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A B S T R A C T

Amphiphobic coatings have great potential in anti-corrosion coatings, oil-water separation, and so on. These are 
usually achieved by building multistage micron/nanometer roughness or re-entrant curvature surface through 
low surface energy materials. However, the complexity and mechanical brittleness of amphiphobic coatings 
derived from surface micro/nano structures have long posed challenges to their practical application. Here, we 
constructed a hierarchical structure coating with amphiphobic properties using polydopamine/polyethylenimine 
(PDE) as a connecting layer between the 1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFDTES)-modified epoxy 
coating (POS-EP) and the carboxylated carbon nanotube (CNTs-COOH) modified epoxy coating (CNTs-EP) via 
dip-coating technology. CNTs-COOH addition reduces the porosity defects in the epoxy resin and impart hy
drophilicity to the coating, demonstrating excellent underwater oleophobicity (OCA = 134.6◦), thereby pre
venting the POS-EP coating from being eroded by oily organic substances in aqueous environments. PFDTES is 
employed to enhance the hydrophobicity of the epoxy resin, improving the coating’s impermeability and 
corrosion resistance, with a water contact angle of 127.2◦ on its smooth surface. Surface morphology and 
elemental analysis confirm the seamless connection of the hydrophobic and hydrophilic layers facilitated by the 
PDE transition layer. Consequently, the amphiphobic coating with the hierarchical structure exhibits outstanding 
anti-corrosion performance. Compared to the epoxy resin coatings, the amphiphobic coating’s resistance (Rc) and 
low-frequency modulus (|Z|0.01Hz) are improved by 2 to 4 orders of magnitude after 60 days of immersion testing 
in 3.5 wt% NaCl and 18 days of neutral salt spray tests. Even the coating suffered the local damages, the syn
ergistic effects between the amphiphobic interface can still hinder the attacks of corrosion media, and thus 
continues to supply good anti-corrosion properties. Given its low cost, scalability, and durability, this novel 
coating is expected to pave new avenues for the construction of various amphiphobic coatings.

1. Introduction

Amphiphobicity is a natural phenomenon in that one substance owns 
both hydrophobicity and oleophobicity. For example, springtail skin 
owns the repellency for both water and oil [1]. Lotus leaf whose upside 
is superhydrophobicity but the down side is superoleophobicity [2] The 
amphiphobicity of materials comes from their low surface energy and 
special surface micro/nanostructures [3–6]. In past decades, the 
amphiphobic materials have been extensively developed in some fields 

of self-cleaning, anti-fingerprinting, anti-fouling, anti-corrosion, and 
anti-icing applications [7–12]. Particularly, the amphiphobic coatings 
can effectively inhibit the penetration of both oleiferous and aqueous 
corrosion media [13,14] to well protect the metal matrix from corrosion. 
Therefore, it is highly expected to design anticorrosion materials with 
the amphiphobicity.

Solid materials with low surface tension generally own hydropho
bicity in essence, but they are generally oleophilic and thus are 
susceptive to suffer from the attack of organic pollutants and 
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microorganisms [8,15], such as crude oil contaminations and industrial 
oily wastewater. For example, Zhao et al. synthesized a branched epoxy 
resin through a Michael addition reaction and successfully fabricated a 
superhydrophobic coating on cotton fabric by curing it epoxy with hy
drophobic SiO2 nanoparticles, triethylenetetramine, and (3-amino
propyl) triethoxysilane. However, the coating exhibited strong 
oleophilicity [16]. Wei et al. sprayed a homogeneous suspension con
taining the cetyl polysiloxane-modified silica nanoparticles onto the 
cured epoxy resin surface to form a superhydrophobic coating [17], but 
oily pollutants easily eroded the coating. The main reason for these cases 
is that most organic materials have ultra-low surface tension, making 
fabricating an oleophobic surface difficult.

As being inspired by natural biology like springtail, special surface 
roughness constructed by a variety of nano-micro structures can endow 
materials an oleophobicity [2,15,18]. Zhao et al. firstly constructed a 
micro-column array structure on a silicon substrate by an etching pro
cess, which was then coated with the fluorosilane layer, the material as 
prepared showed strong amphiphobicity [19]. Maesoon et al. fabricated 
an inverted trapezoidal microstructure array on the surface of a trans
parent polydimethylsiloxane (PDMS) elastomer using backside three- 
dimensional (3D) diffractive lithography and template replication 
technology, after being coated with Teflon, the surface becomes both oil 
and water-repellent [20]. Kim et al. devised a superamphiphobic 
structure by intertwining TiO2 nanotubes with a diameter of 8 nm on the 
microtextured Ti surface through a straightforward electrochemical 
etching and the subsequent hydrothermal treatment process [21]. 
Although combining the micro-nanostructure with the low surface en
ergy material can bring an amphiphobic coating, a critical drawback is 
that the micro/nanoscale porous structure causes the coatings to have 
weak mechanical strength and brittleness [22]. Once the microstructure 
was destroyed, the coatings would loss amphiphobicity to degrade the 
anticorrosion performance. Therefore, the coatings constructed by low 
surface energy materials and nano-micro structures are inefficient in 
anticorrosion properties and complicated in the preparation process. An 
innovative amphiphobicity structure is highly expected for anticorro
sion coatings.

