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Introduction

Facile solvothermal synthesis of a MIL-47(V) metal-—
organic framework for a high-performance Epoxy/
MOF coating with improved anticorrosion
propertiest

Mahmoud Y. Zorainy, & Mohamed Sheashea,” Serge Kaliaguine, ¢
Mohamed Gobara® and Daria. C. Boffito { *?

The vanadium-based metal-organic framework MIL-47 distinguishes itself among other MOFs for its
distinctive structure and unique properties (e.g., flexible structure, high thermal stability, and high surface
area). The synthesis of MIL-47 has been reported from various metal precursors, including vanadium(ii)
chloride (VClz) as a rich source of metal ions. Attempts have been made to include other starting
materials, a step forward towards large-scale production. Synthesis from various solid materials is
encouraged, seeking an economic and greener approach. In this study, vanadium pentoxide (V,Os),
a readily abundant low-cost and thermodynamically stable metal source, was used to synthesize the
MIL-47(V) framework via a facile solvothermal route. This precursor provides a controllable rate of metal
ion production depending on the applied reaction conditions. In our method, the synthesis took place at
a low temperature and reaction time (180 °C for 20 h, instead of 220 °C for 72 h), yielding MIL-47
microrods. Moreover, among its unique properties, the metal centers of MIL-47 oxidize under the
influence of thermal or chemical treatments, preserving the framework structure. This unusual character
is not commonly witnessed in comparable MOF structures. This property can be leveraged in anti-
corrosion applications, whereby a redox reaction would sacrifice the framework components, protecting
the metal in contact. However, the chemical stability of MIL-47 is doubted against a corrosive medium.
Thus, an epoxy coating with 10 wt% MOF loading was incorporated in our investigation to extend the
aluminum alloy (AA2024) surface protection for prolonged exposure duration. The uniformity of
distribution of the prepared MOF within the epoxy matrix was confirmed using SEM/EDX.
Electrochemical impedance spectroscopy (EIS) was used to evaluate the corrosion performance of the
coated samples. The results showed that the inclusion of V-MOF offers extended corrosion prevention,
over 60 days, for the AA2024 alloy against artificial seawater. The neat epoxy coating could not prevent
the corrosion of AA2024 over two weeks of immersion, whereby pitting corrosion was clearly observed.
The V-MOF could induce a series of redox reactions leading to the precipitation of vanadium on the
cathodic sites of metal surfaces.

the last decades targeting alternative, non-conventional
approaches for faster reaction times, higher production yields,

Metal-organic frameworks (MOFs) have been applied in catal-
ysis,' gas adsorption and separation,>® sensing,’ and drug
delivery.” MOFs comprise both inorganic and organic moieties,
whereby the metal ions or the metal oxo-clusters are connected
to polytopic organic linkers resulting in multidimensional
frameworks.® The synthesis of MOFs has been developing over
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and controlled morphology.” On the other hand, hydrothermal/
solvothermal synthesis is still the most commonly used
synthesis technique.

Among all MOFs discovered until now, those made out from
vanadium are still limited.®* MIL-47(V) has drawn attention as
a result of its large specific surface area (Spangmuir = 1320 m?
g 1), high thermal stability in air (400 °C), as well as its derived
superior catalytic properties.*® Such a structure is built from
infinite (V-O-V),, chains linked with benzene-1,4-dicarboxylic
acid (H,BDC, also known as terephthalic acid or TPA),
yielding a porous 3D orthorhombic structure (Fig. 1).® In these
chains, each two vanadium atoms share an oxygen atom and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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two carboxylic groups of separate linker molecules (Fig. 1a). The
formed pores within the structure are rather channels and not
cages, whereby each tunnel is bounded by four benzyl units of
the H,BDC linker and four chains of corner-shared VOg octa-
hedra (Fig. 1c and d).**°

As synthesized, the MIL-47 framework is isostructural to
MIL-53 with its flexible structure and the trivalent metal ions,
whereby the bridged oxygen atoms between the metal octahedra
belong to terminal hydroxide ligands."* However, the metal ions
of the MIL-53 structure maintain their valency regardless of the
surrounding conditions. The synthesis of MIL-53 has been re-
ported from different transition metals (e.g., Sc, Cr, Fe) of stable
(+3) oxidation state.**** In addition, it was successfully obtained
from other p-block elements (e.g., Al, Ga, and In)."*"” On the
contrary, MIL-47 was basically built from vanadium, and recent
investigations reported the potential incorporation of
manganese.”'®*

Upon the synthesis of these MOFs, the as-synthesized
structure was found to be soft and dynamic, whereby revers-
ible flexing (breathing) takes place in the presence of external
chemical or physical stimuli.*>** The as-synthesized MIL-47
“MIL-47as” occupies the narrow pores (np) arrangement due
to the inclusion of unreacted BDC molecules inside the pores
(Fig. 1b). During the thermal activation of the framework in the
air, evacuation of the pores takes place and the structure swells,
similar to MIL-53 ht, occupying the large pore (Ip) arrangement
(Fig. 1d). Unlike MIL-53, throughout the activation process, the
V*" jons oxidize to V**, and the p,-OH bonds with the metal
centers turn into p,-O (i.e., vanadyl group (V=0)), but the
topology remains unchanged. After calcination, the MIL-53It
keeps its breathing character depending on the transitions
between the large-pore (Ip) and the closed-pore (cp) arrange-
ments (Fig. 1c and d). In contrast, MIL-47 expresses a relatively

View Article Online

RSC Advances

rigid structure compared to MIL-53lt, whereby permanent
porosity is achieved.®*** Hence, the Ip — cp transitions were
prohibited, and the cp arrangement was not obtainable in the
activated form of MIL-47.

