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Abstract
The effect of solvent, that iswater or ethanol, on the properties of zeolitic imidazo-
late frameworks (ZIF)-8 materials, as well as the properties of epoxy coating filled
with ZIF-8 materials, has been studied. The obtained results indicate that ZIF-8
materials synthesized in different solvents exhibit the sodalite phase and good
crystallinity. However, there were slight differences in the d-spacing (between
crystal planes) among ZIF-8 materials synthesized in different solvents, reflecting
minor distortions in the crystal lattice or small variations in particle size or shape.
Consequently, the ZIF-8 material synthesized in ethanol has a cubic morphology
with a size of ≈100 nm, while the ZIF-8 material synthesized in water exhibits a
thin-sheetmorphology. The ZIF-8materials improve themechanical properties of
epoxy coatings as well as their anticorrosion protection properties. The polariza-
tion curve shows that ZIF-8materials shift the positive potential of epoxy coatings
filled with ZIF-8 materials in comparison with neat epoxy coating. It means that
the epoxy coating filled with ZIF-8 materials exhibits an inhibitory effect on the
corrosion process of steel.
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1 INTRODUCTION

According to the report by the National Association of Cor-
rosion Engineers (NACE), the annual global cost of metal
corrosion amounts to $2.5 trillion (equivalent to 3.4% of
the global gross domestic product [GDP] in 2016).1 In addi-
tion to economic losses, undetected metal corrosion can
lead to catastrophic events such as workplace accidents,
equipment failure, and production disruptions. However,
15%–35% of corrosion-related losses (equivalent to $375–
875billion) couldbepreventedwith appropriateprotection
methods. Various approaches can be employed tomitigate
metal corrosion. Among these, protection using protec-
tive coatings is highly effective and widely used. Epoxy
resin-based coatings are commonly used as protective
coatings against metal corrosion. Research findings have

© 2025 Vietnam Academy of Science and Technology and Wiley-VCH GmbH.

demonstrated that epoxy resin-based coatings are signifi-
cantly effective in protecting and extending the lifespan of
metal products in various applications.2 During use, corro-
sive agents can infiltrate and diffuse through the coating
via micro-defects, leading to a reduction in the coating’s
properties. To prolong the service life of epoxy coatings
and diversify their applications to meet practical demands,
these coatings continue to attract significant interest from
scientists and manufacturers. Metal-organic frameworks
(MOFs) are a type of porous nanomaterial composed of
metal ions and organic linkers.3 MOFs are utilized in various
fields, including catalysis,4 energy storage and conversion,5

drug delivery,6 and sensing,7 owing to their high porosity,
tunable pore morphology and size, diverse surface sites,
and varied compositions.3 In the coatings field, MOFs can
serve as corrosion inhibitors for certain metal substrates
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due to their large surface area and abundance of func-
tional groups, which facilitate their adsorption onto metal
surfaces.8 Unlike traditional nanomaterial additives that
only passively prevent the diffusion of corrosive agents
from the environment into the organic coating, MOFs can
be employed to develop adaptive anti-corrosion materials
capable of countering various corrosion-inducing factors.9

Among MOFs materials, zeolitic imidazolate frameworks
(ZIFs) have garnered significant attention and research
interest from scientists. ZIFs are a type of MOFs with
a zeolite-like geometry, featuring transition metal ions
such as Fe, Co, Cu, and Zn as network nodes, coordi-
nated with imidazole and its derivatives as linkers. Due to
their high porosity, thermal stability, and chemical resis-
tance, ZIFs are being investigated and applied in various
fields, including electrochemical sensors,7 carbon capture,
drug delivery, gas separation, catalysis, and protective anti-
corrosion coatings.10 ZIFs can be synthesized using vari-
ous methods, such as hydrothermal synthesis, microwave-
assisted synthesis, or ultrasonic-assisted synthesis. Differ-
ent approaches, including using surfactants, adjusting the
metal ion-to-ligand ratio, or selecting specific solvents, can
be employed to control the size and morphology of ZIFs.10

