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oxy/ZrO2 composite coating on
the Q235 surface by electrostatic spraying and its
corrosion resistance in 3.5% NaCl solution

Jipeng Wu, Guojun Ji * and Qiang Wu

The epoxy coating containing ZrO2 nanoparticles modified with 3-aminopropyltriethoxysilane (APTES) was

prepared by electrostatic spraying on the surface of Q235 mild steel. The effect of the concentration of

APTES-modified ZrO2 nanoparticles on the corrosion resistance of epoxy coating was characterized and

tested by FTIR spectroscopy, scanning electron microscopy (SEM) and electrochemical impedance

spectroscopy (EIS). The results show that nano ZrO2 was successfully modified by a silane coupling

agent. By adding an appropriate amount of APTES to modify nano ZrO2 in epoxy coating could

significantly improve the corrosion resistance of the Q235 surface. When the mass fraction of nano ZrO2

is 2%, the composite coating shows the highest impedance value of about 1.0 � 105 U cm2 to achieve

the best corrosion resistance.
1. Introduction

Low carbon steel is widely used in daily life. Due to its low cost
and good physical and mechanical properties, it is also widely
used in automobile, construction, petroleum, ship, sea bridge,
shipping and chemical industries.1,2 Corrosion is the main
problem of low carbon steel failure. Due to the corrosion failure
of low carbon steel, a lot of materials and funds are wasted.
Epoxy resin is widely used for the surface protection of low
carbon steel due to its acid and alkali resistance and good
adhesion to the substrate.3–6 Epoxy resin can form an effective
protective lm between low carbon steel and corrosive ions to
protect low carbon steel from the corrosion of corrosive ions.
However, with the expansion of the application scope of epoxy
resin and the complexity of the application environment, more
requirements are put forward for its anti-corrosion perfor-
mance. In practical application, due to the pinhole and porosity
in its structure, the pure epoxy resin coating is easy to degrade
aer long-time immersion and can penetrate small corrosive
medium molecules, such as water, oxygen and ions, which may
cause metal corrosion under the coating.7

In recent years, nanoparticles have shown excellent proper-
ties in the coating system, including excellent barrier, ame
retardant and wear resistance properties.8 Therefore, the
modication of epoxy resin by nano inorganic llers (including
nano TiO2,9 nano SiO2,10 and graphene11–13) to improve the
corrosion resistance of the coating has become a hot topic in
the application of organic coatings. However, the surface energy
of nanoparticles is high and easy to agglomerate, which may
ngolia University of Technology, Hohhot,
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weaken the role of nanoparticles. Therefore, the dispersion of
nanoparticles in epoxy resin coating is the key factor to prepare
epoxy coating with excellent performance. At present, the
modication of nanoparticles with a silane coupling agent is
one of the mainstream methods to improve the dispersion of
nanoparticles.14,15

Among all nanoparticles, ZrO2 nanoparticles are one of the
most promising for anti-corrosion coating.16–19 It has great
specic surface area, high corrosion resistance, excellent
mechanical properties and biocompatibility. Dispersing nano-
particles into epoxy resin not only enhances the mechanical
properties of epoxy resin but also effectively improves its
corrosion resistance.20–22 In this study, ZrO2 nanoparticles were
modied by 3-aminopropyl triethoxysilane to ensure the
uniform dispersion of ZrO2 nanoparticles in the epoxy coating.
The epoxy resin coating containing modied ZrO2 nano-
particles on the surface of a Q235 steel plate was prepared by
electrostatic spraying, Fourier infrared spectroscopy, and
scanning electronmicroscopy. The coating was characterized by
electrochemical tests and other characterization methods. The
effect of the concentration of modied ZrO2 nanoparticles on
the corrosion resistance of epoxy resin coating was studied, and
the corrosion resistance mechanism of the coating was
explored.
2. Experimental
2.1 Preparation of modied ZrO2 nanoparticles

