fig. 2A. HNTs can form uniform coatings on 
the surfaces of these metal objects. It should be noted that the EPD 
coating can only be formed on one side of the object if the object is static. 
Uniform coating on these 3D objects can be obtained by rotating these 
objects at a reasonable rate. 

To meet the different shapes requirement of HNTs coating on metals, 
a mask with a special pattern was adhered to the metal surface before 

EPD, and the mask was removed after EPD (Fig. 2B). Four different 
flower-shaped HNTs coatings are successfully prepared on copper sur
face, giving the coatings an aesthetically pleasing appearance (Fig. 2C). 
These results show that HNTs can be prepared in complex shapes by 
covering part of the conductive material during the EPD process, which 
shows applications in designation such as product logos. HNTs coating 
can also be deposited onto various conductive metals using EPD tech
nology, which makes the HNTs coating application in medical metal 
implant, metal protection, and thermal insulation for metals. 

3.3. Surface studies of HNTs/PVA composite coatings 

GA crosslinked PVA was further introduced on the HNTs coating to 
increase the water resistance. The surface morphology of HNTs/PVA 
composite coatings with different EPD time was investigated by FE-SEM. 
HNTs were irregularly arranged on the surface of the coating, and the 
arrangement pattern of HNTs did not change significantly as the thick
ness of the coating increased (Fig. 3A). The surface of GA crosslinked 
HNTs/PVA coating is rough and porous. PVA can form a thin film on the 
HNTs coating, but the film is broken by GA crosslinking. This suggests 
that GA can interact with PVA and HNTs since hydrogel groups on them 
can react with aldehyde groups of GA. Besides, PVA and HNTs can 
interact via hydrogen bonding [47]. In addition, the distribution of 
HNTs in the PVA coating was uniform , as shown by EDS results in 
Fig. S2. 

The coating thickness affected the surface roughness of HNTs/PVA 
(Fig. 3B). As the deposition time increased from 15 to 60 s, the distance 
between the highest and lowest points of the coating increased from 
11.6 μm to 16.6 μm. The RMS roughness of the coating was 1.46, 1.65, 
2.13, and 2.82 μm for a deposition time of 15, 30, 45, and 60 s, 
respectively. Thus, the RMS roughness of the HNTs/PVA composite 
coating increased with increasing coating thickness. Fig. 3C shows the 

Fig. 3. SEM images (A), 3D morphology (B), and surface height profiles (C) of HNTs/PVA coatings with deposition times of 15–60 s.  
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height profiles in 3B. Similarly, the distance from peak to valley in
creases with the coating thickness. So, the surface roughness of the 
coating can be tailored by changing the deposition time. 

XRD and FTIR spectra were used to investigate the structure of the 
EPD coatings. The positions and sizes of the characteristic diffraction 
peaks of HNTs in PVA and GA crosslinked PVA coating did not change, 
as shown in Fig. 4A. The peaks at 43, 52, and 74o in the three curves are 
attributed to the (111), (200), and (220) planes of Cu. The higher the 
crystallinity, the stronger the peak intensity. The peak strength and 
position of HNTs and Cu do not change, so PVA and GA have almost no 
effect on the crystallinity of the HNTs and Cu. FT-IR technique was also 
used to characterize the structural changes of HNT (Fig. 4B). HNT shows 
typical absorption peaks around 3698, 3623, 1024, and 908 cm-1 

assigned to O–H stretching of inner surface hydroxyl groups, O–H 
stretching of internal hydroxyl groups, in-plane Si-O stretching, and H 
deformation of O-internal hydroxyl groups, respectively [48]; PVA 
shows typical absorption peaks around 2928, 1650 cm-1 show typical 
absorption peaks assigned to saturated C–H stretching motion and C =
O stretching motion, respectively. The peaks around 3698, 3623,1024, 
and 911 cm-1 of HNTs shift slightly in HNTs/PVA sample. So, it suggests 
there are hydrogen bonding interactions between HNTs and PVA. 

The thermal stability of HNTs before and after modification with 
PVA and GA was compared by TGA (Fig. 4C). As seen from the TG and 
DTG curves, the maximum weight loss of HNTs started around 450 ◦C, 
which is due to the hydroxyl dehydration. The weight loss at 800 ◦C of 
HNTs and HNTs/PVA samples was 16.2% and 18.0%, respectively. The 
increased weight loss of the sample is attributed to the decomposition of 
the polymer chains. From TGA result, the PVA ratio in HNTs/PVA was 
calculated as 1.8 wt.%. 