Generally, materials suffer from aqueous corrosion environments, 
the compactness and mechanical strength of coatings are especially 
important to obstruct the hydrated corrosive ions and the erosive par
ticles, but such materials are generally hydrophilic. However, conven
tional coatings are typically subject to contamination by some oily 
organics in aqueous environments. Consequently, the coatings are also 
needed to possess underwater oleophobicity. Du et al. engineered a 
durable underwater superoleophobic coating through the deposition of 
a composite of polyethyleneimine and titanium dioxide upon the epoxy 
resin substrate. The coating exhibits favourable antifouling and anti- 
corrosion properties [23]. Furthermore, once the coating was locally 
broken, in which the hydrated ions could penetrate through the coatings 
to attack the protected metals, if a hydrophobicity can be provided at 
this period by coating, the aqueous matters would be blocked by the 
hydrophobic layer of coating and thus the matrixes were well protected. 
How to give coating this physical properties and functions requires an 
innovative design.

In this study, a hierarchically amphiphobic coating has been 
designed and prepared on the surface of Q235 carbon steel. The coating 
is composed of a hydrophobic layer of PFDTES modified epoxy resin and 
an underwater oleophobic layer of CNTs-COOH modified epoxy resin, 
they seamlessly connected through a highly adhesive transition layer of 
PDE to construct the hierarchical amphiphobic coating of POS-EP/PDE/ 
CNTs-EP. The underwater oleophobic CNTs-EP layer effectively resists 
the corrosion of Q235 carbon steel caused by organic pollutants in 
water, while its low porosity defects can physically block the penetration 
of water and ions. Furthermore, even if small amounts of water-soluble 
substances penetrate the coating, the hydrophobic POS-EP layer can 
repel water molecules, thereby providing further protection to the metal 
substrate against corrosion. In the event of local damage to both the 

hydrophobic and hydrophilic phases, the additional pressure generated 
at the interface between these two phases can effectively suppresses 
further corrosion of the Q235 carbon steel substrate. Consequently, the 
amphiphobic POS-EP/PDE/CNTs-EP coating exhibits excellent under
water oleophobicity and extraordinary corrosion resistance.

2. Experimental

2.1. Reagents

Ethanol and hydrochloric acid were purchased from Sinopharm 
Chemical Reagent Co., Ltd. Dimethyl sulfoxide was purchased from 
Liaoning Quanrui Reagent Co., Ltd. Tris(hydroxymethyl)aminomethane 
was purchased from Shanghai Aladdin Reagent Co., Ltd. Epoxy resin 
(E44), curing agent (704), polyethyleneimine (PEI) and PFDTES were 
provided by Shanghai Macklin Biochemical Co., Ltd. Dopamine Hy
drochloride were provided by Shanghai Titan Technology Co., Ltd. 
Graphitized Carboxyl Multi-walled carbon nanotubes (MWCNTs, 
diameter 10–20 nm, length 5–30 μm) are provided by Xianfeng Nano
materials Technology Co., Ltd.

2.2. Preparation of coatings

2.2.1. Hydrophobic POS-EP coating
The epoxy resin (2.0 g) and ethanol (5.0 g) were mixed with stirring 

at room temperature for 2 h, then an ethanol solution (60 μL/g) con
taining PFDTES was added with continuous stirring for 2 h. Subse
quently, polyamide hardener (2.0 g) was mixed with ethanol (5.0 g), and 
then which was added into the above-mentioned mixture with stirring 
for 2 h to form a homogeneously hydrophobic epoxy solution. The hy
drophobic coating was prepared on the surface of Q235 carbon steel 
using a dipping machine at a speed of 1 mm/min. The process involved 
two dipping cycles, followed by pre-curing at room temperature for 12 
h. Subsequently, the coating was subjected to further heating in air at 80 
◦C for 2 h to get the POS-EP coating.