5 g of ZrO2 nanoparticles was added to 150 mL of absolute
ethanol. Aer ultrasonically dispersing the mixture for 30 min,
3 g APTES was added and ultrasonic dispersion continued for
1 h. Aer magnetic stirring at 60 �C for 8 h, the obtained
RSC Adv., 2022, 12, 10625–10633 | 10625
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Fig. 2 FTIR spectra of untreated (a) and APTES-modified (b) ZrO2

nanoparticles.
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nanoparticles were centrifuged, the centrifuged precipitate was
washed with absolute ethanol for 2–3 times to remove excess
APTES, and was nally dried in an oven at 70 �C to obtain
modied ZrO2 nanoparticles.

2.2 Preparation of composite coating

The matrix used in this experiment is a Q235 steel plate
(99.523% Fe, 0.16% C, 0.08% Si, 0.21% Mn, 0.015% P, 0.012%
s), and the size is 20 mm � 20 mm � 1 mm. Prior to the
experiment, the Q235 steel plate with 400 mesh and 1200 mesh
sandpapers was polished, respectively. Then, it was put into
absolute ethanol for 20 min of ultrasonic cleaning, followed by
putting it in the oven and blow drying for standby. As shown in
Fig. 1, a certain amount of modied ZrO2 was dispersed into
150 mL absolute ethanol under an ultrasonic dispersion treat-
ment for 30 min. Then, E20 epoxy resin was added in a constant
water bath at 80 �C and stirred magnetically for 12 h. The
mixture was dried, crushed and screened, and an appropriate
amount of dicyandiamine curing agent was added in an epox-
y : dicyanodiamine ratio of 20 : 3. An electrostatic powder layer
was formed on the Q235 steel plate by electrostatic spraying
under 30 kV electrostatic voltage and 0.6 MPa air pressure. The
distance between the spray gun and the steel plate during
spraying is 30 cm. Aer curing at 160 �C for 2 h, a uniform
coating was formed. The uncoated Q235 steel plate and epoxy
resin coating were used as the reference samples for the
experiment.

2.3 Characterization of powder and coating

The FT-IR spectra of ZrO2 nanoparticles were recorded at 4000
to 500 cm�1 using a Fourier transform infrared spectrometer
(nexue 870, negoly, USA). The thickness and surface
morphology of the coating samples were recorded by an s3400
scanning electron microscope (SEM, Japan Juchang
Manufacturing Institute, working voltage 20 kV).

2.4 Test of corrosion resistance of coating

The electrochemical corrosion test method was adopted. This
test aims to simulate the harsh atmospheric conditions when
the coating is exposed to the marine environment. Considering
that the content of sodium chloride in normal seawater is about
3.5%, the corrosive medium in this electrochemical test is 3.5%
Fig. 1 Preparation diagram of composite coating.

10626 | RSC Adv., 2022, 12, 10625–10633
NaCl solution. The corrosion protection effect of the samples in
3.5% NaCl solution was evaluated by the electrochemical
corrosion test method and CS Series electrochemical worksta-
tion (Wuhan Coster instrument). The standard three electrode
system was adopted for the test: the coated sample was used as
the working electrode (we), a platinum sheet (PT) was used as
the auxiliary electrode (CE), and an Ag/AgCl electrode was used
as the reference electrode (RE). The test temperature of the
electrochemical experiment is 25 �C, the scanning rate of
potentiodynamic polarization is 2 mV s�1, and the applied
potential is �1.5 V to +0.0 V. The exposed area of the sample is
1.0 cm2 and the frequency range of electrochemical impedance
spectrum is 10�2 to 105 Hz.
3. Results and discussion
3.1 FTIR spectroscopy

Fig. 2 shows the infrared spectra of ZrO2 and APTES-modied
ZrO2. The results show that the strong vibration peak at
3404 cm�1 can be attributed to the tensile vibration of –OH on
the ZrO2 surface; the absorption peak at 2933 cm�1 can be
attributed to the tensile vibration of C–H in APTES. The peaks at
1114 cm�1, 1042 cm�1, and 749 cm�1indicate the presence of
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01220k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 3