Tezerjani and colleagues investigated the effects of solvents
and synthesis methods on the morphology of ZIF-8. They
synthesized ZIF-8 using three methods: mixing, hydrother-
mal synthesis, and ultrasonic-assisted synthesis, in three
main solvents: water, methanol (MeOH), and dimethylfor-
mamide (DMF). The results showed that ZIF-8 tends to form
a cubic shape in MeOH, a rhombic dodecahedron shape in
DMF, and a sheet-like morphology in water.11

Zhang and colleagues studied the influence of the 2-
methylimidazole/Zn2+ molar ratio on some characteristics
and properties of ZIF-8.12 ZIF-8 was synthesized by mixing
two solutions of Zn2+ and 2-methylimidazole in MeOH at
room temperature. The results indicated that increasing the
2-methylimidazole/Zn2+ mol ratio from 1 to 8 enhanced
the synthesis yield from 25% to 51%, while the crystallinity
of ZIF-8 also increased from 73% to 100%. However, fur-
ther increases in this mol ratio led to decreases in both
yield and crystallinity. According to Tsai and colleagues,13

the crystal size of ZIF-8 depends on the synthesis tempera-
ture. They synthesized ZIF-8 bymixing solutions containing
Zn2+ salts and imidazole in MeOH at different tempera-
tures (−15 ◦C to 60 ◦C). Their findings revealed that as
the temperature increased from −15 ◦C to 60 ◦C, the aver-
age size of ZIF-8 crystals decreased from 78 to 26 nm,
while the specific surface area increased from 220 to
336 m2 g−1.
Based on the analysis above, it can be concluded that

the solvent affects the morphology of ZIF-8, consequently,
influences the properties of epoxy coatings containing ZIF-
8 materials. In the current trend of increasing demand for
environmentally friendly materials, this paper explores the
impact of environmentally friendly solvents, namely water

TABLE 1 The composition of ZIF-8 materials.

No.
Zn(CH3COO)2
(g)

2-Methylimidazole
(g)

C2H5OH
(mL)

H2O
(mL) Code

1 0.1102 0.1864 20 – Z14C

2 0.1112 0.1631 – 20 Z14H

and ethanol, on the properties of ZIF-8 materials and the
epoxy coatings containing ZIF-8.

2 MATERIALS ANDMETHODS

2.1 Materials

Zinc acetate dihydrate and 2-methylimidazole,with a purity
of ≥98%, were supplied by Sigma-Aldrich.
Water-based epoxy resin (trade name of GELR128), with

a viscosity of 11 000–15 000 mPa s (25 ◦C) and an epoxy
equivalent weight of 184–190 (g eq−1), was supplied by
Epoxy Base ElectronicMaterial Corporation Limited (China).
Water-based curing agent (trade name of Kingcure X-

980 W), based on modified polyamine, with a viscosity of
10 000–15 000 mPa s (25 ◦C), an amine value of 210 ± 15, a
density of 1.13 gmL−1 (25 ◦C), and solid content of 80± 3%,
was provided by Sanho Chemical Co., Ltd. (Taiwan).
Other chemicals, such as absolute ethanol (China) and

distilled water.

2.2 ZIF-8 preparation

The ZIF-8 materials were prepared using the following
procedure:

i. Preparation of Zn2+ solution: Zinc acetate dihydrate
was dissolved in water or ethanol by stirring on a
magnetic stirrer, followed by ultrasonication for 10
min to obtain a homogeneous solution.

ii. Preparation of 2-methylimidazole solution: 2-
Methylimidazole was dissolved for 10 min in a
separate portion of ethanol.

iii. Mixing solutions: The 2-methylimidazole solution
was gradually added to the Zn2+ solution under
gentle stirring. Under these conditions, the reaction
occurred and ZIF-8 particles gradually formed.

iv. Recovery and purification of the product: After
24 h of reaction, ZIF-8 was collected by centrifugation at
12 000 rpm (Nuve NF1200 centrifuge). The product was
washed five times with ethanol to remove impurities and
residual components, and then dried at 50 ◦C in a vacuum
oven.
The composition used for the preparation of ZIF-8 is

presented in Table 1.