2.2.2. CNTs-EP coating
2.0 g of epoxy resin were added into 5.0 g of ethanol accompanying 

with stirring for 2 h. Then, 150 mg of CNTs were ultrasonically dispersed 
in 2.50 g of ethanol for 20 min before being added into the previously 
prepared solution. This mixture was stirred for another 2 h, followed by 
the addition of a 5.0 g ethanol solution containing 2.0 g of polyamide 
curing agent, which was stirred for 1 h to form a uniform CNTs-modified 
epoxy resin solution. The underwater oleophobicity coating was pre
pared on the surface of Q235 carbon steel using a dipping machine at a 
speed of 1 mm/min. The process involved two dipping cycles, followed 
by pre-curing at room temperature for 12 h. Subsequently, the coating 
was subjected to further heating in air at 80 ◦C for 2 h, resulting in a 
CNTs-EP coating.

2.2.3. POS-EP/PDE coating
Dopamine hydrochloride (100 mg) and polyethyleneimine (100 mg) 

were added to 50 mL tris(hydroxymethyl) aminomethane buffer solu
tion at pH of 8.5. The POS-EP coating was immersed in the solution and 
oscillated for 2 h. Thereafter, the coating was subjected to a thorough 
rinsing with deionized water and subsequently dried at 80 ◦C for 2 h 
resulting in the formation of a PDE functionalized POS-EP coating (POS- 
EP/PDE).

2.2.4. POS-EP/PDE/CNTs-EP coating
According to the above process, POS-EP, PDE transition layer and 

CNTs-EP coating were sequentially coated on the surface of Q235 carbon 
steel to obtain POS-EP/PDE/CNTs-EP coating. In order to ensure that the 
thickness of all tested coatings is consistent, a coating thickness gauge 
(MC-3000S) with a resolution of 0.1 μm is used. The thickness of all 
coatings is kept at 60 ± 5 μm.
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2.3. Materials characterization

The surface morphologies of samples were observed by field emis
sion scanning electron microscope (SEM, Apreos, USA) under the con
dition of accelerating voltage 10 kV and accelerating current 13 PA. The 
surface chemical composition of samples was analyzed by X-ray 
photoelectron spectroscopy (XPS, AXIS-SUPRA) and Fourier transform 
infrared spectroscopy (Alpha II, BRUKER). The XPS spectra were 
recorded in the constant energy mode of 20.0 eV, and all the binding 
energies were calibrated with the C1s peak of 284.5 eV as the reference. 
The water contact angle (4 mL droplet volume) on the coating surface 
was measured using a contact angle meter (SCD-200S) to analyze the 
wettability of the coating surface. At least 3 positions were tested for 
each coating.

2.4. Anticorrosion performance tests

In order to evaluate the anti-corrosion performance of the coatings, 
the electrochemical tests were carried out in 3.5 wt% sodium chloride 
simulated seawater. All electrochemical tests were carried out on the 
electrochemical test system (Gamry Interface 1010E). The testing sys
tem is a typical three-electrode configuration, comprising a reference 
electrode (Ag/AgCl), a counter electrode (platinum sheet), and a 
working electrode (Q235 carbon steel), with a frequency range spanning 
from 104 Hz to 10− 2 Hz. The tests were carried out in self-made Faraday 
cages to avoid the external interference. The frequency range of the 
electrochemical impedance (EIS) test is from 10 kHz to 0.01 Hz, and the 
interference voltage is 20 mV. The scanning speed of the potential po
larization curve is 1.0 m V/s. The corrosion current density of Icorr and 
corrosion potential of Ecorr were obtained by linear extrapolation fitting 
of polarization curves. The accelerated corrosion tests of the coatings 
were carried out in the salt spray test chamber (T-YW-60, Dongguan 
Tianyi Environmental Testing Instrument Co., Ltd.), EIS measurements 
and photographic documentation of the samples were conducted at 
predetermined time intervals.

3. Results and discussion

3.1. Functional modification and surface wettability of coatings

The preparation of POS-EP/PDE/CNTs-EP coatings is schematically 
shown in Fig. 1. Firstly, a POS-EP coating was prepared by incorporating 
PFDTES into a mixture of epoxy resin and polyamide curing agent. To 
achieve a seamless connection of the POS-EP layer with the CNTs-EP 

layer, the prepared POS-EP coating was immersed in an aqueous solu
tion of polydopamine and polyethyleneimine to get a bioinspired tran
sition layer of PDE with abundant hydroxyl groups on the surface. 
Finally, a CNTs-EP coating was prepared on the surface of the PDE 
transition layer to construct a hierarchically amphiphobic POS-EP/PDE/ 
CNTs-EP coating on the Q235 steel.