/2
8/

20
26

 2
:5

9:
21

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Si–O–Si, Zr–O–Si,23 and the Zr–O–Zr tensile vibrations,24,
respectively. In conclusion, APTES was successfully anchored
on the surface of nano ZrO2 through chemical bonds.
Fig. 4 SEM image of coating section.
3.2 Dispersion stability test in an organic solvent

In order to better reect the dispersion of ZrO2 modied by
APTES, the samples of unmodied and modied ZrO2 nano-
particles were subjected to standing test aer ultrasonic
dispersion for 1 h. The test results are shown in Fig. 3.

The unmodied ZrO2 nanoparticles dispersed in absolute
ethanol began to appear delaminated aer standing for 3 min,
and obvious precipitation could be observed aer 10 min. ZrO2

dispersed in the solution basically precipitated in about 4 h.
Another group of ZrO2 nanoparticles dispersed in absolute
ethanol and modied by APTES were still well dispersed
suspensions aer standing and settling for 48 h, without obvious
stratication. This phenomenon shows that the stability of
nanoparticles in organic solvents can be increased aer the
nanoparticles are modied by a silane coupling agent. This
proves that the silane coupling agent APTES has modied ZrO2.25
3.3 SEM

The cross section of the composite coating sample formed by
electrostatic spraying was obtained aer treatment and
observed by a scanning electron microscope. The cross section
morphology is shown in Fig. 3. Based on the image observation
and measurement, the coating thickness is about 110 mm.

In order to observe the microstructure of the coating, the
coating surfaces of different samples were characterized by
SEM, as shown in Fig. 4.

Fig. 5(a)–(e) are the SEM photos of epoxy resin coating aer
adding different contents of APTES-modied ZrO2. Moreover, in
Fig. 5(a)–(e), it is found that there are pores present on the
coating surface. These pores are formed on the surface of the
coating due to the accumulation of powder coatings and the
inclusion of a small amount of air in the coating gap during
electrostatic spraying. Therefore, during the curing process of
Fig. 3 Photographs of sedimentation process of (a) unmodified ZrO2 an
times.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the coating, a small amount of air dissolved in the coating
escapes forming tiny bubbles that eventually break.

It can be found from Fig. 5(a)–(e) that a relatively at coating
can be formed on the substrate surface when 0–3 wt% modied
ZrO2 is added to the epoxy coating. When the addition amount is
more than 2 wt%, a large amount of ZrO2 agglomerates on the
coating surface, and the agglomeration of ZrO2 is very serious
when the content of ZrO2 is 4 wt%. At the same time, more pores
are generated on the coating surface, and the pore size becomes
larger than other coatings, which destroy the dense structure of
the coating. This is because when the added amount of ZrO2

particles is too high, the nanoparticles will spontaneously attract
each other and agglomerate into blocks. When the ZrO2 content
is 1–2 wt%, the agglomeration of ZrO2 nanoparticles on the
coating surface is not too severe. Among the ve coatings, when
the ZrO2 content is 2 wt%, the modied ZrO2 is most evenly
dispersed on the coating surface, the number and size of pores
on the coating surface are much lower than other coatings, the
agglomeration of nanoparticles is less, and the surface shows the
best compactness. This shows that there is good compatibility
between the epoxy resin and modied ZrO2 nanoparticles.
3.4 Corrosion resistance of coating

In order to obtain the optimum content of modied ZrO2 ller
in the epoxy coating, the corrosion resistance of the ve
d (b) APTES-modified ZrO2 dispersed in anhydrous alcohol at different

RSC Adv., 2022, 12, 10625–10633 | 10627
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Fig. 5 The surface morphologies of epoxy coatings doped with different contents of modified ZrO2 fillers are: (a) 0 wt%, (b) 1 wt%, (c) 2 wt%, (d)
3 wt%, (e) 4 wt%.