In a typical MOF synthesis, different metal salts are incor-
porated as a source of metal ions, usually soluble ones such as
metal chloride, nitrate, or acetate. Recent studies focusing on
this approach offered other metal-salt-free choices, for instance,
pure metals and alloys, metal oxides, hydroxides, and carbon-
ates.”® Such solvent-insoluble solids hardly release metal
cations in common solvents, and when used as metal precur-
sors, they supply ions at different rates depending on the
reaction conditions; hence, controlling the MOF formation rate.
Besides, employing these materials offer a greener, more
economical, and sustainable route to tune the size and shape of
the targeted MOF. For example, Kitagawa et al. have adopted
these solid materials, especially oxides, as a strategy to obtain
MOF templates.>***

When it comes to MIL-47, vanadium(u) chloride (VCl;) is the
most commonly used metal precursor as it is the most reac-
tive.>**?® Nevertheless, VCl; is expensive and air-sensitive. It is
unstable and easily decomposes when it comes in contact with
the ambient atmosphere; thus, extra caution has to be paid
while handling this material. As a result, weighing usually takes
place in a nitrogen-filled glove box, which is inconvenient when
scaling up the process. Recent investigations have also involved
the use of ammonium metavanadate (NH,VO;) as a less
expensive, more stable, and readily available vanadium
precursor.” On the other hand, upon thermal decomposition of
MIL-47, a mixture of vanadium(iv) and vanadium(v) oxides (VO,
& V,05) is left as a residue after the decomposition of the
organic linker. Vice versa, vanadium dioxide (VO,) was
successfully employed in the synthesis of MIL-47.%*%" However,
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Fig. 1 The structure of the vanadium MOF, MIL-47, expressing its flexibility under the effect of external stimuli. (a) Infinite (V—O-V) one-
dimensional chains. (b) Narrow pores. (c) Closed pores. (d) Large pores. Color code: yellow-vanadium, red-oxygen, grey-carbon, hydrogen

atoms were omitted for clarity.

© 2022 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2022, 12, 9008-9022 | 9009


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08950a

Open Access Article. Published on 22 March 2022. Downloaded on 12/4/2025 3:59:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

to our best knowledge, V,0s5 has not been reported as
a precursor to MIL-47 yet, but only in the synthesis of another
framework isomer using the 1,4-naphthalenedicarboxylic acid
linker (i.e., [V(OH)ndc], MOF).*?

Metal corrosion is a major problem in the industrial and
manufacturing fields. Its spontaneous nature resulting from the
surrounding interactions with the metal surface leads to
a significant loss in the metal physicochemical properties.*
Aluminum alloy (AA2024) is extensively applied in the aircraft
industry because of its high strength-to-weight ratio, high
fatigue resistance, and toughness.** However, this alloy does not
stand against corrosion in atmospheric conditions. Conse-
quently, cladding or coating along with an inhibitor is usually
applied. Organic coatings, such as epoxy, are an effective,
practical, and cost-effective approach that can be applied to
protect most metal substrates.®® In order to achieve a prolonged
protection lifetime, researchers have applied various strategies
in which the incorporation of nanoporous materials, like
carbon nanotube, graphene oxide, and nano-silica, comes on
top. Recently, research considering reinforcing epoxy with
MOFs and achieving advanced organic coatings of multi-
functions is highly expanding.**** Moreover, functionalization
of MOFs for bonding with the nanofillers and the barrier
coating has also been researched for a more advanced coating,
providing a long-term protection for the metal-surface.***

Generally, metal corrosion is inhibited, reduced, or
controlled by either adsorption-blocking or electrochemical
actions.” An inhibitor prevents a metal or an electrolyte from
coming into contact with the other side of a porous substrate.
This barrier is formed by a combination of physisorption and
chemisorption. Inhibitors usually interact through the adsorp-
tion mechanism by forming a protective film or layer by phys-
isorption at the metal/electrolyte interface. They can also
interact chemically to form an insoluble complex barrier
hindering the direct contact between the metal surface and the
corrosive electrolyte.*® For MOFs, recent studies reported that
the inhibition follows the adsorption-blocking mechanism:***
indeed, in MOFs, the organic linker confers different functional
groups that are electron donor heteroatoms with 7 bonds.*
Corrosion inhibition by coordination polymers or MOFs
through electrochemical action is less common. Studies
considering the anti-corrosion properties of MOFs are still
scarce.