THANH ET AL. 3

TABLE 2 The composition of epoxy nanocomposite coating
containing ZIF-8.

No. Code Chemicals Ep EpZ14C EpZ14H

1 Epoxy (g) 5 5 5

2 Z14C (g) – 0.02 –

3 Z14H (g) – – 0.02

4 H2O (g) – 2 2

5 Curing agent (g) 5 5 5

2.3 Epoxy coating filled with ZIF-8
preparation

The water-based epoxy coating was prepared through the
following steps:
First, ZIF-8 nanoparticles were dispersed in water at a

mass ratio of 1:10 using a magnetic stirrer and ultrasoni-
cated with a Branson Sonifier 450 for 15 min. The resulting
suspension was then blended with the hardener Kingcure
X-980 W using a laboratory ball mill for 24 h. Then, the
obtained mixture of the hardener and ZIF-8 was subse-
quently combined with the epoxy resin and applied to
clean steel and glass plates using a film applicator (Erich-
sen model 306) to achieve a wet film thickness of 120 μm.
The coatings were allowed to cure for 7 days under ambi-
ent conditions and then stabilized at 25 ◦C and 50% relative
humidity for at least 24 h prior to further testing. The com-
position of the ZIF-8 nanocomposite coating is summarized
in Table 2.
The samples for natural salt spray testing were prepared

by coating both sides of CT 45 steel substrates with the
investigatednanocomposite coating. Theedgesof the sam-
ples were then sealed, and the samples were cut in an X
shape and allowed to stabilize for at least 7 days prior to
testing.
The samples for electrochemical measurements were

prepared by applying the investigated nanocomposite
coating onto CT 45 steel substrates. The coated surfaces
were then mounted on PVC tubes (42 mm in diameter and
15 cm in height). The samples were allowed to stabilize for
7 days before 3% NaCl solution was applied.

2.4 Analysis

2.4.1 Infrared spectroscopy analysis

The functional groups of ZIF-8 materials before and
after organic modification were identified using Fourier-
transform infrared spectroscopy (FT-IR) in transmission
mode on a Nicolet iS10 spectrometer (Thermo Scientific,
USA). The ZIF-8 materials were mixed with KBr powder
at a 1:50 mass ratio and pressed into pellets for analy-
sis.

2.4.2 Morphological characterization

The morphology of the nanoparticles before and after
organic modification was examined using field emission
scanning electron microscopy (FESEM) images recorded
on a Hitachi S-4800 instrument (Japan). To enhance con-
ductivity, the samples were coated with a thin layer of
platinum.

2.4.3 X-ray diffraction patterns

The phase characteristics and crystallinity of the material
were determined by X-ray diffraction (XRD) analysis. The
XRD patterns were recorded at room temperature using
CuKα (λ = 1.5406 Å) with a scanning speed of 0.01◦ per
second on a D8-Advance 5005 diffractometer.

2.4.4 Determination of mechanical
properties of coating

Several mechanical properties of the nanocomposite
coating were evaluated, including pendulum hardness
using an Erichsen hardness tester (model 299/300) (TCVN
2098:2007), impact resistance measured with the Erichsen
304 ISO device (TCVN 2100-1:2013), and adhesion strength
to the steel substrate using the Elcometer F510 (model T)
(ISO 4624). Each test was performed in triplicate, and the
average value was reported.

2.4.5 Corrosion resistance testing

The corrosion protection performance of the epoxy coating
was tested using a neutral salt spray test performed in the
Q-Fog CCT 600 chamber, following ASTM B117 standard.
The polarization curves of the epoxy coatings immersed in
a 3 wt% NaCl solution were recorded using the Metrohm
DropSens device (Spain) at a scan rate of 1 mV s−1. A
three-electrode system was employed, where a saturated
calomel electrode served as the reference electrode, the
C45 steel coated with the investigated coatings (exposure
area: 13.847 cm2) acted as the working electrode, and
graphite was used as the counter electrode.