As shown in Fig. 2a–c, compared to with the brittle fracture and 
porous defects surface of epoxy coating, both the POS-EP coating and 
CNTs-EP coating show more compactness and the fewer defects. The 
uniformly dispersed CNTs in the epoxy resin can be observed. The 
chemical surface state of coatings was analyzed by XPS, and the results 
are shown in Fig. 2d. Compared with EP or CNT/EP coating, POS-EP 
coating shows an additional F1s peak (689.3 eV) with an atomic con
tent of 60.57 % (Table S1). The C1s spectrum (Fig. S1) shows that the 
signal at 289.9 and 291.9 eV corresponds to the C-F2 and C-F3 peaks of 
POS-EP coating [24], which results in the hydrophobic surface POS-EP 
coating (Fig. 2e) with low surface energy. The atomic force micro
scopy (AFM) images (Fig. S2) observed that the coating has a “smooth” 
surface, further confirming that the hydrophobicity of the POS-EP 
coating is primarily attributed to the successful modification with 
fluorine-functional groups.

However, the coatings with low surface energy generally have weak 
surface adhesion properties [7,17,25]. The high adhesion PDE transition 
layer was used to modify the surface of the POS-EP coating to make a 
seamless connection between CNT/EP and POS-EP. Fig. 2d shows the 
XPS survey spectra of samples. Compared with POS-EP, the atomic F1s 
content in POS-EP/PDE decreases from 60.57 % to 28.84 %, an addi
tional N 1s peak appears at 399.2 eV, which can be deconvoluted into 
C–N (398.1 eV) and N–H (399.9 eV) (Fig. S3), attributed to the amino 
groups in the PDE transition layer [26,27]. Furthermore, the contact 
angles (CAs) decreases to 87.8◦ (Fig. 2e), suggesting that a large amount 
of hydroxyl and amino groups introduced by the PDE transition layer 
has resulted the change from hydrophobic to hydrophilic surface on the 
coating. It can be confirmed by the Fourier-transform infrared spec
troscopy (FTIR) of Fig. S4. Two absorption peaks at 3287 and 3346 cm− 1 

are attributed to the stretching vibrations of the –N–H bonds. The 
absorption peak observed at 3325 cm− 1 corresponds to the stretching 
vibration of hydroxyl (-OH) groups within the PDE transition layer 
[28,29]. In Fig. S5, the C 1s peak of CNTs-EP can be deconvoluted into 
C–C (284.6 eV), C––O (286.1 eV), and O–C––O (287.7 eV) bonds [30]. 
Compared to the EP coating, the modification of the epoxy resin with 
CNTs-COOH increases the atomic concentration of O 1s from 11.88 % to 
13.21 % (Table S1), resulting in the higher surface energy for the CNTs- 
EP coating. Consequently, a reduction in the contact angle (CA) from 

Fig. 1. Schematic preparation of amphiphobic coating with a hierarchical structure of POS-EP/PDE/CNTs-EP.
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90.2◦ to 73.9◦ (Fig. 2e) makes the coatings easier to be wetted by water.
CNTs-EP coatings was assessed by using contact angle goniometry. In 

Fig. 2f, it can be observed that the CNT/EP coating has a high static CA 
of 134◦ with the n-Hexadecane (γ = 27.2 mN/m) distributed in water. 
Surprisingly, even when the coating has millimetre-scale defects, the 
penetration of low surface tension liquids can still be inhibited. How
ever, the static contact angle POS-EP coating with n-hexadecane in 
water is only 33.7◦ (Fig. 2f), making it more susceptible to erosion by 
low surface tension liquids.

3.2. Interface stability of hierarchically amphiphobic coatings

Since there are big differences between the POS-EP layer and CNTs- 
EP layer, how to get an effective connection and good interface stability 
of the layers is critical for the preparation of the amphiphobic coating 
with good anti-corrosion performance. As confirmed by XPS (Fig. 2d), a 
transition layer of PDE endowed the POS-EP coating with a large 
number of hydroxyl and amino groups, which can result in a strong 
interaction with the CNTs-EP coating containing oxygen functional 
groups. The cross-sectional area of coatings with and without using PDE 
as the transition layer were observed and analyzed, the results are shown 
in Fig. 3. From an optical microscopy, it is difficult to distinguish the 
area connecting POS-EP with CNTs-EP (Fig. 3a, c). However, the gap 
with a width of about 6.0 μm between POS-EP and CNTs-EP can be 
clearly found by SEM (Fig. 3b) when there is no PDE transition layer. In 
contrast, when a PDE transition layer was used, a seamless connection 
between CNTs-EP and POS-EP can be achieved, there is no any gaps to 
be observed (Fig. 3d). As illustrated by Fig. 3e and f, PDE can provide 
numerous hydrogen bonds between the two coatings to produce a strong 

interfacial adhesion. But only a weak intermolecular force can be formed 
when there is no PDE layer. Moreover, Energy dispersive spectrometer 
(EDS) also demonstrate a smooth distribution of elemental O and C 
comparing to the coating without using the PDE modification. The re
sults confirm that the PDE transition layer effectively facilitates a 
seamless connection between the oleophobic CNTs-EP and the hydro
phobic POS-EP to construct a hierarchically amphiphobic POS-EP/PDE/ 
CNTs-EP coating, which is expected to provide satisfactory anticorrosion 
performance.