The presence of organic linkers within the structure of MOFs
makes them compatible with the polymeric matrices.*® Also,
they can be functionalized to increase their interaction for more
advanced MOFs/polymer nanocomposites. Moreover, the metal
centers can accelerate the cross-linking of these networks as
active Lewis-acid sites, catalyzing the epoxy ring-opening reac-
tion. For example, MIL-101(Cr), with its high surface area and
highly active metal centers, facilitates the curing of thermoset
polymers used as organic corrosion barriers. Such a porous
structure significantly increases the amount of heat released
during curing even at very low loadings.*” Our group has
previously studied the anti-corrosion performance of a cer-
ium(m)/melamine coordination polymer and the mechanism
behind the interactions taking place.***
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Here, we studied the solvothermal synthesis of the MIL-47
framework from V,0s as an inexpensive, widely available, and
thermodynamically stable precursor, a step forward towards
scaling up the production of this MOF. In similar syntheses
from oxides, one of the main drawbacks is the inclusion of
unreacted metal oxide among the product as a contaminant,
which we could avoid with the method proposed. The narrow-
pore MIL-47(V"")as was fully characterized before its incorpo-
ration in the epoxy coatings for the anti-corrosion experiments.
Moreover, the performance of the MOF/epoxy coating was
evaluated, compared to neat epoxy coating, as an improved
corrosion barrier to aluminum alloy AA2024 in a chloride-rich
environment.

Results and discussion
MIL-47 characterization

The recorded PXRD diffractogram was very similar to the
simulated pattern of as-synthesized MIL-53 and MIL-47 (Fig. 2).
The pattern showed recognizable high-intensity peaks in the 5°-
30° 26-range, with the major diffraction peaks at around 26 =
8.8°, 10.1°, 14.8°, 17.7°, 24.1°, and 26.7°.°°° Moreover, in
comparison with the pattern of the original vanadium
precursor, the main diffractions of V,05 at 20 = 15.4°, 20.3°,
21.7°, and 26.2° were not detected in the recorded pattern,
indicating a pure MOF product without any residual oxide.>
Hence, the adopted synthesis technique (solvothermal method)
was able to induce the release of the required metal cations
from V,05 as a precursor under the selected reaction condi-
tions. The simple washing procedure applied was sufficient to
remove unreacted precursors. On the other hand, upon thermal
activation of the MIL-47 framework, the structure occupies the
less flexible large-pore form. The XRD pattern for the activated

MIL- 47 (sim.)

N
M I Ii | MIL- 47as (V")
l l I I I MIL- 47as (sim.)

U e

10 20 30 40 50
2-Theta (degree)

Intensity (a.u.)

Fig. 2 The XRD patterns for the MIL-47(V) metal-organic framework
compared to simulations. V,Os — “black”; MIL-47as (simulation) —
“red”; MIL-47as(V'") - “green”; MIL-47 (simulation) — “blue”; MIL-47(V")
- "yellow"; (calculated patterns reproduced via Mercury/CSD simu-
lated files: “IDIWIB” and “IDIWOH," respectively).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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MOF form was identical to the simulation of the reported MIL-
47, whereby the prominent diffraction peaks were recognizable
in the 5°-20° 2f¢-range, specifically at 8.3°, 14.4°, and 16.8°
(Fig. 2).° Once again, no diffractions of the metal oxide occurred
in the activated MOF pattern.

Fourier-transform infrared spectroscopy (FTIR) was
employed to confirm the formation of the targeted MOF and the
linkage between the vanadium cations and the organic ditopic
H,BDC ligands. The vibrational spectrum of the obtained
crystals agreed well with that reported for the MIL-47 framework
(Fig. S27). In order to ensure that the synthesized MOF is metal-
oxide free, Raman spectroscopy was used as a selective tech-
nique to investigate such possible inclusion of other materials
within the MOF crystals (Fig. S31). It clearly showed that despite
being prepared from a metal oxide precursor, the synthesis
technique reported here produced pure MOF crystals without
any oxide residue.

The thermogravimetric analysis (TGA) technique was
utilized to investigate the thermal stability of the MOF product.
This technique can also indicate the inclusion of metal oxide
residue based on the increase in the final weight percentage.
Heating the MIL-47as sample from room temperature to 800 °C
resulted in three weight-loss steps (Fig. 3). The first step corre-
sponds to the evaporation of residual solvents, whereby
a gradual weight loss (equivalent to 5-7%) occurs at tempera-
tures =200 °C. The second step of almost 30% weight-loss is in
the region between 200-350 °C, originating from the oxidation
of the V** metal centers and the loss of the hydroxide groups
bonded to the vanadium oxo-chains. At these temperatures, the
thermal activation of the MOF occurs, whereby heat removes
the unreacted H,BDC linker from the framework's pores.
Finally, the detachment of the organic linker and decomposi-
tion of the framework structure takes place in the third step
between 375-425 °C, showing a weight loss of 40% with
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Fig. 3 TGA curves of the as-synthesized MIL-47 "MIL-47as" powder
compared to the thermally activated sample (MIL-47), showing the
different weight loss steps and the transformation from the np to the lp
forms of the structure.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a mixture of VO, and V,0s remaining as residue after the
experiment.*?