3 RESULTS ANDDISCUSSION

3.1 Infrared spectroscopy analysis of
ZIF-8 materials

The infrared spectra of Z14C and Z14H are presented in
Figure 1. As shown in Figure 1, the infrared spectra of
Z14C and Z14H exhibit similar patterns with characteristic
peaks corresponding to the bonds in 2-methylimidazole.
For instance, the peak at 3115 cm−1 is characteristic of



4 THANH ET AL.

F IGURE 1 The infrared spectra of ZIF-8 synthesized in water or
ethanol.

the stretching vibration of the aromatic C─H bond, while
the peaks at 2925 and 1307 cm−1 correspond to the
stretching and bending vibrations of the C─H bond in
the ─CH3 group, respectively. The peak at 1602 cm−1 is
associated with the stretching vibration of the C═N dou-
ble bond, while the peaks at 1144 and 994 cm−1 are
attributed to the stretching and deformation vibrations of
the C─N bond in the imidazole ring.14 Additionally, the
peak at 423 cm−1 corresponds to the stretching vibra-
tion of the Zn─N bond between the Zn2+ ion and the
2-methylimidazolate ligand,11 confirming the successful
synthesis of ZIF-8.

3.2 X-ray diffraction patterns

The X-ray diffraction (XRD) patterns of ZIF-8 synthesized in
water (Z14H) and ethanol (Z14C) are presented in Figures 2
and 3, respectively.
Observing Figures 2 and 3, the XRD patterns of Z14H and

Z14C show identical diffraction peaks at 2θ angles of 7.26◦,
10.41◦, 12.63◦, 15.48◦, 18.03◦, 22.14◦, 26.64◦, and 29.75◦,
corresponding to (0 1 1), (0 2 2), (1 1 2), (0 1 3), (2 2 2), (1
1 4), (2 2 3), and (3 3 4) crystal planes. These peaks are con-
sistent with the cubic crystal structure (sodalite—SOD) of
ZIF-8.11,14 No diffraction peaks corresponding to ZnO are
observed.Moreover, the diffraction peaks of both Z14H and
Z14C are clear and sharp, demonstrating that ZIF-8 syn-
thesized in either water or ethanol has good crystallinity.
Comparing the XRD patterns, Z14H exhibits diffraction
peaks similar to those of Z14C, but there are slight differ-
ences in the d-spacing (between crystal planes) and the
intensity of the peaks. The minor shifts in d-spacing might

F IGURE 2 X-ray diffraction (XRD) pattern of ZIF-8 synthesized in
water.

F IGURE 3 X-ray diffraction (XRD) pattern of ZIF-8 synthesized in
ethanol.

reflect small distortions in the crystal lattice or variations in
particle size or morphology.

3.3 Morphology analysis

FESEM images at different magnifications of ZIF-8 synthe-
sized with a Zn2+/2-methylimidazole molar ratio of 1:4 in
water or ethanol are presented in Figure 4.
As shown in Figure 4, it can be observed that ZIF-8

particles synthesized in ethanol exhibit a cubic morphol-
ogy with an average size of approximately ≈100 nm, and
the particles are relatively uniform. In contrast, ZIF-8 parti-
cles synthesized in water display a thin-sheet morphology.
These differences in polymorphic forms are attributed to
the synthesis conditions. Although both forms possess a
cubic crystal structure, the polymorphic variation of ZIF-8
synthesized inwater andethanol results in slight distortions
in the interplanar spacing (d).
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F IGURE 4 FESEM images of ZIF-8 materials synthesized in water or
ethanol.

TABLE 3 Somemechanical properties of epoxy coatings filled with
ZIF-8 materials synthesized in water and ethanol.