3.4. Scratch and water resistance 

High-performance nanocoating requires good durability and 
strength; wear resistance is crucial. To compare the metal protection 
capability of HNTs/PVA composite coatings, the mechanical stability 
and coating adhesion of the HNTs before and after the introduction of 

PVA was tested by wear tests. The coating of HNTs and HNTs/PVA was 
placed between a 100 g load and sandpaper and pulled vertically for 10 
cm. This process was repeated nine times to observe the degree of wear 
on the coating surface, and the remaining coating weight was recorded 
[49]. Fig. 5A shows the appearance of two coatings after wear. The re
sults show that HNTs coating exhibits severe surface damage, while the 
HNTs/PVA composite coating leaves only slight traces on the sandpaper, 
and surface wear is not significant. Fig. 5D shows that the HNTs/PVA 
coating lost only 10% of its weight after nine times of friction, while the 
HNTs coating lost almost 50% of its weight. Therefore, the HNTs/PVA 
composite coating provides good protection against frictional damage 
on the metal surface. 

The water resistance of HNTs/PVA composite coatings is critical to 
their ability to protect metals in a wet environment. HNTs are typically 
hydrophilic materials with many hydrophilic groups on their surfaces 
[50]. Therefore, resistance to humid environments will be challenging 
when HNTs are used directly for corrosion protection in natural envi
ronments. The environment of rainwater washing over the coating was 
simulated (Fig. 5B). A syringe was used to rapidly inject water into the 
surface of the HNTs coating and the HNTs/PVA composite coating. After 
rinsing with water, the HNTs/PVA composite coating was intact, while 
the HNTs coating was almost completely peeled off. The water contact 
angle of the composites was then measured to compare the hydrophi
licity of the material surface [51,52]. As shown in Fig. 5C, the highly 
hydrophilic (27.7◦) HNTs coating became hydrophobic (88.2◦) after the 
introduction of GA crosslinking of PVA. 

The reason why PVA and GA can change the water repellency of the 
coating by crosslinking is that the crosslinking mechanism between PVA 
and GA involves a chemical bond between the hydroxyl groups present 
in PVA and the aldehyde group of GA, which usually occurs through the 
formation of -C-O-C- between the -OH of the typical PVA structure and 
the aldehyde groups of the GA molecule [53]. The GA crosslinking 
treatment resulted in a significant increase in its water resistance. This 
result indicates that the HNTs/PVA composite coating has good water 
resistance and can protect metals in wet environments. Therefore, the 
HNTs coatings prepared by EPD and treated by GA crosslinked PVA have 

Fig. 4. Characterization of HNTs coating before and after modification by PVA and GA: XRD (A); FTIR (B); TG and DTG curves (C).  
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good water and wear resistance, which has wide applications in metal 
protection. 

3.5. Thermal conductivity test 

The thermal conductivity of the HNTs/PVA composite coating is also 
an issue when applying this coating as thermally conductive material 
such as a pot. Two thermal conductivity studies were investigated to 
compare the influence of coating thicknesses on thermal conductivity by 
measuring the temperature of the water in a bottle placed on the coating 
with a heating plate (Fig. 6A) and by studying the melting process of the 
wax on the HNTs/PVA coating and the copper sheet. Fig. 6B shows that 
the water temperature starts to stabilize at approximately the 45th 
minute for all the samples. The final water temperature on the copper 
sheet was approximately 47.7 ◦C, and the final water temperature on the 
coating with a deposition time of 1, 2, and 3 min was approximately 
46.6, 44.1, and 43.4 ◦C, respectively. Therefore, the final temperature of 
the water on the coating with a deposition time of 1 min was lower than 
the temperature of the water on the copper sheet, suggesting the 
decreased thermal conductivity property of the composite coatings. 

Fig. 6C shows the appearance of wax placed on the copper sheet and 
the HNTs/PVA coatings. The wax first started to melt in a shorter period, 
starting at around 30 s and completely melting at 700 s for the copper 
sheet. In contrast, the wax on the composite coating took longer to melt, 
starting at around 70 s and completely melting at 720 s. The melting 
ratio of these two groups is compared in Fig. 6D. The results also show 
that the wax temperature on the copper sheet is higher than that on the 
HNTs/PVA coating. Therefore, HNTs/PVA composite coatings have 
improved thermal insulation properties. The thicker the coating, the 
better the thermal insulation property. 

