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a b s t r a c t

In the present study, a three-dimensional multi-interface structured zinc phosphate par-

ticle with large specific surface area was prepared by regulating the zinc phosphate crystal

growth process, which was applied to develop a waterborne epoxy resin coating with better

corrosion resistance. The results reveal that the multi-interface structured zinc phosphate

particles could well coalesce with epoxy resin. Compared with the waterborne coating

doped with and without two-dimensional zinc phosphate sheets, the multi-interface

structured zinc phosphate particles doped waterborne epoxy resin coating has highest

corrosion potential, lowest corrosion current density and the highest low-frequency

impedance, which indicates the obvious benefits of multi-interface structured zinc phos-

phate particles on corrosion resistance. Moreover, the electrochemical properties tests on

the waterborne epoxy resin coatings immersed in salt solution for 3000 h demonstrate that

the multi-interface structured zinc phosphate particles doped waterborne epoxy resin

coating almost has no changes but the other waterborne epoxy resin coatings decrease

obviously. The surface characterization on the corroded waterborne epoxy resin coatings

reveal that the multi-interface structured zinc phosphate particles doped waterborne

epoxy resin coating possesses the relative integrated surface, while the inner corrosion has

occurred in other coatings. The waterborne epoxy resin coatings with different additives

sprayed on Al alloy surface could obtain the adhesion strength between 6.21 and 6.81 MPa,

and the multi-interface structured zinc phosphate particles doped waterborne epoxy resin

coating possesses the maximum value. Even after the salt solution immersion for 3000 h,

the multi-interface structured zinc phosphate particles doped waterborne epoxy resin

coating still remains the adhesion strength above 6.21 MPa. Such excellent corrosion
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resistance should be ascribed to the cooperation of strengthened physical inhibition effect,

decreased polar channel and complexation reaction by multi-interface structured zinc

phosphate particles.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
resistance property. However, due to its high conductivity of

1. Introduction

With the development of marine industry, the corrosion be-

comes an important challenge for the metal based structure

components [1,2]. Though the conventional heavy-duty anti-

corrosion coating could well protect the metal, however, its

high requirement in content organic solvent would lead to

great environment pollution [3,4]. Especially for the metal

frame structure of offshore engineering, the conventional

heavy-duty anti-corrosion coating also could influence the

marine biological environment. Therefore, the waterborne

coating with less pollution releasing has been paid more

attention. Among them, the waterborne expoxy resin coating

is the most potential one [5]. Now it is widely used in fields

such as electronics [6], industry [7], and marine engineering

due to their good mechanical properties [8], high chemical

stability [9], strong metal adhesion [10], environmental

friendliness [11], and low volatile organic compound (VOC)

content [12]. Though the waterborne epoxy resin coating

could obtain the ideal protecting effect in conventional envi-

ronment, however, the large number of hydrophilic groups

and surfactants inside would result in many polar channels,

which is conducive to the penetration of corrosive media [13].

Corrosive media such as chloride ions can easily penetrate

into the substrate and lead to inner corrosion, which destroys

the coating by the formed corrosion product and decreases

the service performance of the waterborne epoxy resin

coating [14,15]. Therefore, how to extend the anti-corrosion

service life of waterborne epoxy resin coating become a

research focus for this kind of material.

Traditionally, the organic modificationmethod is applied to

control the high-density cross-linking reaction between func-

tional groups for preparing coatings with high density and few

pores, which can restrain the penetration rate of corrosive

media [16]. For example, Wu et al. adjusted the precursor,

catalyst, and additives, and designed a series of epoxy-solegel

anti-corrosion coatingswith high adhesion and good protective

performance on aluminum surfaces by introducing cross-

linking agents such as thiourea, mercaptan, and ene, which

has improved the service life of the substrate obviously [17e19].

However, the efficacy of organic modification is limited by the

environmental conditions such as high temperature, high hu-

midity and sun exposure. Recently, researchers have shifted

their focus to inorganic modifications such as graphene,

MXene, boron nitride, and zinc phosphate. By introducing two-

dimensional inorganic nanosheets as physical barriers, the

“Labyrinth effect” can be realized to prolong the penetration

path of corrosive media, which could be applied to improve the

corrosion resistance. For example, Wang et al. [20] have modi-

fied the coatings with the graphene nanosheets because of its

extremely low permeability, greatly improving the corrosion
graphene, graphene nanosheets has to been oxidized or pro-

tected by the synthesized cyclodextrin-based supramolecular

nano-containers which act as an “armor”. Barsoum et al.

[21e24] proposed to use MXene nanosheets with high perme-

ability to replace graphene nanosheets, which also shows a

good anti-corrosion effect. In addition, owing to the fact that

the chemical stability of MXene material is poor, further func-

tional group modifications are generally required. Hexagonal

boron nitride (h-BN) nanosheets, which also present excellent

insulating property (the conductivity is 1016e1018 ohm cm�1 at

room temperature) and chemical stability, can avoid the above

problems when doped into the paints [25]. Nevertheless, h-BN

nanosheets are generally synthesized by costly CVD techniques

and h-BN nanosheets usually have poor compatibility with

organic paints, which influences the adhesion strength with

metal [26]. In comparison, zinc phosphate nanosheets can be

chemically synthesized easily and possess good electrical

insulation properties, which also displays strong anti-

permeability performance (solubility product Ksp-

¼ 9.1 � 10�33) [27e29]. Moreover, it can form insoluble complex

corrosion productswith corrosivemedia through complexation

reactions, which demonstrates a dual synergistic protection

effect of physical shielding and chemical coupling to the sub-

strate, therefore exhibiting significant advantages in epoxy

coating modification [30]. However, it is difficult to achieve a

completely ideal oriented arrangement of two-dimensional

zinc phosphate sheet in the epoxy coating, which would inev-

itably influence the anti-corrosion properties, because of the

decreasing of interface utilization rate. Then, it is important to

regulate the structure and interface of zinc phosphate in epoxy

coating to improve the anti-corrosion properties further.

Therefore, in the present research, the multi-interface

structured zinc phosphate particles composed of two-

dimensional sheet were fabricated and added in the water-

borne epoxy resin paint. For comparison, the waterborne

epoxy resin paint with two-dimensional zinc phosphate sheet

were prepared simultaneously. These paints were sprayed on

Al alloy specimens and the electrochemical properties and

long-term immersion corrosion tests have been performed to

investigate the effect of zinc phosphate structure. The adhe-

sion strength before and after immersion corrosionwas tested

to evaluate its application prospect.
2. Material and methods

2.1. Materials

The LY12 Al alloy (30 mm � 30 mm � 1 mm) were purchased

from Dongguan Guanyue Metal Materials Co., Ltd. (Dongguan,

China), analytical grade chemical reagents including

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jmrt.2023.09.109
https://doi.org/10.1016/j.jmrt.2023.09.109


j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 6 : 7 8 2 9e7 8 4 4 7831
ammonium carbonate, ammonia water (25 wt%), and absolute

ethanolwere bought fromGuangdongXilongChemical Co., Ltd.