Overall, the MIL-47as sample lost ca. 70% of its initial
weight, comparable to published TGA data.®®?>2%25282%52 Hence,
confirming the purity of the obtained MOF and the absence of
any residuals from the metal precursor. However, the separa-
tion and washing steps significantly affect the quality of the
MOF product. Excessive washing can lead to partial decompo-
sition as a result of its low chemical stability.>> The TGA results
confirmed that the above-reported washing procedures were
convenient to achieve a pure product without decomposition.

On the other hand, the thermally activated sample (MIL-47)
showed a single dominant weight-loss step (Fig. 3) aside from
the initial weight loss of 2-3% below 100 °C resulting from the
evaporation of the adsorbed water.”® After this slight weight
loss, a plateau follows, skipping the metal centers' oxidation
and the pore evacuation step until the decomposition of the
framework between 350-450 °C, expressing a large-pore (Ip)
arrangement.’ Once again, the TGA curve of this sample agreed
with the previous studies, whereby a total weight loss of ca. 60%
was witnessed (10% less than MIL-47as) as a result of the
framework activation and oxidation.’

The SEM images of the MOF samples confirmed the results
reported above. Owing to the considerable difference in density
between the as-synthesized crystals of MIL-47(V) framework and
the V,0; particles, SEM operated on the back-scattered electron
mode (detector) was selected to screen the sample, whereby no
traces of any foreign particles were found among the MOF
crystals. On the other hand, the morphology of the crystals was
studied using the secondary electron detector (Fig. 4). The
images showed the rod-like shape of the obtained crystals with
a length of a few microns (<10 pm, Fig. 4a and b). Furthermore,
the images of the thermally activated samples showed typical
crystals with no change in the morphology compared to the as-
synthesized sample (Fig. 4c).

The EDX elemental analysis and mapping of the as-
synthesized sample confirm the main composition of the
MOF structure, whereby the three main elements V, O, and C
were detected. These three elements were homogeneously
distributed all over the sample (Fig. 5). Also, the measured
concentration of each element agreed with the reported formula
of the MIL-47 MOF, whereby the abundance of each element
was found as (at%): C 49%, O 37%, and V 14%.°

Corrosion performance

Before testing the corrosion resistance of the prepared coatings,
the adhesion and the thickness of both the neat epoxy and the
MOF/epoxy coatings were investigated. The results of the
crosshatch adhesion test, applied to evaluate the adhesion of
both types of coating, revealed an excellent adhesion of the
coating to the surface of the substrate (Fig. S4t). Next, using
SEM/EDX microscopy, the thickness of each coating was
investigated. The cross-section images showed uniform coating
with a constant thickness of around =10 + 2 pm (Fig. 6).
Also, the surfaces of the coatings were free from cracks and
contained no voids in between layers. Both coatings displayed

RSC Adv, 2022, 12, 9008-9022 | 901
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Fig. 4 The SEM images of the MIL-47 samples at different magnifications. (a) and (b) as-synthesized MIL-47, (c) thermally activated MIL-47.

excellent adhesion to the AA2024 substrate, whereby there is no
sharp edge between the coating and the metal substrate (C
represents the epoxy matrix in both samples). Furthermore, the
cross-section image of the MOF/epoxy coated sample depicts
a uniform distribution of the vanadium-MOF within the epoxy
matrix; however, the epoxy-coated AA2024 sample did not show
any vanadium. Due to the low thickness of the MOF/epoxy layer,
it can be used as a pre-treatment layer applied before applying
the subsequent paint topcoats.

Moreover, the homogeneity of the MOF/epoxy coating was
thoroughly investigated. The uniform distribution of the MIL-

sample 2
Ch1 MAG: 5052x HV:15kV WD: 10.4 mm Px: 20 nm

47as crystals within the epoxy matrix was monitored and vali-
dated using SEM/EDX (Fig. 7a). The SEM images of the coating
surface obtained from the back-scattered detector showed that
the V-MOF crystals were fully integrated into the organic matrix,
preserving the same particle size presented in Fig. 4 and 5.
Based on the density difference between the MIL-47as micro-
rods and the hardened epoxy matrix, the MOF crystals appear as
white particles randomly dispersed over the darker grey/black
colored epoxy coating (Fig. 7a). Furthermore, the elemental
spot analysis of the coating confirmed the homogenous distri-
bution of vanadium all over the organic epoxy matrix in

Fig. 5 Elemental mapping of the as-synthesized MIL-47 sample obtained through the solvothermal technique, expressing the homogenous
distribution of the elements over the whole MOF crystals. Color mapping: V — bright green, O — orange, C — yellow.
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Fig. 6 Side view for the cross-section of (a) neat epoxy (b) MOF/epoxy coated AA2024 samples under the SEM with their elemental EDX

mapping. Color mapping: Al — purple, C — orange, V — blue.

agreement with the previous results. However, nitrogen and
aluminum were also detected in addition to the main MOF
elements reported above (Fig. 7b). Nitrogen results from the
DETA hardener as a tertiary amine responsible for the epoxy
ring-opening and the initiation of the polymerization process,
while the noticeable aluminum peak belongs to the substrate as
a result of the small coating thickness employed in this case.
The corrosion prevention behavior of the coated samples
was assessed via electrochemical impedance spectroscopy (EIS).
Such a technique offers computable data reflecting both the
corrosion and coating degradation processes throughout the
whole course of immersion in the corrosive environment.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Starting with the neat epoxy-coated AA2024 sample, the trend is
linear with a slope approaching —1, expressing a general
capacitive behavior at high and mid-range frequencies (Fig. 8a)
that maintained over the 3 weeks immersion period in the
corrosive electrolyte, 3.5% wt NaCl.>® This epoxy coating acts as
a barrier showing an initial high impedance of 6 MOhm ¢cm? at
0.01 Hz after 3 days of immersion, whereby the corrosive solu-
tion would not effectively diffuse into the coating/surface
interface during this early stage. However, the impedance
gradually decreases through the end of the immersion test,
losing more than an order of magnitude of impedance to about
0.3 MOhm cm? after 21 days of immersion.