Fig. 6 Polarization curves of different samples in 3.5 wt% NaCl
solution.
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coatings and matrix in 3.5 wt% NaCl solution was studied via
polarization curves and electrochemical impedance spectros-
copy (EIS).

3.4.1 Polarization curve analysis. Fig. 6 shows the polari-
zation curve of the Q235 steel plate and epoxy resin coating with
0–4 wt% modied ZrO2 immersed in 3.5 wt% NaCl solution for
30 min. The corrosion potential (Ecorr) and corrosion current
density (Icorr) of the coating and substrate are tted by the least
square method. The main corrosion parameters aer tting are
shown in Table 1, where Ecorr represents corrosion potential and
Icorr represents corrosion current. In general, higher Ecorr and
lower Icorr indicate better corrosion resistance of the coating.

The corrosion potential Ecorr of the ve coating samples
decreased initially and then increased along with the gradual
increase in the modied ZrO2 content. The Ecorr of the ve
coatings were higher than that of the Q235 steel plate, and the
Icorr was lower than that of the Q235 steel plate, indicating that
spraying the coating on the Q235 steel plate can protect the
substrate. The Icorr value of the epoxy resin coating sample
containing 2 wt% ZrO2 is 6.2299 � 10�7 A cm�2, which is 1
10628 | RSC Adv., 2022, 12, 10625–10633 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Polarization parameters of different samples in 3.5 wt% NaCl
solution

Sample Ecorr (V) Icorr (A cm�2)

Q235 �1.0587 2.0695 � 10�4

Epoxy �0.69154 1.9105 � 10�5

Epoxy/ZrO2 (1 wt%) �0.61533 6.0130 � 10�6

Epoxy/ZrO2 (2 wt%) �0.60973 6.2299 � 10�7

Epoxy/ZrO2 (3 wt%) �0.70182 1.9247 � 10�5

Epoxy/ZrO2 (4 wt%) �0.71485 2.8199 � 10�5
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order of magnitude lower than the epoxy resin coating sample
containing 1 wt% ZrO2 and 2–3 orders of magnitude lower than
the other samples. However, the Icorr containing 3–4 wt% is
higher than that of pure epoxy coating.

3.4.2 Electrochemical impedance spectroscopy analysis.
Six new groups of experimental samples were selected for the
EIS test. Fig. 7 shows the EIS spectra of six samples aer soaking
for 30 min. In general, the radius of the capacitive resistance arc
formed in the EIS curve can be used as the index of the corro-
sion rate. The larger the radius, the slower the corrosion rate
and the stronger the corrosion resistance.26,27 As seen from
Fig. 7(a), when the addition amount of modied ZrO2 is 2 wt%,
the radius of the capacitive resistance arc in the Nyquist
diagram is much larger than that of other coatings, indicating
that the coating of this component has the best corrosion
resistance. At the same time, in the Nyquist diagram, it can be
found that the capacitive reactance arc radius increases rst
and then decreases with the increase in the amount of modied
ZrO2. From Fig. 7(b), the Bode diagram shows that the low
frequency (0.01 Hz) impedance value of 2 wt% ZrO2 epoxy
coating is the largest, which is 1.0� 105 U cm2, more than other
coatings. This may be because when the added amount of
modied ZrO2 is higher than 2 wt%, and due to the attraction
between nanoparticles, they agglomerate with each other
during the curing process, resulting in large pores on the
coating surface. Corrosive substances such as water and Cl� can
Fig. 7 EIS diagram of samples in 3.5 wt% NaCl solution (a) Nyquist diagr

© 2022 The Author(s). Published by the Royal Society of Chemistry
penetrate through the pores and react directly with the metal,
expanding the path from the corrosive medium to the matrix. At
the same time, numerous nanoparticles will absorb water and
swell in the solution, thus greatly increasing the internal stress
between the particles and the coating. This will lead to the
continuous penetration of the corrosive medium into the
coating through these pores and the increase of the conductivity
of the coating, resulting in the decline of coating performance.
In general, the formation of corrosion reaction on the Q235
steel plate involves several steps and redox equations.28