(Shantou, China), and analytical grade Acetone, polyethylene

glycol �2000, phosphoric acid, and two-dimensional sheet-like

zinc phosphate were provided by Aladdin Biochemical Tech-

nology Co., Ltd. (Shanghai, China). Zinc oxide particles with

diameters of 50e100 nm were purchased from Sinopharm

Chemical Reagents Co., Ltd. (Shanghai, China). Bisphenol A

epoxy resin MU-618, polyamine modified epoxy curing agent

CU-600, and all other reagents were obtained from Hangzhou

Qingci New Materials Co., Ltd. 1500 mesh metallographic

sandpapers were purchased from 3 M China Co., Ltd.

(Shanghai, China). All the reagents were used without

treatment.

2.2. Preparation of multi-interface structured zinc
phosphate particles

15.00 g of ammonia water and 3.75 g of ammonium carbonate

were added to 20.00 g of deionized water and stirred at a rate

of 300 r/min for 15 min until completely dissolution in the

alkaline solution. 1.00 g of zinc oxide and 0.40 g of poly-

ethylene glycol �2000 were then introduced and stirred until

complete dissolution. The Zn-containing solution was

dispersed ultrasonically for 50min and placed in a 60 �Cwater

bath for 10 min. The 2.00 g/20.0 mL phosphoric acid/alcohol

solution was dripped at a rate of 0.6 mL/min into the solution

to start the precursor reaction. After titration, the solution

containing zinc phosphate was stirred at a rate of 400 r/min

for 40 min, left to stand for 10 min, washed with deionized

water 5 times, and then filtered to obtain the solid powder

which was dried in an oven at 90 �C for 12 h to obtain the

multi-interface structured zinc phosphate particles.

2.3. Preparation of waterborne epoxy resin paints

The Al alloy substrate was polished with 1500 mesh metallo-

graphic sandpaper, ultrasonically cleaned with deionized

water, absolute ethanol, and acetone for 30 min successively,

and dried for later use. 1.00 g of the 3D multi-interface zinc

phosphate particles were added to 10.00 g of bisphenol A

epoxy resin paint (MU-618) and stirred for 60 min at a rate of

800 r/min. 5.00 g of the polyamine modified epoxy curing

agent (CU-600) were introduced and stirred for 30 min to

obtain paints uniformly doped with multi-interface struc-

tured zinc phosphate particles. Paints with different doping

concentrations were prepared by changing the amount of zinc

phosphate. The paints were uniformly sprayed on the metal

substrate by a spray gun at a pressure of 0.6 MPa and cured at

room temperature for 6 h. After further curing in an oven at

90 �C for 2 h, the paint coated with multi-interface structured

zinc phosphate particles was obtained and designated as

Epoxy@ZPNF. The pure resin paint and paint modified by two-

dimensional zinc phosphate sheet were prepared by the same

process as controls and labeled Epoxy and Epoxy@ZPNS.

2.4. Characterization

Field-emission scanning electron microscopy (FESEM, Carl

Zeiss, SUPRA® 55, GER) was used to observe themorphology of
multi-interface structured zinc phosphate particle, two-

dimensional zinc phosphate sheet, and doped paints before

and after corrosion. The chemical composition of the paints

was determined by energy-dispersive X-ray spectroscopy (EDS,

Oxford, X-Max20, GB). X-ray diffraction (XRD, Bruker, D8

Advance, GER) was adopted to analyze the phase constitutent

of the multi-interface structured zinc phosphate particles and

two-dimensional zinc phosphate sheet. The XRD scanning rate

was 5�/min and step length of 0.05 s, with 2q range of 10�e90�

and a Cu target (l ¼ 0.15418 nm). High-resolution transmission

electron microscopy (TEM, JEM-3200FS, Japan) was conducted

to study the crystal structure and phase composition. The

chemical composition and bonding of the multi-interface

structured zinc phosphate particles and two-dimensional zinc

phosphate sheet were determined by X-ray photoelectron

spectroscopy (XPS, Thermo Fisher, ESCALAB 250X, USA) refer-

enced to theC 1s peak (284.8 eV). The energy spectra of different

elements were fit by an analysis software (Avantage 5.978,

USA). The chemical bonds and functional groups of different

zinc phosphate doped paints were determined by FTIR (Perki-

nElmer, USA). A 3D laser confocal microscope (LCSM, VK-X200

series, Keyence Corporation of America, USA) was employed to

analyze the surface profile of the paint and a tensile machine

(ZQ-990LA, ZHIQU, China) was used to determine the adhesion

strength between the paint and Al alloy substrate.

2.5. Electrochemical and salt-solution immersion tests

The electrochemical properties of the paints coated Al alloy

specimens were determined in 3.5 wt% NaCl using an electro-

chemical workstation (NPROBE/EPC42, Zahner, GER) with a

three-electrode configuration at room temperature (25 �C). An
Al alloy sample with an exposed area of 2.4 cm2 was the

working electrode and saturated calomel (SCE) was the refer-

ence electrode. The open circuit potential (OCP) was deter-

mined in the NaCl solution to stabilize the system. EIS was

carried out with a sine signal of 10 mV from 100 kHz to 0.1 Hz.

The impedance datawere fitted and analyzed by the ZsimpWin

software. The Al alloy were fitted by the R (QR) (QR) equivalent

circuit, while the samples coated with paints were fitted by the

R (Q (R (QR)) equivalent circuit. The Tafel test was carried out at

scanning rate of 1 mV/s and the corrosion potential (Ecorr) and

corrosion current density (icorr) of the sample were obtained by

Tafel extrapolation. Specifically, the value at the intersection of

the anode and cathode curves is the corrosion potential, while

the current density at the intersection of the curve tangents is

the corrosion current density. The immersion experiment was

performed in a 200.0 mL beaker with the sample immersed in

150.0 mL of the NaCl solution (5 wt%) at room temperature for

3000 h (solution changed every 48 h). After immersion, the

samples were washed with water and ethanol and then dried

prior to the Tafel and EIS electrochemical tests.
3. Results and discussion

3.1. Material characterization

The microstructure observations on commercial two-

dimensional zinc phosphate sheets show the irregular

https://doi.org/10.1016/j.jmrt.2023.09.109
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lamellar morphology. The length or width of the zinc phos-

phate sheets are about 10e50 mm and their thickness is about

200e500 nm, as shown in Fig. 1(a) and (d). The XRD pattern

shows that the zinc phosphate sheet is composed of Zn3(-

PO4)2$4H2O and Zn3(PO4)2$2H2O, as presented in Fig. 1(b). The

diffraction peaks strength indicates the Zn3(PO4)2$4H2O has

high ratio. Moreover, the zinc phosphate sheets demonstrate

high-ratio of low index crystallographic plane. Fig. 1(c) and

S1(a) shows the presence of a large number of hydroxyl groups

in the zinc phosphate sheet according to XPS and FT-IR ana-

lyses. The peak intensity of OeH in O1s and the vibration peak

belonging to OeH at 3100-3500 cm�1 both indicate the exis-

tence of water in the form of crystalline water in the zinc

phosphate sheet. The energy spectra of Zn2p and P2p in the

full spectrum are correspond to Zn2þ and PO4
3�, respectively

(Figs. S1(d) and S1(e)). HRTEM observations on the zinc phos-

phate sheet reveal that the nano-size Zn3(PO4)2$4H2O phases

have random crystallographic orientation, as shown in

Fig. 1(e) and (f). Moreover, the amorphous structure could be
Fig. 1 e Characterization on the two-dimensional zinc phospha