3.6. Applications in information hiding 

During the preparation process of HNTs coating with EPD, it is found 
that the transparency of the coating increased significantly when the 
HNTs coating with a thickness more significant than 50 μm is in wet 
conditions. Interestingly, the transparency decreases when the coating is 
dried and becomes pure white. So, exploring whether HNTs coating can 
be applied to information hiding is one of the directions of this work.  

Fig. 7A shows the information hiding process by the HNTs/PVA 
coating. Some text is written by ink on each of the three copper plates, 
and then the text is covered with HNTs/PVA coating by EPD. These 
coatings were colored with methylene blue and neutral red to enhance 
the readability of the coatings. The crosslinking of GA and PVA 
increased the coatings’ water resistance while retaining the HNTs 
coatings’ transparency. When exposed to water, the introduction of the 
GA crosslinked PVA allowed them to be repeatedly wetted and dried 
while maintaining the functionality and integrity of the coatings. The 
prepared HNTs coating was wetted with water to observe whether the 
text on the surface of the copper sheet could be visible through the 
coating. 

The results are shown in Fig. 7B. When the HNTs coating is wet, the 
text on the copper sheet is visible through the coating. When the coating 
dries, the text on the copper sheet becomes invisible. By drying and 
wetting, the information can be effectively hidden and displayed. This 
process can be repeated at least ten times. Therefore, HNTs/PVA com
posite coating can be used for information hiding, which has excellent 
potential for security applications. 

3.7. Applications in metal protection 

The protection of the metal from corrosion of the HNTs/PVA com
posite coating is then tested. A corrosion etching experiment was 

Fig. 5. Scratch resistance (A) and water resistance (B) testing of HNTs/PVA composite coatings and HNTs coatings; water resistance test of HNTs/PVA composite 
coating and HNTs coating (C); Plot of the number of coating rubs and the percentage of weight remaining (D). 

Y. Wang et al.                                                                                                                                                                                                                                   



Applied Materials Today 29 (2022) 101657

8

Fig. 6. Thermal conductivity study of HNTs/PVA composite coatings. Schematic showing of thermal conductivity tests on HNTs/PVA composite coatings and copper 
sheets with deposition times ranging from 1 min to 3 min (A); water temperature on different thicknesses of coatings (B); the schematic showing the wax melting 
experiments (C); melting percentage of paraffin wax with time (D). 

Fig. 7. Application of HNTs/PVA composite coating for information hiding. Schematic showing the preparation of HNTs/PVA composite coatings that can be 
information-hiding (A); photos of a typical HNTs/PVA composite coating used for information-hiding (B). 
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designed, as shown in Fig. 8B. Using 2.5% FeCl3 as the etching solution 
[54], copper rods and copper rods with the HNTs/PVA composite 
coating were placed in the etching solution, and the integrity of the 
coating was observed. In terms of coating integrity, the coating integrity 
was increasingly good for deposition times of 15 s to 60 s. The corrosion 
resistance of the HNTs/PVA composite coating increased with 
increasing coating thickness within a specific range. 

To further investigate the corrosion resistance of the HNTs/PVA 
composite coating, the corrosion reaction kinetics of the anodes with 
different coating thicknesses were analyzed using electrochemical 
impedance spectroscopy (EIS). A three-electrode system was used [55] . 
The copper rod with HNTs/PVA composite coating as the working 
electrode, and the counter and reference electrodes are a graphite 
electrode and a standard glycerol electrode (SCE), respectively. The AC 
impedance profiles at open circuit potential in 2.5% NaCl electrolyte. 

The EIS results are shown in Fig. 8C.The semicircle in the mid- 
frequency band is related to the electrochemical reaction impedance. 
At the same time, the diagonal line in the low-frequency region is related 
to the solid-state ion diffusion in the electrode body [56]. The semicircle 
diameter of the HTNs/PVA composite coating in Fig. 8C with an EPD 
time of 15, 30, 45 and 60 s is about 19,000, 23,870, 29,300, and 33,560, 
respectively. The longer the EPD time, the larger the semicircle radius. 
The semicircle diameter of the copper rod is much smaller than the 
semicircle diameter of the copper coated with the HNTs/PVA composite 
coating. As the smaller diameter of the semicircle diameter indicates a 
lower charge transfer impedance, the corresponding corrosion current is 
higher. Therefore, the large semicircle diameter of the HNTs/PVA 
composite coating suggests improved corrosion resistance. 