3.3. Anticorrosive behavior of coatings

The anticorrosion behavior of coatings was evaluated by electro
chemical impedance spectroscopy (EIS). The impedance modulus of 
coating at low frequency (|Z|0.01Hz) is an important parameter to eval
uate the anti-corrosion performance of materials. The higher the value 
of |Z|0.01Hz generally represents the better the anticorrosive effect of the 
coating [31]. In Fig. 4a1, |Z|0.01Hz value of EP coating gradually de
creases with immersion time, which is 1.02 × 1010 Ω cm2 after 5 days of 
immersion and then sharply drops to 5.76 × 107 Ω cm2 after 60 days, 
indicating that the protective performance of EP coating degraded. 
Additionally, the phase angle plots displayed two-time constants 
(Fig. 4a2), suggesting a significant diffusion phenomenon appeared at 
low frequency (Fig. S6a), due to the corrosive substances diffused along 
the coating defects [32]. In Fig. 4b1, the |Z|0.01Hz value of POS-EP 
coating is 4.52 × 108 Ω cm2 after 60 days of immersion, which is 
about one order of magnitude higher than EP coating. The phase angle 
plot showed a one-time constant (Fig. 4b2), indicating that no diffusion 
phenomena occurred (Fig. S6b). The results confirm that the 

Fig. 2. SEM images of (a) EP coating, (b) POS-EP coating and (c) CNTs-EP coating, (d) Full X-ray photoelectron spectrum of EP coating, POS-EP coating, POS-EP-DE 
coating and CNTs-EP coating, (e) static contact angles of water droplets on the surfaces of EP, POS-EP, POS-EP/PDE and CNTs-EP coatings (4 μL), (f) Static contact 
angle of CNTs-EP coating and POS-EP coating with n-hexadecane under water.
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hydrophobic modification on EP by PFDTES improves the protective 
properties of the coating.

|Z|0.01Hz value of CNTs-EP coating is 8.77 × 109 Ω cm2 after 5 days 
(Fig. 4c1), and then slightly decrease to 2.75 × 108 Ω cm2 after 60 days. 
The phase angle plot still showed one time constant with no diffusion 
phenomena (Figs. 4c2, S6c), indicating that the introduction of CNTs 
significantly improved the corrosion resistance of the coating by 
reducing the porosity defects. The amphiphobic coating of POS-EP/ 
PDE/CNTs-EP exhibited much better anticorrosion property than the 
POS/EP coating (|Z|0.01Hz = 4.52 × 108 Ω cm2) and CNTs-EP coating (| 
Z|0.01Hz = 2.75 × 108 Ω cm2), whose |Z|0.01Hz value slightly decreased 
from 3.81 × 1010 Ω cm2 to 5.63 × 109 Ω cm2 after 60 days immersion 
(Fig. 4d1) and the phase angle plots maintained one time-constants 
(Fig. 4d2). The significant improvement in the corrosion resistance of 
the POS-EP/PDE/CNTs-EP coating can be attributed to the hierarchical 
structure of the hydrophobic layer and the hydrophilic (underwater 
oleophobic) layers with the seamless connection.

To better understand the corrosion process of coatings during the 
immersion test, the equivalent circuits of Fig. S7 were used to fit the EIS 
data, where Rs represent the solution resistance, Qc and Rc are the 
capacitance and resistance of the coating, Qdl and Rct are the double- 
layer capacitance and charge transfer resistance, respectively. The 
changes in Rc values can be used to evaluate the barrier ability of the 
coating against corrosive media [32]. As shown in Fig. 4g, the barrier 

properties of the coating decreased with immersion time. The Rc value of 
the EP coating rapidly dropped to 2.52 × 107 Ω cm2 within 60 days, 
indicating that the corrosive medium had penetrated the coating. 
However, throughout the 60-day immersion period, the Rc value of the 
POS-EP/PDE/CNTs-EP coating remained as high as 5.44 × 109 Ω cm2 

(Fig. 4f), which is significantly higher than FD-POS/EB coating (Rc =

3.75 × 108 Ω cm2) and CNTs-EP coating (Rc = 2.49 × 108 Ω cm2), 
suggesting the slowest penetration rate of corrosion medium into the 
coating. To be compared with the functional coatings recently reported, 
even with the thinner thickness, POS-EP/PDE/CNTs-EP coating still 
exhibited the advantage in the corrosion resistance reflected by the | 
Z|0.01Hz value (Fig. 4g) [29,33–36].