XRD analysis on the phase and crystal orientation, (c) XPS spec

showing the multiphase feature, (e) HRTREM image on the Zn3

lattice), (f) HRTEM image showing the compound of amorphous a

(g) Elemental mapping of the zinc phosphate sheet in (d).
observed along Zn3(PO4)2$4H2O phases junction, which im-

plies this unstable phase would be apt to react with corrosion

medium [31]. Fig. 1(g) shows the elemental mapping analyses

on the zinc phosphate sheet, and the inhomogeneous element

distribution can be seen. The simultaneous segregation of Zn

and P indicates the different crystallinewater ratio in different

phases.

Fig. 2(a) shows that the synthesized zinc phosphate parti-

cles have a flower-like structure and contain many two-

dimensional lamellae, which could designated as multi-

interface structured zinc phosphate particle. The dimension

analyses reveal the diameter of whole zinc phosphate particle

is about 2e5 mm, while the thickness of the two-dimensional

lamella is about 10e50 nm. Compared with the commercial

zinc phosphate sheet, the synthesized zinc phosphate particle

is much smaller and has higher specific surface area. The XRD

analyses reveal that the synthesized zinc phosphate particles

are mainly composed of Zn3(PO4)2$4H2O phase with highly

preferred (111) and (241) crystallographic plane, as shown in
te sheet: (a) SEM observation showing the morphology, (b)

tra showing the bonding features; (d) TEM observation

(PO4)2·4H2O phase (Inset image showing the atomic line

nd zinc phosphate (Inset image showing the SAED pattern),

https://doi.org/10.1016/j.jmrt.2023.09.109
https://doi.org/10.1016/j.jmrt.2023.09.109


Fig. 2 e Characterization on the multi-interface structured zinc phosphate particles: (a) SEM observation showing the

morphology, (b) XRD analysis on the phase and crystal orientation, (c) XPS spectra showing the bonding features, (d) TEM

observation showing the stereostructure feature, (e) HRTREM image on the Zn3(PO4)2·4H2O phase (Inset image showing the

atomic line lattice), (f) HRTEM image showing the compound of amorphous and zinc phosphate (Inset image showing the

SAED pattern), (g) Elemental mapping of the multi-interface structured zinc phosphate particle in (d).
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Fig. 2(b). Fig. 2(c) shows that the peak fitting of the XPS spec-

trum of the multi-interface structured zinc phosphate parti-

cles. The OeH peak intensity in the O1s spectrum and the

3100-3500 cm�1 position of the OeH vibration peak were both

significantly higher than those of commercial two-

dimensional zinc phosphate sheet. The FT-IR spectrum

shows similar result (S1(b)). Combined with the XRD results, it

can be concluded that the OeH bond mainly comes from

crystal water, and the content of crystal water in the multi-

interface structured zinc phosphate particle is significantly

higher than that in commercial two-dimensional zinc phos-

phate sheet. This can be attributed to the fact that zinc

phosphate crystallizes and grows in a low-temperature

aqueous environment, which can absorb more crystal water.

Meanwhile, the spatial confinement effect of the tiny pores in

the three-dimensional multi-interface structure can lock the

crystal water [32]. The XPS full spectrum and the enlarged

spectra of Zn2p and P2p of the multi-interface structured zinc

phosphate particles are presented in Fig. S1(f)-S1(h). The
spectral results confirm that the elements and hybrid forms

contained in the multi-interface structured zinc phosphate

particles are basically the same as those of commercial two-

dimensional zinc phosphate sheet. The multi-interface

structured zinc phosphate particle contains core frame and

branch lamella was analyzed by TEM, as displayed in Fig. 2(d).

The thin branch lamellae are inlaid with core frame, ensuring

the structural stability. Fig. 2(e) and (f) shows the thin lamella

demonstrate that the Zn3(PO4)2$4H2O phases prefer to grow

along (111) crystallographic plane. Moreover, the ratio of

amorphous in the zinc phosphate is increased, which in-

dicates the high chemical activity of as synthesized multi-

interface structured zinc phosphate particles. Combining

with the high specific surface area, it can be deduced that the

multi-interface structured would possess better corrosion

medium inhabition effect.

The waterborne epoxy resin paints with additions of two-

dimensional zinc phosphate sheet and multi-interface struc-

tured zinc phosphate particles were sprayed on the Al alloy

https://doi.org/10.1016/j.jmrt.2023.09.109
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substrate. For comparison, the pure waterborne epoxy resin

paint was also sprayed on the Al alloy substrate. The as-

sprayed coatings were cured and their surface morphology

are given in Fig. S2. It can be found that the addition of zinc

phosphate could promote the flatting of thewaterborne epoxy

resin coating, especially the coating with multi-interface

structured zinc phosphate particles. Such a phenomena

should be ascribed partly to the catalytic effect of the multi-

amine-modified epoxy curing agent CU-600, which could

easily opens the adjacent epoxy bonds and form a three-

dimensional cross-linked network of NeC bonds and a large

number of hydroxyl groups. The hydroxyl groups of resin can

coordinate with the hydroxyl groups of zinc phosphate to

form intermolecular hydrogen bonds, which could achieve

well matched interface and relieve the internal stress.

Therefore, the coatings with zinc phosphate addition pos-

sesses the better surface morphology.

Fig. 3 shows the cross-sectional morphology of the water-

borne epoxy resin coatings, which is relative densified and

have good adhesive interface. The SEM observations on the

waterborne epoxy resin coating exhibit that there are
Fig. 3 e SEM observations on the cross-section of the waterbor

waterborne epoxy resin coating, (b) Magnified SEM image show

micropores with different size in (b), (d) Cross-sectional morph

dimensional zinc phosphate sheet; (e) Magnified SEM image sho

image showing the interface of zinc phosphate sheet in (e); (g)

coating doped with multi-interface structured zinc phosphate p

interface structured zinc phosphate particle in (g), (i) SEM imag

phosphate particle in (h).
micropores with size of 100e500 nm, as shown in Fig. 3(a)e(c).