Sample
Pendulum
hardness

Impact resistance
(kG.cm)

Adhesion
(MPa)

Ep 197.67 96 0.95

EpZ14H 211.67 122 1.02

EpZ14C 220.67 112 1.03

3.4 Effect of ZIF-8 materials synthesized
in water or ethanol on epoxy coating’s
mechanical properties

The effect of ZIF-8 synthesized in water and ethanol on the
mechanical properties of epoxy coatings containing 2 wt%
ZIF-8 is presented in Table 3.
From Table 3, it can be seen that ZIF-8 enhances the

mechanical properties of the epoxy coating, such as hard-
ness, impact resistance, and adhesion. However, the extent
of improvement varies depending on the solvent used
for ZIF-8 synthesis. ZIF-8 synthesized in water primarily
enhances impact resistance, whereas ZIF-8 synthesized in
ethanol improves hardness, with only minor differences in
adhesion observed between the coatings containing the
two types of ZIF-8.
This phenomenon can be explained by the differences in

particlemorphology. ZIF-8 synthesized in ethanol exhibits a
cubic shape with a relatively small particle size (≈100 nm).
Owing to their uniform geometry and compact structure,
these cubic particles are more evenly dispersed within
the polymer matrix, which facilitates efficient stress trans-
fer and enhances the mechanical strength of the coating,
thereby improving properties such as pendulum hardness
and impact resistance. In contrast, ZIF-8 synthesized in
water shows a sheet-likemorphology that provides a larger
surface area, promoting stronger interaction with the poly-

F IGURE 5 Polarization curve of epoxy coating filled with ZIF-8 after
6 days immersion in 3 wt% NaCl solution.

F IGURE 6 Images of investigated samples upon natural salt spray
test.

mer matrix and thus contributing to improve the coating
durability.

3.5 Effect of ZIF-8 materials synthesized
in water or ethanol on epoxy coating’s
anticorrosion properties

The effect of the solvent used for ZIF-8 synthesis on the
corrosion protection performance of the epoxy coating
containing ZIF-8 was evaluated by polarization measure-
ment and neutral salt spray tests. The polarization curves
and images of the neutral salt spray test for the epoxy coat-
ings with different formulations are presented in Figures 5
and6, respectively,while the electrochemical parameters of
the coatings are summarized in Table 4.
From Figure 5 and Table 4, it can be seen that when ZIF-

8 is added to the coating, the corrosion potential of the
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TABLE 4 The parameters of the epoxy coatings without ZIF-8 (Ep)
and with ZIF-8 after 6 days of immersion in 3% NaCl solution.

Samples Ecorr (mV) Icorr (μA)

Ep −323 2.11

EpZ14H −100 2.02

EpZ14C −89 2.06

epoxy coating leads to a positive shift. The original epoxy
coating has a corrosion potential (Ecorr) of −323 mV, while
the coating containing ZIF-8 has a corrosion potential of
approximately Ecorr ≈−100mV. This result indicates that the
steel substrate is less susceptible to oxidation (reduced cor-
rosion). The improvement may be attributed to the ability
of ZIF-8 to gradually release 2-methylimidazole under envi-
ronmental conditions, which act as a corrosion inhibitor for
steel.15 Consequently, the presence of ZIF-8 enhances the
corrosion protection performance of epoxy coating. Fur-
thermore, Table 4 reveals that the corrosion current density
of the coatings follows the order: Ep > EpZ14C > EpZ14H.
This trend indicates that the corrosion protection capability
of the epoxy coating containing ZIF-8 synthesized in water
is the best among the examined coatings.
To evaluate the corrosion protection ability of the epoxy