Fe / Fe2+ + 2e�

Fe2+ / Fe3+ + e�

O2(g) + 2H2O + 4e� / 4OH�

2Fe2+(aq) + O2(g) + 2H2O / 2FeOOH + 2H+

It can be seen from the above equation that sufficient water
and oxygen are required to dissolve steel to cause corrosion. If
any of these processes is prevented, the corrosion will be
inhibited and the coating can be effectively protected.29

Although a small amount of modied ZrO2 particles will
agglomerate, they are evenly dispersed in the coating as a whole.
In addition to this, the ZrO2 particles aer water absorption and
swelling can tightly ll the gap of the coating, extending the
path of corrosive medium into the coating, so as to inhibit the
penetration of corrosive substances. The results show that the
addition of excessive modied ZrO2 nanoparticles to the epoxy
coating will reduce the corrosion resistance of the coating.30 The
addition of 2 wt% modied ZrO2 particles can improve the
corrosion resistance of the epoxy coating.

Fig. 8 is an equivalent circuit for tting the EIS results of
modied ZrO2 epoxy resin coatings with different contents. Rs,
CPEcoat, Rpore, CPEdl and RCT in the gure represent solution
resistance, coating constant phase element, coating gap resis-
tance, double-layer constant phase resistance and charge transfer
am and (b) Bode diagram.

RSC Adv., 2022, 12, 10625–10633 | 10629
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Fig. 8 Equivalent electrical circuit.
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resistance, respectively. The constant phase element (CPE)
represents the deviation from the ideal capacitance characteris-
tics. Its function in the equivalent circuit is to reduce the system
error and obtain more valuable tting results. CPE is associated
with dispersion index n (0# n# 1). If n¼ 1, it represents an ideal
capacitor, and if n ¼ 0, it represents an ideal resistance.

Table 2 shows the tting results of EIS aer equivalent
circuit tting. The impedance value of ZrO2 epoxy coating is
100 530 U cm2, and the tted data is consistent with the EIS
curve. The electrochemical impedance spectra of the coating
immersed in 3.5% NaCl solution for 30 min showed a time
constant. At this time, the corrosive medium did not reach the
Q235 matrix, and the addition amount was 3–4 wt%. The
composite coating showed poor corrosion resistance aer water
absorption and swelling, which widened the corrosion path.
Table 2 The parameters tted by the equivalent circuit.

3.4.3. Corrosion mechanism of coating. Fig. 9 shows the
anti-corrosion mechanism diagram of the coating. Fig. 9(a) is
Fig. 9 Corrosion protection mechanism of coatings: (a) pure epoxy, (b)

Table 2 The parameters fitted by the equivalent circuit

Sample Rs, U cm2

CPEcoat

Rpore, U cm2Y0, U
�1 cm�2 sn n

Q235 17.08 2.6847 � 10�4 0.78805 5025
Epoxy 88.33 3.1341 � 10�8 0.74948 33 688
Epoxy/ZrO2 (1 wt%) 107.0 9.1509 � 10�7 0.80834 42 446
Epoxy/ZrO2 (2 wt%) 97.4 3.478 � 10�9 0.87076 100 530
Epoxy/ZrO2 (3 wt%) 76.8 4.7327 � 10�6 0.45024 12 155
Epoxy/ZrO2 (4 wt%) 92.7 2.7722 � 10�7 0.78914 10 289