The two-dimensional zinc phosphate sheet dopedwaterborne

epoxy resin coating demonstrate that the two-dimensional

zinc phosphate sheets distribute with different posture with

most zinc phosphate sheets paralleling to the coating surface,

as listed in Fig. 3(d)e(f). Themicropores still could be observed

in the cross-section of two-dimensional zinc phosphate sheet

doped waterborne epoxy resin coating. Such morphology of

zinc phosphate sheets could take full use of their interface to

restrain the infiltration of corrosion medium. As shown in

Fig. 3(g)e(i), the multi-interface structured zinc phosphate

particles doped waterborne epoxy resin coating demonstrate

that these particles arewell inlaid in the coatingwithmatched

interface. That indicates that hydrogen bonds significantly

enhance the wettability and binding between zinc phosphate

and waterborne epoxy resin coating.

Fig. 4(a) shows the elemental distributions of C andO in the

cross-section of the waterborne epoxy resin coating reveal.

There aremanymicropores in the cross-section, which would

prefer to form the polar channels during the service of the

coating. The addition of zinc phosphate sheets could produce
ne epoxy resin coatings: (a) Cross-sectional morphology of

ing the micropores in (a), (c) SEM image showing the

ology of waterborne epoxy resin coating doped with two-

wing the distribution of zinc phosphate sheet in (d), (f) SEM

Cross-sectional morphology of waterborne epoxy resin

articles, (h) Magnified SEM image showing the inlaid multi-

e showing the interface of multi-interface structured zinc
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Fig. 4 e Elemental mapping distribution on the cross-section of the waterborne epoxy resin coatings: (a) Waterborne epoxy

resin coating, (b) Two-dimensional zinc phosphate sheets doped waterborne epoxy resin coating, (c) Multi-interface

structured zinc phosphate particles doped waterborne epoxy resin coating.
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the discontinuous shield, as shown in Fig. 4(b). Moreover, the

diffusion of Zn and P in the coating matrix also indicate the

interaction between zinc phosphate and epoxy resin during

curing. The multi-interface structured zinc phosphate parti-

cles doped waterborne epoxy resin coating demonstrates less

diffusion of Zn and P, which indicates the relative stability of

synthesize zinc phosphate, as presented in Fig. 4(c). The FT-IR

tests results indicate that all coatings exhibit OeH vibration

absorption peaks in the 3100-3500 cm�1 range, but the multi-

interface structured zinc phosphate particles doped coating

has the OeH peak intensity, which means more hydroxyl

groups have formed by the zinc phosphate, as shown in

Fig. S3. Additionally, the two-dimensional zinc phosphate

sheets doped coating also demonstrates the relative strong

OeH vibration absorption peaks in the same range. The

increased hydroxyl groups would strengthen the bonding

between the zinc phosphates and epoxy resin, which helps to

block the polar channels and contributes to the corrosion

resistance.

3.2. Electrochemical performance

Fig. 5 shows the electrochemical properties of different kinds

of coating specimens. After optimization of the zinc phos-

phate concentration and coating thickness (Figs. S4eS6 and

Tables S1eS6), the Tafel curves of the specimenswith the best

performance are shown in Fig. 5(a). Compared to the

aluminum alloy substrate, the corrosion potential of the

waterborne epoxy resin coating, the two-dimensional zinc

phosphate sheets doped coating, and the multi-interface

structured zinc phosphate particles doped coating increases

from �1.50 V to �0.98 V, �0.87 V, and �0.73 V, respectively.
The corresponding corrosion current density decreases from

7.60 � 10�4 A$cm�2 to 5.62 � 10�6 A$cm�2, 6.11 � 10�7 A$cm�2,

and 3.98 � 10�9 A/cm2, respectively (Table 1). Compared with

the waterborne epoxy resin coating, the zinc phosphates

addition could improve the corrosion resistance significantly,

especially the zinc phosphates particles with multi-interface

structure.

In the Nyquist spectrum, all coating specimens show sig-

nificant capacitance behavior, and the capacitance loop of the

multi-interface structured zinc phosphate particles doped

coatings has the largest diameter, indicating the largest elec-

trochemical impedance, as depicted in Fig. 5(b). Further

analysis of the Bode-impedance data shows that the imped-

ance modulus of the waterborne epoxy resin coating is close

to 2 orders of magnitude higher than that of the Al alloy

substrate in the low-frequency region, increasing from

5.28 � 103 ohm cm2 to 9.73 � 104 ohm cm2. The impedance of

the two-dimensional zinc phosphate sheets doped coating

further increases to 3.29 � 105 ohm cm2, while the impedance

of the multi-interface structured zinc phosphate particles

doped coating increases to amaximum of 3.74� 107 ohm cm2,

as shown in Fig. 5(c). Fig. 5(d) shows the Bode-phase data of

reveals that the Al alloy and all coatings specimens. It can be

seen that the phase angle of the multi-interface structured

zinc phosphate particles doped coating has the highest value

in the high-frequency region, indicating the best capacitance

and the least solution penetration. In the low-frequency re-

gion, the phase angle values of all coatings are much lower

than that of the Al alloy, indicating that the coatings have a

good current cutoff effect. That may be attributed to the well

bonding of multi-interface structured zinc phosphate parti-

cles with the epoxy resin coating. In the early stage of
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Fig. 5 e Comparison of the electrochemical properties of the Al alloy and its specimens coated by waterborne epoxy resin

coating (Epoxy), waterborne epoxy resin coating doped with two-dimensional zinc phosphate sheet (Epoxy@ZPNS) and

waterborne epoxy resin coating doped with multi-interface structured zinc phosphate particles (Epoxy@ZPNF): (a) Tafel

curves, (b) Nyquist data, (c) Bode-absolute data, (d) Bode-phase data, (e) Electrochemical performance and (f) Comparison

with materials in the literature.
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corrosion, the participation of highly impermeable zinc

phosphate could improve the corrosion resistance by shield-

ing effect.

In addition, according to the time constants of each spec-

imen in the Bode-phase data, two equivalent circuit (EC)models,

R (QR) (QR) and R (Q (R (QR))) [33], were used to fit the Al alloy and

all coatings to obtain the corresponding electronic component

values (Table 2). The time constant at high frequency corre-

sponds to the coating, and the time constant at low frequency

corresponds to the electric double layer. The five key electro-

chemical data of each specimen, including corrosion potential,

corrosion current density, low-frequency impedance value,

interface charge transfer resistance, and coating resistance,

were compared in a pentagon coordinate system, as shown in

Fig. 5(e). It is evident that the multi-interface structured zinc
Table 1 e Corrosion potentials and corrosion current
densities of the Al alloy and its specimens coated by
waterborne epoxy resin coating (Epoxy), waterborne
epoxy resin coating doped with two-dimensional zinc
phosphate sheet (Epoxy@ZPNS) and waterborne epoxy
resin coating doped with multi-interface structured zinc
phosphate particles (Epoxy@ZPNF).