The artificial scratches tests were used to examine the protective 
performance of coatings. As shown in Fig. 5a, after 40 h of immersion, 
the |Z|0.01Hz value of coatings is 2.13 × 104 Ω cm2, 1.05 × 106 Ω cm2, 
2.57 × 104 Ω cm2 and 8.05 × 106 Ω cm2 for EP, POS-EP, CNTs-EP and 
POS-EP/PDE/CNTs-EP, respectively. The enhancement in the |Z|0.01Hz 
values of the coatings can be attributed to the presence of a stratified 
amphiphobic structure. As illustrated in Fig. S8 and Fig. 5b, the Nyquist 
plot for the POS-EP/PDE/CNTs-EP coating exhibits the largest capaci
tive arc, indicating that this structure possesses excellent corrosion 
resistance. Additionally, a new time constant appears at high-frequency 
in the phase angle plot, suggesting the formation of a novel interface that 
inhibits the penetration of corrosive media. This can be attributed to the 

Fig. 3. Optical photos of macroscopic state hierarchically structured POS-EP/CNTs-EP coating (a) and POS-EP/PDE/CNTs-EP coating (c), SEM images and EDS 
elemental maps POS-EP/CNTs-EP coating (b) and POS-EP/PDE/CNTs-EP coating (d), Interaction principle of amphoteric coating interface without PDE transition 
layer (e) and with PDE transition layer (f).
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“synergistic effect” between the hydrophobic and hydrophilic layers, 
which creates an additional barrier against the penetration of corrosive 
media, forming a solid-gas-liquid three-phase interface at the ampho
teric boundary. Furthermore, Table S3 presents the fitted impedance 
data based on the equivalent circuit. The results demonstrate that the Rc 
value for the POS-EP/PDE/CNTs-EP coating (9.01 × 105 Ω cm2) is 
significantly higher than that of POS-EP (3.23 × 105 Ω cm2), CNTs-EP 
(1.37 × 104 Ω cm2), and EP coatings (1.35 × 104 Ω cm2), confirming 
the superior corrosion resistance of the amphiphobic coating. The 
notable increase in the Rc value of the hierarchically amphiphobic 
coating further underscores the enhancement in barrier performance 
due to the synergistic effect of the hydrophobic and hydrophilic layers.

Moreover, polarization curve and the fitted results (Fig. 5c and Table 
S3) showed that POS-EP/PDE/CNTs-EP coating has the most positive 
corrosion potential of Ecorr (− 0.338 V) and the lowest corrosion current 
of Icorr (1.89 × 10− 8 A/cm− 2) than the other three coatings of EP (Ecorr −

0.608 V, Icorr 8.67 × 10− 7 A⋅cm− 2), CNTs-EP (− 0.520 V, 3.49 × 10− 7 

A⋅cm− 2) and POS-EP (− 0.741 V, 1.21 × 10− 7 A/cm2), respectively. The 
results once again proved that the coating with the hierarchical structure 
of the hydrophobic POS-EP and the oleophobic CNTs-EP can synergis
tically block the attacks from the corrosive medium even in the case of 
the coating being locally broken.

To further ascertain the composition of the corrosion products on the 
scratched region of Q235 carbon steel after the immersion of 40 h, XPS 
testing was conducted. As illustrated in Fig. 5d and e. For, the iron el
ements on the scratched surface can be fitted to five peaks for EP and 
CNT/EP samples, including Fe (707.9 eV), Fe 2P3/2 in Fe2O3/Fe3O4 
(709.5 eV), Fe 2P3/2 in Fe(III) (such as Fe2O3/Fe3O4), Fe 2P1/2 (722.3 
eV), and Fe 2P1/2 in Fe(III) (729.7 eV) [34,35]. This is attributed to the 
poor barrier property of the scratched EP and CNT/EP coatings to cor
rosive media, which allows the corrosive agents to reach the substrate 
easily through the scratched areas. Consequently, after 40 h of 

immersion, the carbon steel surface exhibited a significant amount of 
corrosion products, primarily composed of FeCl2 and Fe2O3/Fe3O4.