RSC Adv, 2022, 12, 9008-9022 | 9013


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08950a

Open Access Article. Published on 22 March 2022. Downloaded on 12/4/2025 3:59:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

e 4
Signal A=NTSBSD WD= 9.5mm
Gun Vacuum = 9.93e-008 mbar

EHT = 25.00 kY Date :1 Nov 2021

Time :11:27.47

ZEISS |

Mag= 242KX

Fig. 7

View Article Online

Paper

-

(a) SEM image of the MOF/epoxy coating surface (top view) (b) EDX spot analysis of the selected area, with the peak between 1-2 keV

belonging to the aluminum substrate. Color code: V - pink, C — yellow, N — light green, O — orange.

In addition, the total impedance (|Z| at 0.01 Hz) showed
a continuous decrease throughout the immersion test with the
rise of a new time constant at the low-frequency range after 14
days of immersion. This time constant slightly increases after-
ward, as indicated by the phase angle plot (Fig. 8b). The figure
clearly shows that the coating sustained the high phase angle at
the high-frequency range during the immersion time. Never-
theless, the decrease in the impedance at the low-frequency
range along with the existence of this new time constant indi-
cate the degradation of the organic epoxy coating and the
deterioration of its properties as a barrier. This time constant is
usually attributed to the relaxation of the mass transport
process due to the formation of the corrosion products.* This
activity is accompanied by pitting corrosion in different spots,
observed after 14 days of immersion, which clearly confirms the
breakdown of the epoxy coating. This behavior takes place in
similar physical, non-active barrier coating systems.

The pitting corrosion formed in the neat epoxy-coated
sample was investigated by the EDX elemental mapping
(Fig. S5%1). According to the mapping, aluminum, carbon,
copper, magnesium, and oxygen were all detected. All the
detected metals represent the different components of the

aluminum alloy, while carbon mainly belongs to the epoxy
coating. Over the scanned area, several spots were found to be of
a different nature (red circles in Fig. S51). Closer inspection of
these spots revealed a recognizable decrease in the carbon
content and a corresponding increase in the other metals in the
same area, indicating the degradation of the coating around
these pitting centers. Also, the images clearly show the presence
of several cracks within the coating matrix.

The corrosion process starts when the electrolyte diffuses
through the coating to the inner metallic surface. Aluminum/
copper alloys, AA2xxx, are subjected to pitting corrosion in an
aerated chloride-containing environment due to surface inho-
mogeneities. The intermetallic particles containing copper and
magnesium (such as AlCu,, AlCuMnFe, and Al,CuMg) have
a higher potential to corrode than the aluminum matrix.** In
aerated NaCl solution, these intermetallic particles act as
a cathode with respect to the matrix, at which the cathodic
reaction (reduction of oxygen) takes place on the surface of
these intermetallic particles. Consequently, the most affected
areas are those adjacent to these intermetallic particles.**” In
addition, the surface of AA2024 alloy contains up to 3% of
intermetallic particles. Although these particles enhance the
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Fig. 8 Bode plots of the epoxy coated AA2024 samples in 3.5% NaCl solution at room temperature. (a) Impedance, (b) phase angle.
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mechanical properties (mainly the strength) of the alloy, they
would increase its susceptibility to localized corrosion resis-
tance (mainly pitting corrosion).?-*

Unlike the neat epoxy coating, the corrosion performance of
the MOF/epoxy coating expressed a different behavior (Fig. 9a).
The impedance clearly showed a slight decrease in the early
stage of immersion (around 2 MOhm cm? at 0.01 Hz after 3 days
of immersion) compared to that of the neat epoxy sample. In
addition, this coat did not display the capacitive behavior
measured in the high and mid-range of frequencies for the neat
epoxy coating. This behavior change can be attributed to the
variation in the hydrophilic character of epoxy as a result of the
MOF crystals and their highly porous nature.®> The impedance
curve also shows a continuous decrease in the measured values
during the first three weeks of immersion (similar to the neat
epoxy coating). However, the impedance seems to be stable after
that period, showing no sign of corrosion or delamination over
the rest of the 60 days immersion course. During this period,
and despite the slight decrease in the impedance at high and
mid-range frequency, the total impedance (|Z| at 0.01 Hz)
remained stable. This maintained impedance stability without
the observation of any new time constant indicated the stability
of the coating/metal interface, proving the ability of the MOF/
epoxy coating to prevent AA2024 oxidation in 3.5% NaCl
solution.