Sample Ecorr (V) icorr (A$cm
�2)

Al alloy �1.50 7.60 � 10�4

Epoxy �0.98 5.62 � 10�6

Epoxy@ZPNS �0.87 6.11 � 10�7

Epoxy@ZPNF �0.73 3.98 � 10�9
phosphate particles doped coating exhibits the largest pentagon

area, indicating its superior anti-corrosion performance. In

some extent, the CPE could reflect the high-frequency imped-

ance of the coating. The smaller the CPE, the better the high-

frequency capacitance and the larger the high-frequency

impedance. The higher the low-frequency impedance value,

the better the low-frequency resistance, and the stronger the

coating's ability to resist the penetration of corrosive media.

Compared to the Al alloy substrate, the CPEc of the waterborne

epoxy resin coating, the two-dimensional zinc phosphate

sheets doped coating, and the multi-interface structured zinc

phosphate particles doped coating decrease from

3.223 � 10�4 ohm�1$cm�2$sn to 7.531 � 10�10 ohm�1$cm�2$sn,

8.067 � 10�11 ohm�1$cm�2$sn, and 7.564 � 10�13 ohm�1$

cm�2$sn, respectively. The corresponding CPEdl exhibits a same

trend, decreasing from 6.385 � 10�6 ohm�1$cm�2$sn to

4.788 � 10�6 ohm�1$cm�2$sn, 1.023 � 10�9 ohm�1$cm�2$sn, and

2.146� 10�13 ohm�1$cm�2$sn, respectively (Table 2).Meanwhile,

the multi-interface structured zinc phosphate particles doped

coating exhibits themaximum low-frequency impedance value

of 3.74 � 107 ohm cm2, and the coating resistance Rc and

interfacial charge transfer resistance Rct both remaine above

107 ohm cm2. The highest values of high-frequency capacitance

and low-frequency resistance of the multi-interface structured

zinc phosphate particles doped coating implies its excellent

corrosion resistance performance. Compared with the electro-

chemical performance of waterborne coatings in recent re-

searches, the presentmulti-interface structured zinc phosphate

particles doped coating has better corrosion resistance with the

https://doi.org/10.1016/j.jmrt.2023.09.109
https://doi.org/10.1016/j.jmrt.2023.09.109


Table 2 e EIS fitting data of the Al alloy and its specimens coated by waterborne epoxy resin coating (Epoxy), waterborne
epoxy resin coating dopedwith two-dimensional zinc phosphate sheet (Epoxy@ZPNS) andwaterborne epoxy resin coating
doped with multi-interface structured zinc phosphate particles (Epoxy@ZPNF).

Sample Al alloy Epoxy Epoxy@ZPNS Epoxy@ZPNF

Rs (ohm$cm2) 20 20 20 20

CPEpa (ohm �1$cm�2$sn) 3.223 � 10�4 e e e

npa 1 e e e

Rc (ohm$cm2) 4.402 � 103 e e e

CPEc (ohm
�1$cm�2$sn) e

e

7.531 � 10�10 8.067 � 10�11 7.564 � 10�13

nc e 0.8589 0.4169 1

Rc (ohm$cm2) e 8.090 � 104 1.154 � 105 2.161 � 107

CPEdl (ohm
�1$cm�2$sn) 6.385 � 10�6 4.788 � 10�6 1.023 � 10�9 2.146 � 10�13

ndl 0.9208 0.6731 0.7534 0.7216

Rct (ohm$cm2) 3.241 � 103 1.306 � 105 4.262 � 105 1.433 � 107

c 1.3 � 10�4 1.2 � 10�4 2.7 � 10�4 3.2 � 10�3

Low-frequency impedance

(ohm$cm2)

5.28 � 103 9.73 � 104 3.29 � 105 3.74 � 107
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lowest corrosion current density and the highest low-frequency

impedance value, as presented in Fig. 2(f) [34e40].

3.3. Long-term immersion corrosion behavior

To test the long-term corrosion resistance, the waterborne

epoxy resin coatings with and without zinc phosphate addi-

tion have been immersed in the 5 wt% NaCl solution for

3000 h. After immersion, the electrochemical performance of

different coatings specimens were tested and the results are

shown in Fig. 6 and Table 3. As shown in Fig. 6(a), the corrosion

potential (Ecorr) of the waterborne epoxy resin coating after
Fig. 6 e Electrochemical properties of waterborne epoxy resin co

two-dimensional zinc phosphate sheet (Epoxy@ZPNS) and wate

structured zinc phosphate particles (Epoxy@ZPNF) specimens aft

Nyquist data, (d) Bode-absolute data, and (e) Bode-phase data, (
immersion corrosion is �1.33 V, which have been decreased

about 30% compared with the original coating. The corrosion

current density (icorr) of the waterborne epoxy resin coating

after immersion corrosion is 4.17 � 10�4 A$cm�2, which is

increased about 2 orders of magnitude compared with the

original coating. The corrosion potentials of the waterborne

epoxy resin coatings doped with two-dimensional zinc phos-

phate sheets and multi-interface structured zinc phosphate

particles changes little after immersion corrosion with values

of �0.97 V and �0.74 V, respectively. However, the corrosion

current density of the waterborne epoxy resin coating doped

with two-dimensional zinc phosphate sheets increases to
ating (Epoxy), waterborne epoxy resin coating doped with

rborne epoxy resin coating doped with multi-interface

er immersion for 3000 h: (a) Tafel curve, (b) Fitting circuit, (c)

f) Electrochemical performance.
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Table 3 e Corrosion potentials and corrosion current
densities of waterborne epoxy resin coating (Epoxy),
waterborne epoxy resin coating doped with two-
dimensional zinc phosphate sheet (Epoxy@ZPNS) and
waterborne epoxy resin coating doped with multi-
interface structured zinc phosphate particles
(Epoxy@ZPNF) specimens after immersion.

Sample Ecorr (V) icorr (A$cm
�2)

Epoxy �1.33 4.17 � 10�4

Epoxy@ZPNS �0.97 3.24 � 10�6

Epoxy@ZPNF �0.74 5.75 � 10�9
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3.24 � 10�6 A$cm�2, which increases 50% than that before

immersion corrosion. It is interesting that the corrosion cur-

rent density of thewaterborne epoxy resin coating dopedwith

multi-interface structured zinc phosphate particles almost

has no changing. The evolution of corrosion potential and

current density of the waterborne epoxy resin coatings in-

dicates that the zinc phosphate addition could improve the

protecting effect of the coating, especially the zinc phosphate

withmulti-interface structure, which could be attributed to its

larger specific surface area. The coatings specimens were

fitted using the equivalent circuit (EC) model R (Q (R (QR))), and

the fitting circuit is shown in Fig. 6(b). The obtained electronic

component values are summarized in Table 4. Fig. 6(c)e(e)

shows the EIS test results, which have the same enhancement

effect as Tafel curve. The specimen coated with multi-

interface structured zinc phosphate particles doped coating

demonstrates almost no change in the five main electro-

chemical performance indicators compared with its original

state. While the specimen coated with two-dimensional zinc

phosphate sheets doped coating showed a significant

decrease in all performance indicators. As shown in Fig. 6(f),

the electrochemical performance of the specimen coated with

waterborne epoxy resin coating is close to that of the Al alloy

substrate, which indicates its protecting effect is lost.