In contrast, the hydrophobic nature of the POS-EP coating mitigated 
the penetration of corrosive media. Therefore, the carbon steel surface 
was predominantly composed of Fe2O3/Fe3O4 with a minor presence of 
FeCl2 (Fig. 5f). For the POS-EP/PDE/CNTs-EP coating (Fig. 5g), due to 
the synergistic effect of the hierarchically amphiphobic structure, the 
corrosive substances remained isolated away from the substrate, only 
the Fe2O3/Fe3O4 peak was detected on the Q235 carbon steel surface. It 
may be a result of the partial oxidation of Q235 carbon steel during the 
coating preparation process. Therefore, even with large scratch defects 
on the coating surface, the penetration of corrosive media was effec
tively blocked by the synergistic effect of the amphiphobic coating, the 
Q235 carbon steel was kept in a passive protection state. The result with 
the electrochemical analyses consistently confirms the excellent corro
sion resistance of the POS-EP/PDE/CNTs-EP coating.

To learn the possibility of the synergistic effect, the scratched area of 
POS-EP-DE/CNTs-EP coating was observed by a photograph. For scratch 
defects, the Laplace pressure ΔP on the curved liquid interface satisfies 
follows Eq. (1) [37] 

ΔP = −
2γ
r
=

4γsin(Ψ − θ)
R

(1) 

where r represents the radius of curvature of the bent liquid surface, γ 
denotes the interfacial tension, θ represents the contact angle, Ψ is the 
local texture angle (where Ψ = θ − δθ, δθ is the sagging angle of liquid), 
R is the defect width. As shown in Fig. 5h, when a scratch with a width of 
1.0 mm appears on the coating, the aqueous electrolyte first contacts the 
hydrophilic CNTs-EP coating. At this moment, the local geometric angle 
(Ψ) of the texture is greater than Young’s contact angle (θ) (Fig. 5i). 
Consequently, the liquid-gas interface exhibits downward additional 
pressure. This additional pressure can wet the CNTs-EP coating and 

Fig. 4. Bode plots of the coatings immersed in 3.5 wt% NaCl: EP (a1, a2), POS-EP (b1, b2), CNTs-EP (c1, c2) and POS-EP/PDE/CNTs-EP (d1, d2) coatings, Evolution 
of |Z|0.01Hz (e) and Rc (f) with immersion time, (g) comparison of |Z|0.01Hz value of POS-EP/PDE/CNTs-EP coating with that of previously reported functional coating 
at different thickness.

Z. Tian et al.                                                                                                                                                                                                                                     Progress in Organic Coatings 204 (2025) 109186 

6 



drive the liquid to penetrate downward to the interface of the POS-EP 
coating, thereby forming a concave shape within the gap [6,38].

However, when the electrolyte infiltrates the hydrophobic POS-EP 
coating interface, the local geometric angle of the texture (Ψ) becomes 
smaller than the Young’s contact angle (θ) (Fig. 5j). The additional 
pressure is now upward, and this effect is further enhanced by the up
ward adsorption force from the CNTs-EP coating. The additional pres
sure tends to drive the liquid-air interface to retreat toward the top edge 
of the POS-EP coating, forming a convex surface within the gap. This 
results in a three-phase (solid/air/liquid) interface, creating a Cassie 
state or transitional state [39,40], which physically blocks the electro
lyte’s penetration (Fig. 5e). The findings demonstrate that the syner
gistic effect at the interface of the amphiphobic coating provides an 
additional pressure for the POS-EP/PDE/CNTs-EP coating, resulting in a 
notable enhancement of the coating’s barrier properties.

Accelerated corrosion tests of neutral salt spray were conducted to 
evaluate the long-term anti-corrosive performance of coatings. As shown 
in Fig. 6a, after 10 days test, the EP coating exhibited corrosion spots and 
wrinkles due to the serious corrosion of the carbon steel. In contrast, the 
POS-EP and CNTs-EP coatings showed only a few rust spots after 10 
days, however, after 18 days, severe corrosion was confined to areas 
around the rust spots, although modifications with PFDTES and CNTs- 
COOH on EP significantly enhanced the epoxy resin’s resistance to 
permeation and corrosion. Distinctively, the POS-EP/PDE/CNTs-EP 
coating remained its anticorrosive property well even after 18 days of 

salt spray testing, indicating that the effective combination of the POS- 
EP and CNTs-EP coatings fully utilizes their respective properties to 
enhance the overall corrosion performance and barrier efficacy of the 
amphiphobic coating.