The EIS data was fitted by the equivalent circuit diagram as shown in 
Fig. 8D. The EIS fitting parameters are listed in the Table 1. RΩ is the 

Fig. 8. Study of corrosion resistance of HNTs/PVA composite coatings with EPD time of 15 s-60 s. Schematic showing the process of electrochemical resistance test 
(A); protective effect of the coating in FeCl3 solution (B); EIS test result of HNTs/PVA composite coated Cu rod and raw Cu rod (C); The EIS curve fits and equivalent 
circuits for deposition time of 15–60 s (D); polarization curves (E); Tafel slope (F) of the Cu and Cu with different HNTs/PVA composite coatings. 
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electrolyte resistance, Rct is the coating resistance, Zw and Cd denote the 
Warburg diffusion impedance and capacitance, respectively [57,58]. 
From the EIS parameters, it can be seen that the coating resistance in
creases with the increase of deposition time. When the deposition time 
increased from 15 to 60 s, the coating resistance changed from 13,446.0 
to 27,015.0 Ω cm2. All these confirmed the increased anti-corrosion 
ability by the HNTs coatings. 

In addition, the time-dependent trend of the EIS plot of the HNT 
coated Cu rod was also explored, as shown in Fig. S3. The resistance of 
initial HNTs coated Cu (0 h) was the smallest (about 60,000 Ω). The 
resistance of 12 h soaking with 2.5% NaCl solution is the largest, about 
130,000 Ω. When soaking for 24 and 48 h, the resistance decreases to 
about 100,000 and 85,000 Ω, respectively. All these values were larger 
than that of the raw Cu. When the soaking time was less than 12 h, the 
copper was partly corroded, leading to an increase in resistance. Then, 
the damage of the HNTs coating at 12–48 h leaded to a decrease in 
resistance. 

Tafel plots and Tafel slope plots were also measured. Electrochemical 
parameters related to polarization measurements, such as corrosion 
potential (Ecorr), corrosion current density (jcorr), polarization resistance 
(Rp), and Tafel slopes (βc and βa), are listed in Table 2. It can be seen that 
the Ecorr shifts from − 215 to − 143 mV when the deposition time in
creases from 15 to 60 s. In addition, the value of jcorr decreases as the 
electrophoretic deposition time increases. Therefore, the thicker the 
coating of HNTs in the appropriate range, the better the corrosion 
resistance [58]. Extended EPD time increases the absolute value of the 
corrosion potential. The absolute values of the corrosion potentials in
crease in the following order. Copper < 15 s < 30 s < 45 s < 60 s. The 
larger the absolute value of the corrosion potential, the better the 
corrosion resistance [59]. The Tafel slope graph Fig. 8F shows that the 
Tafel slope increases in the following order: Cu < 15 s < 30 s < 45 s < 60 
s. The principle of the Tafel slope shows that the larger the slope, the 
smaller the electron transfer rate, the slower the reaction rate, and the 
more complex the reaction occur. Hence, the resistance to oxidation and 
corrosion is stronger in composite coatings. In conclusion, HNTs/PVA 
coating can substantially improve the corrosion resistance of metals, and 
the thicker the coating, the better the corrosion resistance. The 
HNTs/PVA composite coating has a great potential application in metal 
protection. 

4. Conclusions 

A fast, low-cost, and facial protection method for metals was pro
posed to improve the service life of metallic materials and equipment by 
EPD of HNTs coatings. The thickness and weight of the coating can be 
precisely controlled by varying the conditions of the electrophoretic 
deposition. PVA crosslinked with GA was further introduced into HNTs 
coating for improving corrosion resistance, wear resistance, and water 
resistance. The experiments explored the application of HNTs/PVA 
composite coatings on metals, including thermal insulation, information 
hiding, and corrosion protection. This work develops a method to 
assemble tubular nanoclay on metal substrates by EPD and polymer 
modification, which shows excellent potential in metal corrosion 
protection. 
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