After 3000 h of immersion corrosion, it is found that zinc

phosphate and its structure have influence the infiltration of

corrosion medium obviously, as displayed in Fig. S7. The

specimen coated with waterborne epoxy resin coating has
Table 4 e EIS fitting data of waterborne epoxy resin
coating (Epoxy), waterborne epoxy resin coating doped
with two-dimensional zinc phosphate sheet
(Epoxy@ZPNS) and waterborne epoxy resin coating
doped with multi-interface structured zinc phosphate
particles (Epoxy@ZPNF) specimens after immersion.

Sample Epoxy Epoxy@ZPNS Epoxy@ZPNF

CPEc (ohm
�1$cm�2$sn) 2.113 � 10�5 2.509 � 10�8 1.822 � 10�12

nc 0.875 0.8413 0.9874

Rc (ohm$cm2) 1.117 � 103 1.239 � 104 2.061 � 107

CPEdl (ohm
�1$cm�2$sn)

6.811 � 10�4 3.292 � 10�8 1.718 � 10�12

ndl 0.723 0.9566 0.9202

Rct (ohm$cm2) 3.357 � 103 2.83 � 104 3.024 � 107

c 4.9 � 10�4 5.7 � 10�4 1.2 � 10�3

Low-frequency

impedance

(ohm$cm2)

5.73 � 103 3.72 � 104 1.02 � 107
been infiltrated thoroughly, while the specimen coated with

two-dimensional zinc phosphate sheets doped waterborne

epoxy resin coating has been infiltrated partly. The specimen

coated with multi-interface structured zinc phosphate parti-

cles doped waterborne epoxy resin coating almost keeps the

original state. Fig. 7 shows the distribution of elements on the

surface of aluminum alloy after coating peeling. Clearly, there

are many regions have experienced serious corrosion with

fractured corroded products in the specimen coated with

waterborne epoxy resin coating, as shown in Fig. 7(a) and (d).

The brief elemental analyses reveal the corroded products are

rich of Al and O. According to the SEM image in Fig. 7(b), it is

found that there are some cracked corrosion pits on the sur-

face of aluminum alloy coated with two-dimensional zinc

phosphate sheets doped waterborne epoxy resin coating. The

elemental analyses on the surface also indicate the obvious

existence of O, as presented in Fig. 7(e). Different from the

specimens coated with waterborne epoxy resin coating and

two-dimensional zinc phosphate sheets doped coating, the Al

alloy surface coated with multi-interface structured zinc

phosphate particles doped waterborne epoxy resin coating

still has the grinding trace, as shown in Fig. 7(c). The trace O

content on the surface shown in Fig. 7(f) indicates that they

mainly come from initial oxidation. Such a phenomenon im-

plies the Al alloy coated with multi-interface structured zinc

phosphate particles doped waterborne epoxy resin coating

almost has no reaction with corrosion medium.

Fig. 8 is the XRD pattern of Al alloy specimens coated with

different coatings after immersion corrosion for 3000 h. It can

be found that the Al alloy specimens coated by waterborne

epoxy resin coating and two-dimensional zinc phosphate sheet

doped waterborne epoxy resin coating have formed Al2O3 ox-

ides, as shown in Fig. 8(a) and (b). However, there are some

difference. The strength of Al2O3 diffraction peaks in the Al

alloy specimen coated by waterborne epoxy resin coating is

stronger than those in the Al alloy specimen coated by two-

dimensional zinc phosphate sheet doped waterborne epoxy

resin coating, which indicates more Al2O3 oxides. It should be

noted that there is almost no Al2O3 diffraction peaks in the Al

alloy specimen coated by multi-interface structured zinc

phosphate particles doped waterborne epoxy resin coating, as

depicted in Fig. 8(c). That confirms the elemental analyses that

there is no corrosion reaction in the Al alloy coated with multi-

interface structured zinc phosphate particles doped water-

borne epoxy resin coating. Combing with the electrochemical

performance of the specimens coatedwith different coatings, it

can be concluded that the zinc phosphate could play an

important role during the inhibition of corrosion medium

infiltration. The zinc phosphate not only provide the physical

shielding to restrain the corrosion medium infiltration but also

could provide the Zn ions to react with the corrosive medium,

forming insoluble complex compounds [41]. In addition, the

zinc phosphates with sheet or multi-interface structure both

prefer to grow along (111) crystallographic place, which could

provide the more stable interface and remains long-term

shielding effect. Specifically, the multi-interface structured

zinc phosphate particles have higher specific surface area than

the zinc phosphate sheet, so the protecting effect of the multi-

interface structured zinc phosphate particles doped water-

borne epoxy resin coating is the best.
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Fig. 7 e Typical surface morphology of the Al alloy surface peeling the coatings and elemental analysis after 3000 h

immersion corrosion: (a) and (d) Specimen coated with waterborne epoxy resin coating (Epoxy), (b) and (e) Specimen coated

with waterborne epoxy resin coating doped with two-dimensional zinc phosphate sheet (Epoxy@ZPNS), (c) and (f) Specimen

coated with waterborne epoxy resin coating doped with multi-interface structured zinc phosphate particles (Epoxy@ZPNF).
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3.4. Adhesion strength

Fig. 9 shows the adhesion strength of Al alloy specimens

coated with different coating, and the test method is shown in

Fig. S8. It can be seem that the adhesion strength of the initial

waterborne epoxy resin coating is about 6.21MPa, as shown in

Fig. 9(a). The adhesion strength of the initial waterborne epoxy

resin coatings doped with two-dimensional zinc phosphate

sheets and multi-interface structured zinc phosphate parti-

cles is almost the same with the value about 6.81 MPa. After

the 3000 h immersion corrosion, the adhesion strength of the

waterborne epoxy resin coating is about 0.41 MPa, which de-

creases about 92% compared with its initial state. The adhe-

sion strength of the waterborne epoxy resin coating doped

with two-dimensional zinc phosphate sheets after immersion

corrosion is about 2.3MPa, which decreases about 65% than its

initial state. It is interesting that the adhesion strength of the

waterborne epoxy resin coating doped with multi-interface

structured zinc phosphate particles after immersion corro-

sion is about 6.25 MPa, which just decreases about 8% than its

initial state. Moreover, the adhesion strength of the
waterborne epoxy resin coating doped with multi-interface

structured zinc phosphate particles after immersion corro-

sion is still much higher than the application standard of the

coating industry of 3.03 MPa (HG/T3668-2009). The compre-

hensive evaluation on three kinds of coating before and after

long-term corrosion demonstrates that the waterborne epoxy

resin coating doped with multi-interface structured zinc

phosphate particles has the smallest performance degrada-

tion, while thewaterborne epoxy resin coating has the highest

performance degradation, as presented in Fig. 9(b). Such a

performance variation should be attributed to the inhibition

effect of zinc phosphate. The better inhibition effect, the fewer

interfacial corrosion product and the higher adhesion

strength.