To further investigate the penetration process of the corrosive me
dium within the coatings, EIS tests were conducted on the coatings 
subjected to the salt spray tests. As illustrated in Fig. 6b, for the EP, POS- 
EP, and CNTs-EP coatings, the |Z|0.01Hz values exhibit a rapidly 
decreasing trend over the testing period. After 10 days, the |Z|0.01Hz 
values decreased to 4.81 × 103 Ω cm2, 7.70 × 104 Ω cm2, and 3.10 × 104 

Ω cm2, respectively. This indicates that the corrosive medium has 
penetrated the carbon steel surface, resulting in corrosion on the coating 
surface and leading to complete coating failure. Remarkably, the POS- 
EP/PDE/CNTs-EP coating showcased the exceptional resistance to 
permeation that maintained a |Z|0.01Hz value of 1.87 × 108 Ωcm2 even 
after 18 days of salt spray testing. Notably, a new time constant (0.5 Hz) 
emerged after 4 days (Fig. 6c), attributing to the corrosive medium 
reaching the PDE transition layer [31]. Furthermore, the disappearance 
of the time constant after 8 days of salt spray testing indicated the 
continued infiltration of the corrosive medium within the coatings. 
However, the |Z|0.01Hz values remained consistently above 1.0 ×
108 Ωcm2 due to the synergistic effects of the amphiphobic coating, 
effectively suppressing the penetration of the corrosive medium.

The protective mechanism of the coating was speculated as illus
trated in Fig. 6d. For the EP coating, the corrosive medium gradually 

Fig. 5. (a) |Z| vs. frequency of Bode plots, (b) phase angle vs. frequency of Bode plots, (c) polarization curves of scratched EP, POS-EP, CNTs-EP and POS-EP/PDE/ 
CNTs-EP coatings, XPS high-resolution Fe 2p fine spectra of EP (d), POS-EP (e), CNTs-EP (f) and POS-EP/PDE/CNTs-EP (g) coatings, Optical photos (h) and syn
ergistic effect schematic diagram (I, j) of liquid penetration in scratched area of POS-EP/PDE/CNTs-EP coating under macroscopic condition.
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permeates through the inherent pores and defects formed during the 
resin curing process over prolonged immersion, leading to metal 
corrosion. However, PFDTES and CNTs-COOH modifications enhanced 
the barrier properties of the coating. In the case of the POS-EP coating, 
the hydrophobicity effectively improves the coating’s resistance to 
hinder the infiltration of corrosive agents and thereby slowing down the 
corrosion of the coating. Nonetheless, prolonged exposure compromises 
the hydrophobicity to diminish the coating’s permeation resistance. For 
the CNTs-EP coating, CNTs-COOH can fill the pores and defects within 
the epoxy resin. Meanwhile, the uniform dispersion of CNTs within the 
coating extends the diffusion pathway of the corrosive medium, thereby 
enhancing the coating’s barrier effect. Simultaneously, CNTs-COOH 
increases the hydrophilicity of the coating, resulting in excellent un
derwater oil-repellent properties, significantly reducing the erosion of 
the coating by oily pollutants in water. The POS-EP/PDE/CNTs-EP 
coating, mitigates the adverse effects of hydrophilicity by significantly 
suppressing the diffusion of corrosive media through the synergistic 
effect of hydrophilicity and hydrophobicity. Furthermore, the effective 
protection provided by the CNTs-EP coating prevents the loss of hy
drophobicity in the POS-EP coating due to the prolonged exposure. 
Additionally, the POS-EP coating prevents direct contact between the 
CNTs and the substrate to shield galvanic corrosion. Therefore, the 
effective combination of the hydrophobic POS-EP coating and the hy
drophilic CNTs-EP coating significantly enhances the barrier properties 
and corrosion resistance of the coatings.

4. Conclusions

A hierarchically amphiphobic coating constructed by a PFDTES- 

modified epoxy coating and a CNTs modified epoxy coating which are 
seamless connected through a PDE transition layer has been successfully 
explored. The dense CNTs-EP coating with fewer defects can block the 
corrosive media physically, while its excellent underwater oleophobicity 
(OCA = 134.6◦) significantly reduces the opportunities for various oily 
pollutants to attack the coating. Furthermore, even the protective 
property of CNTs-EP coating has locally lost, the underlying POS-EP 
coating will prevent the attack from the aqueous corrosive ions by the 
hydrophobic essence. Extremely, once the hierarchically amphiphobic 
coating was locally broken, the synergistic effect resulted Laplace 
pressure of ΔP by heterostructure interface between CNT-EP layer and 
POS-EP layer can hinder the infiltration of electrolyte to protect the 
metal matrix. Therefore, the hierarchically amphiphobic coating ex
hibits an extraordinary anticorrosion performance. Electrochemical 
evaluation and neutral salt spray tests consistently confirmed that the Rc 
and |Z|0.01Hz of the coating was 2 to 4 orders of magnitude higher than 
the epoxy resin coatings, the long-term corrosion resistance of the 
amphiphobic coating outperformed previously reported anti-corrosion 
coatings and commercial coatings, even with the thinner thickness.
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