The phase angle plot of the MOF/Epoxy coating (Fig. 9b)
showed a sharp reduction in phase angle values at the high-
frequency range (3 x 10° Hz) during the first three weeks of
immersion. After this period, the coating becomes stable for the
rest of the 60 days. The curve also reveals two time constants
around 10* and 6 Hz corresponding to the coating/electrolyte
and coating/metal interfaces, respectively. In addition, the
latter time constant gradually shifts from 6 Hz to 0.4 Hz, while
the maximum of this time constant peak seems to be stable
during the immersion test. Such behavior suggests the forma-
tion of an interfacial layer that can protect the metal from
corrosion.” The test was terminated once the delamination of
the coating began to appear after 65 days (Fig. S61). Although
the coating was delaminating (red circles in Fig. S6t), the
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sample's surface did not show any evident corrosion after 65
days of immersion in 3.5% wt NaCl solution.

The Nyquist plots of the epoxy coated AA2024 sample
(Fig. 10a) in the corrosive 3.5% NacCl solution clearly showed
two time constants that characterize a typical physical barrier
coating. Both the capacitance and resistance components of the
impedance continue to decrease with the immersion time, as
indicated by the shrinkage of the time constant radii. This
decrease in the corrosion impedance was accompanied by the
observation of pitting corrosion, indicating the failure of the
coating. Contrarily, the Nyquist plots of the MOF/epoxy coated
AA2024 sample (Fig. 10b) revealed two impeded semicircles
covering both high- and low-frequency ranges. The semicircles
at the low-frequency range clearly display irregularity due to the
inhomogeneity of the metal surface and/or the frequency
dispersion.® The plots feature the presence of a capacitive loop
at the low-frequency range with a radius decreasing with the
immersion time during the first 10 days. The most noticeable
observation from this figure is that after the initial period of
immersion, 10 days, the diameter of the capacitive loop at the
low-frequency range seems to be stable over the rest of the
immersion period. This stability at low frequencies is related to
the corrosion resistance of the metal substrate.®* This behavior
indicates that the MOF/epoxy coating can provide corrosion
protection for AA2024 in the 3.5% NaCl solution over an
extended period of time. Such an event agrees and confirms the
optical observations, whereby the coating does not show any
sign of delamination or blistering.

The change in hydrophobicity of these coatings plays
a significant role in their corrosion protection performance and
influences the behavior of these samples. Hence, the contact
angle of both neat and MOF/epoxy coatings was measured at the
beginning of immersion (test) using distilled water. Contact
angles of 86° and 53° (Fig. S7T) were measured for the neat
epoxy and the MOF/epoxy samples, respectively, suggesting
a considerable change in the impedance behavior of both
coatings in the high-frequency range being related to the
increase in hydrophilicity of the coating.

For a better understanding of the corrosion behavior of the
coated samples, the EIS data for both epoxy coating systems

b) -80
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Fig. 9 Bode plots of the MOF/epoxy coated AA2024 samples in 3.5% NaCl solution at room temperature. (a) Impedance, (b) phase angle.
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coating.

were fitted to equivalent circuits, as presented in Fig. 11.
Fig. 11a represents the equivalent circuit of the neat epoxy
during the first week of immersion. This figure consists of
electrolyte resistance (Rg), coating capacitance (Ceoac), and
coating pore resistance (R.oq). In comparison, Fig. 11b shows
a typical equivalent circuit of an organic coating, representing
both the neat epoxy after a week of immersion and the MOF/
epoxy coating during the entire immersion course. In
Fig. 11b, two-time constants were observed during immersion
in the corrosive solution for both epoxy coatings. The first time
constant at high frequencies is assigned to the capacitance
(Ceoat) and pore resistance (R.oq¢) Of the coating, while the other
in the low-frequency range one represents the double-layer
capacitance (Cyq) and the charge transfer resistance (R.) of the
corrosion areas. In these circuits, constant phase element (CPE)

a) CP Ecoat b)

was used as a replacement for pure capacitance to attain more
accurate results from experimental data fitting due to the non-
ideal behavior of pure capacitors.®* The capacitance can be
calculated from CPE parameters according to the following
equation,® and the electrochemical parameters are reported in
Tables 1 and 2.

Y, w® D
. (AT
sin (7>
where Y, is the CPE constant, w is the angular frequency (rad
s "), and n is the CPE exponent where n = 1 for an ideal
capacitor. The EIS fitting quality is accepted when the goodness

of fitting is less than 1 x 10>

Fig. 12 shows the coating capacitance and resistance
changes over the immersion time for the neat epoxy coated

Cy = 1)

CP Ecoa!