coating with and without ZIF-8, neutral salt spray testing
was conducted. Images of the test samples during the
neutral salt spray process are shown in Figure 6. Obser-
vation of Figure 6 reveals that the scratch on the sample
of the epoxy coating without ZIF-8 shows signs of corro-
sion after just 24 h of salt spray exposure. In contrast, for
the epoxy coating containing ZIF-8, the scratch remains
unaffected after 24 h of salt spray exposure. After 72 h
of neutral salt spray, the steel sample coated with epoxy
containingZIF-8 synthesized in ethanol showsmore notice-
able signs of corrosion compared to the sample coated
with epoxy containing ZIF-8 synthesized in water. It can be
observed that the corrosion protection ability of the coat-
ing containing ZIF-8 synthesized in water is better than
that of the coating containing ZIF-8 synthesized in ethanol.
Although both ZIF-8 samples were synthesized in ethanol
and water, they both have a cubic crystal structure. How-
ever, due to the synthesis conditions, a slight distortion
in the crystal lattice occurred. While ZIF-8 synthesized in
ethanol maintains its cubic shape with a small particle size
(≈100 nm), ZIF-8 synthesized in water takes on a sheet-like
form. The distortion in the crystal lattice affects the stability
of ZIF-8. Under environmental conditions, ZIF-8 will release
2-methylimidazole, which has the ability to inhibit steel
corrosion. If the ZIF-8 material is less stable, it will have bet-
ter corrosion protection capability. Furthermore, the better
corrosion resistance of epoxy coatings containing water-
derived ZIF-8 compared with ethanol-derived ZIF-8 can be
mechanistically explained by the interplay of morphology
and structural stability. The sheet-like ZIF-8 particles syn-
thesized in water provide a larger surface area and more
extended interfaces with the epoxy matrix, improving the

physical barrier effect against chloride ion ingress. In addi-
tion, the slight lattice distortion observed in water-derived
ZIF-8 reduces its crystallographic stability, facilitating the
gradual release of 2-methylimidazole molecules under cor-
rosive conditions. These molecules act as active corrosion
inhibitors, adsorbing on the steel surface and mitigating
anodic and cathodic reactions. By contrast, ethanol-derived
ZIF-8 with cubic morphology exhibits higher structural
integrity, which slows the release of 2-methylimidazole and
limits active inhibition, despite its positive contribution to
coating hardness. Thus, the superior corrosion protection
of water-synthesized ZIF-8 arises from the synergistic effect
of a larger barrier surface area and more efficient inhibitor
release.
The above results confirm that solvent selection not

only influences the morphology and crystallinity of ZIF-8
but also directly affects the performance of epoxy coat-
ings. Compared to prior works focusing on methanol or
DMF,11–13 our study highlights the novelty of employ-
ing green solvents. Tezerjani et al.11 reported cubic and
rhombic dodecahedral ZIF-8 crystals in MeOH and DMF,
whereas our study demonstrates that ethanol produces
highly uniform cubic nanoparticles (≈100 nm), and water
yields sheet-like particles. Beyond structural characteriza-
tion, our findings provide new insights by systematically
linking solvent-dependent ZIF-8 properties to functional
performance. Ethanol-derived ZIF-8 improves hardness,
while water-derived ZIF-8 enhances impact resistance and
delivers superior corrosion protection, with Ecorr shifting
positively from −323 mV to ≈−100 mV. This emphasizes
that green solvents not only ensure sustainability but also
offer a practical strategy to tailor coating properties.

4 CONCLUSION

ZIF-8 materials synthesized in different solvents exhibit the
sodalite phase and good crystallinity. However, there were
slight differences in the d-spacing (between crystal planes)
among ZIF-8 materials synthesized in different solvents,
reflecting minor distortions in the crystal lattice or small
variations in particle size or shape. Consequently, the ZIF-
8 material synthesized in ethanol has a cubic morphology
with a size of ≈100 nm, while the ZIF-8 material synthe-
sized in water exhibits a thin-sheet morphology. The ZIF-8
materials improve themechanical properties of epoxy coat-
ings aswell as their anticorrosionprotectionproperties. The
polarization curve indicates that epoxy coatings filled with
ZIF-8 materials exhibit an inhibitory effect on the corrosion
process of steel.
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