3.5. Influence of zinc phosphate structure on corrosion
mechnism

According to the previous researches [42e44], the small-size

additive in the waterborne coating mainly plays the inhibi-

tion role during the corrosion. By the physical inhibition, the
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https://doi.org/10.1016/j.jmrt.2023.09.109


Fig. 8 e The XRD patterns of the Al alloy surface peeling the coatings after 3000 h immersion corrosion: (a) Specimen coated

with waterborne epoxy resin coating (Epoxy), (b) Specimen coated with waterborne epoxy resin coating doped with two-

dimensional zinc phosphate sheet (Epoxy@ZPNS), (c) Specimen coated with waterborne epoxy resin coating doped with

multi-interface structured zinc phosphate particles (Epoxy@ZPNF).

Fig. 9 e (a) Adhesion strength of the coatings before and after 3000 h immersion corrosion, (b) Comprehensive evaluation on

the coatings.
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corrosion medium infiltration could be restrained, which

could extent the effective protection time of the coating and

postpone the matrix corrosion. In the present research, the

waterborne epoxy resin coating could isolate the Al alloy

substrate from the corrosion medium, but the existence of

polar channels result in the infiltration of corrosion medium,

as shown in Fig. 10(a). Since the formation of polar channels

originated from curing stress, they demonstrate the random
Fig. 10 e Schematic diagram of corrosion mechanism of the coa

waterborne epoxy resin coating doped with two-dimensional z

resin coating doped with multi-interface structured zinc phosp
distribution, which could impede the infiltration. However,

the infiltrated corrosion medium would accelerate the aging

of epoxy resin molecular and finally connect the adjacent

polar channel. Though the infiltration process costs time,

once the corrosion medium comes to the Al alloy substrate,

the inner corrosion would begin. The formed Al2O3 corrosion

products would increase the interfacial stress, which destroys

the adhesion of coating until it is peeled. After then, the inner
tings: (a) waterborne epoxy resin coating (Epoxy), (b)

inc phosphate sheet (Epoxy@ZPNS), (c) waterborne epoxy

hate particles (Epoxy@ZPNF).
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corrosion would be amplified gradually till the coating is

locally destroyed.

Fig. 10(b) shows that the addition of zinc phosphate

changes the infiltration process of corrosive media through

inhibition. For the tow-dimensional zinc phosphate sheets,

their lamellar shape helps to cut off the polar channel in the

waterborne epoxy resin coating and prolong the infiltration

path [45,46]. Moreover, the added zinc phosphate sheets also

relieve the curing stress by the breaking of long molecular

cross-linking, which helps to decrease the polar channel. Even

though the zinc phosphate sheet could react with the corro-

sion medium forming insoluble complex compounds, how-

ever, the corrosion medium still could bypass the zinc

phosphate sheets after a certain time, because of its simple

interface shape. Therefore, the tow-dimensional zinc phos-

phate sheets doped waterborne epoxy resin coating have

better immersion corrosion resistance than that of the

waterborne epoxy resin coating, but it still suffers some

damage during the 3000 h long-term immersion corrosion. In

contrast, the multi-interface structured zinc phosphate par-

ticles have three-dimensional interface and large specific

surface area, which could take full use of the spatial structure

to impede the infiltration of corrosion medium, as shown in

Fig. 10(c). Furthermore, the multi-interface structured zinc

phosphate particles could relieve the curing stress better,

because its three-dimensional structure exerts little orienta-

tion preference. Combingwith its good filling effect, themulti-

interface structured zinc phosphate particles would decrease

the polar channels in waterborne epoxy resin coating more

effectively. Therefore, the corrosion medium is well locked by

the multi-interface structured zinc phosphate particles and

difficult to reach the Al alloy substrate. Then, it can be

concluded that it is the cooperation of strengthened physical

inhibition effect, decreased polar channel and complexation

reaction in multi-interface structured zinc phosphate parti-

cles dopedwaterborne epoxy resin coating that ensue the well

improved corrosion resistance [41]. Such a multi-functional

synergistic thoughts provides a method to design the

environment-friendly corrosion resistance coating for

offshore application.
4. Conclusions

In the present research, the multi-interface structured zinc

phosphate particle with large specific surface area was pre-

pared by regulating the zinc phosphate crystal growth pro-

cess, which was applied to develop a epoxy-based waterborne

coating with better corrosion resistance. Its electrochemical

properties and immersion corrosion behavior were investi-

gated comparing with waterborne epoxy resin coating and

two-dimensional zinc phosphate sheets doped waterborne

epoxy resin coating. Some conclusion can be drawn as below.

(1) The synthesized multi-interface structured zinc phos-

phate particles have diameter about 2e5 mm and

comprise many nanosheets with thickness of

10e50 nm. Moreovoer, the multi-interface structured

zinc phosphate particles prefer to grow along (111)

crystallographic plane and have more crystallization
water, which may be beneficial to their interficial

bonding with epoxy resin and corrosion resistance.

(2) The addition of two-dimension zinc phosphate sheets

and multi-interface structured zinc phosphate particles

could decrease the micropore and promote the flatting

of the waterborne epoxy resin coating. Compared with

the waterborne epoxy resin coatings doped with and

without two-dimensional zinc phosphate sheet, the

multi-interface structured zinc phosphate particles

doped waterborne coating has highest corrosion po-

tential (�0.73 V), lowest corrosion current density

(3.98 � 10�9 A/cm2) and the highest low-frequency

impedance (3.74 � 107 ohm cm2), which indicates the

obvious benefit of multi-interface structured zinc

phosphate particles on corrosion resistance of water-

borne epoxy resin coating.

(3) After 3000 h immersion corrosion in 5 wt% NaCl solu-

tion, the electrochemical properties waterborne epoxy

resin coatings doped with and without two-

dimensional zinc phosphate sheets have decreased

significantly, but those of multi-interface zinc phos-

phate particles doped waterborne epoxy resin coating

just decrease a little with corrosion potential of �0.74 V,

corrosion current density of 5.75 � 10�9 A/cm2, low-

frequency impedance of over 3.024 � 107 ohm cm2. In

addition, the multi-interface zinc phosphate particles

doped waterborne epoxy resin coating after long-term

immersion corrosion still has the adhesion strength of

6.21 MPa, while the other coatings has lost 66e92%

adhesion strength. The well improved corrosion resis-

tance of multi-interface structured zinc phosphate

particles doped waterborne epoxy resin coating should

be attributed to the cooperation of strengthened phys-

ical inhibition effect, decreased polar channel and

complexation reaction.
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Fig. S1. Characterization of the two-dimensional zinc phosphate sheet: (a) FTTR spectrum; 

XPS spectra: (c) Survey, (d) Zn 2p, and (e) P 2p; Characterization of multi-interface 

structured zinc phosphate particles: (b) FTTR spectrum; XPS spectra: (f) Survey, (g) Zn 2p, 

and (h) P 2p. 