"

Rs
CPEy

R coat

Rcl

Fig.11 The equivalent circuits applied in the fitting of the impedance data for (a) neat epoxy until 3 days of immersion, (b) neat epoxy after 3 days

and MOF/epoxy.
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Table 1 The electrochemical parameters extracted from the fitting of the EIS results of the neat epoxy sample after immersion in a corrosive

3.5% NaCl solution at various immersion times

Sample  Time [day] R,[Qcem?]  Qeoac[10 ° Fem®s™ '] ny Reoat [10° Qem®] Qg [1077 Fem?s”™']  n, R [10° Q cm?]
Epoxy 3 3.2 2.91 1.00 61.24 — — —

6 4.9 2.59 0.95 49.31 5.49 0.97 34.12

10 2.3 1.98 0.92 45.54 9.26 0.94 29.81

14 1.8 2.65 0.88 29.18 10.9 0.93 9.21

18 1.3 5.29 0.87 5.31 14.71 0.87 7.51

21 1.3 27.18 0.76 2.70 69.16 0.79 4.22

AA2024 sample. Fig. 12a shows a slight decrease in R.o,¢ during
the course of immersion in the corrosive electrolyte, while the
values of the C..,¢ show a kind of stability during the first two
weeks of immersion followed by an increase in its value. This
behavior reflects the hydrophobic properties of the epoxy
coating. The R of the epoxy coated AA2024 sample continu-
ously decreases during the immersion period, as depicted in
Fig. 12b, in which Cq, gradually increases with immersion time.
The behavior is attributed to the diffusion of the corrosive
electrolyte to reach the coating/metal interface followed by the
interaction with the metal surface forming corrosion products.
These results specify the rapid degradation of the neat epoxy
coated AA2024 in this Cl -containing solution forming pitting
corrosion.

Fig. 13a and b show the experimental EIS data fitting results
related to the MOF/epoxy coating on the equivalent circuit. Both
figures have the same trend of changing parameters; the Cy; and
Ceoat increase at the beginning of immersion then seem to be
steady while R.; and R.,¢ decrease at the beginning then seem
to have plateau values. In contrast to the continuous change in
the coating/metal interface’ parameters (R., decreases and Cy,
increases) of epoxy coating with the observation of pitting
corrosion, the MOF/epoxy coating shows higher stability of
these interface parameters after 4 weeks of immersion. The
stability of the coating/metal interface resistance and capaci-
tance indicates a considerable enhancement of the resistance to
the corrosive electrolyte diffusion, which can be attributed to
the presence of the MIL-47as crystals within the epoxy coating.*
This behavior is usually presented upon the development of
a protective layer formed as a result of the presence of the V-
MOF within the epoxy matrix.

Mechanism of interaction

AA2024 is an aluminum alloy with a high mechanical strength
owing to the intermetallic particles (IMPs). These IMPs decrease
the corrosion resistance of the alloy by altering the corrosion
potential of the alloy's surface.”®*® Such an alloy is usually
susceptible to localized corrosion, mostly pitting, in an aerated
Cl -containing solution, and the degree of pitting depends on
the nature of these IMPs.>* Generally, under free corrosion
conditions, IMPs of AA2024 (such as the S-phase) are active
species compared to the Al matrix due to the presence of
magnesium. Magnesium will then dissolve, leaving copper
behind, which acts as a local cathode assisting oxygen reduction
reaction. In this aerated solution, the main reduction reaction
would be that of oxygen reduction resulting in the creation of
some intermediates as follows:

10, + HO +2¢~ — 20H™ (2)

02 + HzO +2e — HzOz + OH™ (3)

The oxygen reduction occurs on the cathodic areas in which
IMPs exist, representing almost 3% of the total alloy surface
area.” The oxidation reaction takes place by the dissolution of
the Al matrix existing around these IMPs, developing pitting.
The Al matrix dissolution (oxidation reaction) undergoes
a series of reactions that finally forms the AI(OH)CI" complex,
which is easily dissolved in the aqueous solution.*

Al + 3H,0 — AI(OH); + 3H" +3e~ (4)

Al + 2H,0 — AIO(OH) + 3H" + 3¢~ (5)

Table 2 The electrochemical parameters extracted from the fitting of the EIS results of MOF/epoxy sample after immersion in a corrosive 3.5%

NaCl solution at various immersion times

Sample Time [day] R [Qcm?]  Qeoat [1077 Fem®s™ '] ny Reoat [10* Q@ em?] Q@ [107° Fem?s™ '] n, Re [10° Q cm?]

MOF/epoxy 3 3.2 2.08 0.75 7.12 0.94 0.74 11.81
6 4.9 3.92 0.79 2.60 1.62 1.00 5.22
10 2.3 8.78 0.85 1.48 1.86 0.95 2.74
17 1.8 11.25 0.88 1.25 2.07 0.93 1.74
25 1.3 18.03 0.89 0.54 4.01 0.88 1.85
32 1.3 77.16 0.76 0.64 69.38 0.79 1.66
39 2.4 89.15 0.77 0.65 91.72 0.76 1.21
46 3.1 90.48 0.72 0.61 48.41 0.45 2.08
51 1.8 63.28 0.97 1.24 44.51 0.36 2.97
60 2.1 79.92 0.85 1.03 69.92 0.52 1.91
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Fig. 12 The change in (a) Ccoat and Reoat and (b) Cy and R values regarding the epoxy coated AA2024 sample in 3.5% NaCl solution versus the

immersion time.