10630 | RSC Adv., 2022, 12, 10625–10633
the corrosion mechanism of the pure epoxy resin coating. The
defects of the epoxy resin can make the corrosion medium
directly penetrate into the contact surface between the coating
and the substrate, resulting in corrosion on the metal surface.
Fig. 9(b) is the corrosion mechanism diagram when the
content of nano zirconia particles added is large (3–4 wt%).
Due to the addition of more nano zirconia particles in the
resin coating, additional nano zirconia particles will be irreg-
ularly distributed in the coating. These nanoparticles will
produce a large number of agglomeration of nanoparticles on
the surface and inside of the coating, resulting in the widening
of the inherent channel for corrosive ions and molecules to
reach the gold surface,31,32 and in defects in the composite
coating. At the same time, the aggregates on the surface and
inside of the coating will absorb water and swell during
immersion, which increases the volume of the aggregates,
creates a gap between the particles, and provides a new
channel for the penetration of corrosive media. These will lead
to the continuous penetration of corrosive media into the
coating through the pores, increase the conductivity of the
coating, and reduce the performance of the coating. Fig. 9(c)
shows the corrosion resistance mechanism of the composite
coating with a low content (1–2 wt%) of nano zirconia. As seen
from Fig. 9(c), nano zirconia particles are evenly distributed in
the coating, and the path of the corrosive medium penetrating
into the bottom of the coating becomes longer,33–35 which
means that the time for the corrosive medium to reach the
metal matrix will also become longer, which improves the
corrosion resistance of the coating. The main reason is that
the lower content of nano zirconia particles can disperse more
evenly in the coating and the agglomeration phenomenon is
signicantly reduced. Moreover, due to the characteristics of
nano zirconia being insoluble in water, when the agglomera-
tion phenomenon is reduced, fewer particles can effectively ll
the micropores and pores formed in the curing process of the
composite coating. This improves the compactness of the
coating, so as to hinder the inltration path of corrosive
media, make the diffusion rate of some corrosive media such
as chloride ions, and also, delay the corrosion time of metal
substrate.

3.4.4 Comparison between this work and other nano-
composite coatings. From Table 3, we can see that most epoxy
resin coatings are accompanied by the escape of volatile organic
compounds (VOCs) in the preparation process, but this
3–4 wt% zirconia, (c) 1–2 wt% zirconia.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison between this work and other nanocomposite coatings

Nanoparticles Sample preparation method VOC Optimum addition

This work ZrO2 Electrostatic spraying 7 2 wt%; 100 kU cm2

Mariana do Nascimento Silva, et al., 2020 (ref. 36) RGO/graphite Spraying 3 0.5 wt%
Joseph Raj Xavier, 2019 (ref. 37) MoO3 Coated using a draw down bar 3 2 wt%; 217 kU cm2

G. Boomadevi Janaki, et al., 2020 (ref. 38) Al2O3 Coated using a draw down bar 3 2 wt%; 208 kU cm2

ChuanChun Li, et al., 2020 (ref. 39) Zn Dip coating 3 3 wt%
Weihang Li, et al., 2020 (ref. 40) TiO2-GO Brushing 3 0.1 wt%; 1.5 � 1010 U cm2

Mingshuai Guo, et al., 2021 (ref. 41) Al-PTFE Brushing 7 —
Diksha Dileep Thiruvoth, et al., 2021 (ref. 42) CeO2 Doctor blades method 3 1 wt%
Shuai Wang, et al., 2020 (ref. 43) Graphene Dip coating 7 0.5 wt%
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phenomenon can be avoided by the electrostatic spraying
technology.
4. Conclusion

In this study, nano ZrO2 was modied by 3-aminopropyl trie-
thoxysilane (APTES) and used as nano llers to improve the
corrosion resistance of epoxy coating. FTIR and static experi-
mental results show that APTES has been successfully anchored
on the surface of nano ZrO2 particles through chemical bonds,
and the modied ZrO2 nanoparticles have good dispersion in
ethanol solution. From the SEM image, it can be known that the
thickness of the coating is about 110 mm. The surface
morphology of the coating with 1–2 wt% modied ZrO2 nano-
particles is dense. The electrochemical test results show that
due to the barrier effect of nanoparticles, adding 1–2 wt%
modied ZrO2 nanoparticles to the epoxy coating can improve
the protective performance of the epoxy coating. However, due
to the increase in the amount of ZrO2 nanoparticles, severe
agglomeration can occur between the nanoparticles, which will
reduce the corrosion resistance of the coating.
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