2p. 
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Fig. S2. The three-dimensional morphology observations on the waterborne epoxy resin 

coatings by LCSM: (a) waterborne epoxy resin coating, (b) waterborne epoxy resin coating 

doped with two-dimensional zinc phosphate sheet, (c) waterborne epoxy resin coating doped 

with multi-interface structured zinc phosphate particles. 

 

Fig. S3. FTIR spectra of the waterborne epoxy resin coating (Epoxy), waterborne epoxy resin 

coating doped with two-dimensional zinc phosphate sheet (Epoxy@ZPNS) and waterborne 

epoxy resin coating doped with multi-interface structured zinc phosphate particles 

(Epoxy@ZPNF). 
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Fig. S4. Electrochemical properties of waterborne epoxy resin coating doped with 

two-dimensional zinc phosphate sheet (Epoxy@ZPNS) with different concentrations: (a) 

Tafel curve, (b) Nyquist data, (c) Bode-absolute data, (d) Bode-phase data, (e) Fitting circuit, 

and (f) Electrochemical performance. 

 

Fig. S5. Electrochemical properties of waterborne epoxy resin coating doped with 

multi-interface structured zinc phosphate particles (Epoxy@ZPNF) with different 

concentrations: (a) Tafel curve, (b) Nyquist data, (c) Bode-absolute data, (d) Bode-phase data, 

(e) Fitting circuit, and (f) electrochemical performance. 



 5 

 

Fig. S6. Electrochemical properties of waterborne epoxy resin coating doped with 

multi-interface structured zinc phosphate particles (Epoxy@ZPNF) with different thicknesses: 

(a) Tafel curve, (b) Nyquist data, (c) Bode-phase data, (d) Bode-absolute data, (e) Fitting 

circuit, and (f) Electrochemical performance. 

 

Fig. S7. Optical macrograph of the (a) waterborne epoxy resin coating (Epoxy), (b) 

waterborne epoxy resin coating doped with two-dimensional zinc phosphate sheet 

(Epoxy@ZPNS) and (c) waterborne epoxy resin coating doped with multi-interface structured 

zinc phosphate particles (Epoxy@ZPNF) after salt solution immersion corrosion for 3000 

hours. 
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Fig. S8. The process of adhesion strength between Al alloy substrates and the waterborne 

epoxy resin coatings. 

 

 

 

Table S1 Corrosion potentials and corrosion current densities of waterborne epoxy resin 

coating doped with two-dimensional zinc phosphate sheet (Epoxy@ZPNS) with different 

concentrations. 

Sample Ecorr (V) icorr (A·cm-2) 

0.25 g -0.97 1.74×10-6 

0.50 g -0.87 6.11×10-7 

1.00 g -0.90 1.58×10-6 

1.50 g -1.06 1.00×10-5 
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Table S2 EIS fitting data of waterborne epoxy resin coating doped with two-dimensional zinc 

phosphate sheet (Epoxy@ZPNS) with different concentrations. 

Sample 0.25 g 0.50 g 1.00 g 1.50 g 
CPEc 

(ohm -1·cm-2·sn) 
 

9.967×10-11 

 

8.067×10-11 1.070×10-10 

 

4.494×10-10 

3 

 

nc 

 

0.9416 

 

0.4169 

 

0.8927 

 

0.9182 

 Rc (ohm·cm2 ) 9.911×104 
5 

 

1.154×105 

 

9.355×104 

 

6.347×104 

 CPEdl 

(ohm -1·cm-2·sn) 

 

2.517×10-9 

 

1.023×10-9 3.053×10-7 

 

2.945×10-6 

 ndl 

 

0.8001 

 

0.7534 

 

0.8114 

 

0.5412 

 Rct (ohm·cm2) 

 

2.057×105 

 

4.262×105 

 

1.197×105 

 

1.151×105 

 χ 

 

3.3×10-3 

 

2.7×10-4 

 

1.7×10-3 

 

1.2×10-4 

  

 

Table S3 Corrosion potentials and corrosion current densities of waterborne epoxy resin 

coating doped with multi-interface structured zinc phosphate particles (Epoxy@ZPNF) with 

different concentrations. 

Sample Ecorr (V) icorr (A·cm-2) 

0.25 g -0.88 1.86×10-6 

0.50 g -0.80 1.58×10-8 

1.00 g -0.73 3.98×10-9 

1.50 g -0.81 2.00×10-7 

 

 

Table S4 EIS fitting data of waterborne epoxy resin coating doped with multi-interface 

structured zinc phosphate particles (Epoxy@ZPNF) with different concentrations. 
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Sample 0.25 g 0.50 g 1.00 g 1.50 g  
CPEc 

(ohm -1·cm-2·sn) 
 

7.899×10-11 

 

7.674×10-12 

 

7.564×10-13 1.529×10-11 

3 

 

nc 

 

0.6955 

 

0.8743 

 

1 

 

0.8071 

 Rc (ohm·cm2 ) 2.033×105 

 

2.763×106 

 

2.161×107 

 

1.611×106 

 CPEdl 

(ohm -1·cm-2·sn) 

 

3.853×10-10 

 

1.591×10-11 

 

2.146×10-13 1.215×10-10 

 ndl 

 

0.9236 

 

0.8044 

 

0.7216 

 

0.8002 

 Rct (ohm·cm2) 

 

1.862×105 

 

2.117×106 

 

1.433×107 

 

1.191×106 

 χ 

 

1.1×10-4 

 

1.5×10-3 

 

3.2×10-3 

 

1.4×10-3 

  

 

Table S5 Corrosion potentials and corrosion current densities of waterborne epoxy resin 

coating doped with multi-interface structured zinc phosphate particles (Epoxy@ZPNF) with 

different thicknesses. 

Sample Ecorr (V) icorr (A·cm-2) 

100 μm -0.74 6.31×10-9 

200 μm -0.76 8.13×10-9 

300 μm -0.73 3.98×10-9 

400 μm -0.72 6.31×10-9 

 

 

 

Table S6 EIS fitting data of waterborne epoxy resin coating doped with multi-interface 

structured zinc phosphate particles (Epoxy@ZPNF) with different thicknesses. 

Sample 100 μm 200 μm 300 μm 400 μm 
CPEc 

(ohm -1·cm-2·sn) 
 

4.704×10-12 

 

1.546×10-12 

 

7.564×10-13 9.133×10-13 
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nc 

 

0.9432 

 

0.9766 

 

1 

 

0.9874 

 Rc (ohm·cm2 ) 1.006×107 

 

1.233×107 

 

2.161×107 

 

1.927×107 

 CPEdl 

(ohm -1·cm-2·sn) 

 

9.452×10-13 

 

6.015×10-13 

 

2.146×10-13 5.046×10-13 

 
ndl 

 

0.6999 

 

0.7078 

 

0.7216 

 

0.7134 

 Rct (ohm·cm2) 

 

1.148×107 

 

1.255×107 

 

1.433×107 

 

1.302×107 

 χ 

 

2.3×10-4 

 

2.8×10-3 

 

3.2×10-3 

 

4.1×10-3 
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