Al + 3/2H,0 — ALO; + 3H" + 3¢ (6)
AI(OH)** + CI” — AI(OH)CI* + 3H" + 3¢~ 7)

In the previous section, the results clearly showed that the
presence of the V-MOF (MIL-47as) particles within the epoxy
matrix significantly reduced the corrosion rate of AA2024 in an
aerated NaCl solution. Generally, the vanadate treatment can
reduce the oxygen reduction reactions similar to that of chro-
mate. This interaction with the AA2024 alloy can be attributed
to the reduction in the galvanic current of the metal surface, in
which the vanadate species selectively cover the cathodic sites
(i.e., precipitating on the IMPs forming a stable film).*” The rate-
determining step of this film formation is the diffusion of
vanadate species from the bulk to the IMPs.®® In this context,
the presence of a vanadate layer over the IMPs hinders the
oxygen adsorption on the surface, effectively reducing corrosion
in an aerated aqueous solution.®*”

Similar studies based on the X-ray photoelectron spectroscopic
(XPS) investigations showed that the corrosion prevention of an
aluminum alloy by vanadate is achieved via a complex series of
redox reactions on the cathodic IMPs sites.®®”* In vanadate
treatments, many forms of vanadium ions can be introduced,
referring to an anionic coordination complex of vanadium
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1e-7 +
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(usually oxoanions) that mostly exists in one of the high oxidation
states +3, +4, or +5.” These vanadate species are usually unstable
and quickly hydrolyzed in aerated aqueous solutions. For
example, in anticorrosion treatments, the V> species would be
reduced to V** and/or V** on the cathodic site followed by
subsequent oxidation, forming a vanadium-rich film, where the
V*" and/or V*" oxidation states abundantly exist.”®*”* This film
would develop over a prolonged immersion time, whereby its
thickness increases with the immersion time and temperature.

Based on these results, it can be postulated that in our case,
oxygen is first reduced according to the above eqn (2) and (3).
On the other side, the MOF crystals within the epoxy matrix
slowly dissociate, releasing V** ions, which are then dissolved
into the solution.*® Generally, the V** ions are readily oxidized in
the air or aerated solutions.” These ions would be reacting with
the oxidizing species at the cathodic sites forming V** and/or
V** as follows:

2V3* + 3/2H,0, — V¥ + V" + 30H (8)

Finally, the produced V*'/V®" ions would precipitate on the
IMPs forming a stable film that goes against any further oxygen
reduction, consequently reducing the corrosion rate of AA2024
in aerated NaCl solution.” The development of this vanadate
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Fig. 13 The change in (a) Ccoat and Reoar and (b) Cq and R values regarding the MOF/epoxy coated AA2024 sample in 3.5% NaCl solution versus

the immersion time.
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film proceeds during the first three weeks of immersion,
explaining the initial decrease in the impedance of the MOF/
epoxy coating reported above (Fig. 9a).

The strategy of applying corrosion inhibitors in this type of
alloys is to reduce the inhomogeneity of the surface potential,
hence decreasing the galvanic corrosion. The addition of any
inhibitor needs to be controlled and targeted towards specific
areas.” Thus, the presence of the V-MOF (MIL-47as) crystals not
only controls the leaching of vanadium within the matrix but
also influences homogeneity among the layers. These MOF
crystals interact with the aqueous solution molecules along with
their accompanying oxidizing species that slowly diffuse from
the medium to the metal surface through the MOF/epoxy
matrix. The MIL-47as particles are slightly soluble in similar
aqueous media, governing the leaching of the vanadate ions
from MOF structure into the epoxy matrix and targeting the
surface areas where the corrosive solution would diffuse.” The
released V** ions would directly move and precipitate at these
cathodic sites, IMPs, to decrease oxygen reduction reaction.

Conclusions

In summary, the vanadium MIL-47 metal-organic framework
was successfully synthesized via a solvothermal method. Such
a synthesis combines several advantages: (a) the reaction does
not require the addition of modulators/mineralizers like
monocarboxylic acids, which makes it a simple, direct, and
straightforward route. (b) The reaction occurs at a lower reac-
tion temperature and duration than other studies reported
before (180 °C/20 h instead of 220 °C/72 h). (¢) Vanadium
pentoxide (V,O5) was employed as a suitable metal precursor; it
is inexpensive and highly available. Moreover, the character-
ization of the products showed that the achieved MOF was pure
without any metal-oxide contamination. In addition, the as-
synthesized MOF had the same thermal stability compared to
those obtained via other synthesis techniques. The prepared
MOF was then added to epoxy to produce an advanced coating
that applies to aluminum alloy AA2024 for corrosion protection
in a harsh chloride-rich environment. Investigation via SEM-
EDX for the MOF/epoxy coating revealed a uniform coating
with a constant thickness of 10 + 2 um and a homogeneous
distribution of the MOF crystals within the thermoset epoxy
matrix. Compared to the neat-epoxy coating, the inclusion of
small loading of the MOF particles (10 wt%) increases the
hydrophilicity of the coating. However, they can extend the
lifetime protection of the metal surface 3 folds. According to the
results of the EIS experiments, the MOF/epoxy coating would
have the same behavior as the neat epoxy one for the first three
weeks, whereby the corrosive species diffuse into the coating.
Nevertheless, the MIL-47as crystals would then interact with
these diffusing molecules releasing vanadate ions and devel-
oping a protective film at the intermetallic particles. Such
a protective film provides extended cathodic protection.
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