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The convergence of organic compounds and their incorporation into inorganic layers paves the way for
pioneering organic—inorganic hybrid materials with finely tuned, precise functional properties, promising
a new era of advanced applications that push the boundaries of current technology. This study employs
a pH-responsive chelation approach to control defects in MgAl-LDH, aiming to enhance its
electrochemical and photocatalytic properties. This involves the synthesis of MgAl-LDH on plasma-
assisted oxidized substrates, followed by the sequential introduction of [EDTAI*~ and [Zn(EDTA)I?~
anions into the LDH galleries via an anion exchange route. The chelation of EDTA with the metallic ions
14~ anions, supported by
the stability of LDH flakes, while a lower pH value facilitates the introduction of [Zn(EDTA)I>~ anions. The

is pH-dependent, where a higher pH value encourages the inclusion of [EDTA

results show that the integration of [ZN(EDTA)I>~ anions leads to a more compact structure and
a reduction in the size of LDH flakes, effectively sealing existing defects within the hybrid material. When
exposed to a 3.5% NaCl solution, the LDH-EDTA-Zn sample exhibited superior electrochemical stability,
characterized by a lower corrosion current density (2.12 x 10 A cm™2) and higher total polarization
resistance (2.73 x 107 Q cm?). Moreover, the LDH-EDTA-Zn sample demonstrated exceptional
photocatalytic efficiency, effectively decomposing rhodamine dye in an aqueous solution, attaining an
impressive photocatalytic efficiency of 99.7% within just 25 minutes, while maintaining stability
throughout five consecutive cycles, surpassing the performance of previously reported LDH-based
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by applying density functional theory. This research presents a promising approach for developing

DOI: 10.1039/d3ta06840d advanced organic—inorganic hybrid materials with exceptional electrochemical and photocatalytic
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anions that aid in charge balancing. These anions, together
with water molecules, are accommodated between the layers of

1. Introduction

Layered double hydroxides (LDHs), versatile and environmen-
tally friendly materials, have gained significant attention in
research and applications, owing to their multifunctional
properties, which encompass their effectiveness as photo-
catalysts and their utility as corrosion-resistant coatings for
valuable metals, attributes that arise from their adjustable band
gap, exchangeable interlayer anions, substantial specific surface
area, and impressive adsorption capacity, making them
a promising choice for a wide range of eco-friendly solutions
and innovative technologies.'® LDHs are composed of divalent
metal ions (M>*) and trivalent metal ions (M*), as well as
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the LDH structure.”® The negatively charged anions residing in
these interlayers can be replaced by specific anionic corrosion
inhibitors, resulting in the formation of LDH films that incor-
porate these inhibitors."*** Extensive research has been con-
ducted in the field of corrosion protection, investigating
numerous inhibitors, such as 2-mercaptobenzothiazole," 8-
hydroxyquinoline,"® molybdate,"” benzoate,”® vanadate,”
aspartic acid,* and carboxylate anions.** For example, Jiang
et al'® reported the existence of a self-repairing ability
combined with active corrosion protection for the AZ31
magnesium alloy. They achieved this by enhancing the LDH
film, which had been intercalated with molybdate ions, through
the use of fluoroalkyl silane and the infusion of per-
fluoropolyether treatments. Zeng et al.>* created a nanoplatelet-
structured MgAl-MoO,>~ LDH coating, which effectively pre-
vented corrosion on the AZ31 alloy, demonstrating its
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promising potential for corrosion protection in practical
applications. In summary, the addition of corrosion inhibitor
anions into the LDH interlayer of magnesium alloys notably
enhances their corrosion resistance, marking a substantial
advancement in corrosion prevention.

On the other hand, plasma electrolytic oxidation (PEO) is an
emerging technique laying the groundwork for designing
inorganic layers, providing structural protection against corro-
sion* and wear,** and enabling diverse functional applications
such as in photocatalysis,” electrocatalysis,”® and biomedi-
cine.”” However, PEO can sometimes lead to porous coatings,
increasing vulnerability to corrosion in extreme environ-
ments.”® Despite its potential drawbacks in terms of corrosion
protection, porosity can actually be considered an advantageous
feature for catalytic activity, as its high porosity offers a signifi-
cant increase in surface area, promising enhanced catalytic
activation, efficient dye impregnation, and accelerated degra-
dation rates. Recently, there has been a considerable increase in
research focusing on merging LDH coatings with PEO coatings.
This method has gained interest because LDHs have great
stability in keeping a flake-like structure in their films as well as
the capacity to release corrosion inhibitors, as necessary.”
Numerous research groups have emphasized the potential use
of LDH films as efficient sealants for the porous structure
present in PEO coatings applied on lightweight metal alloys. For
instance, Kuznetsov and his team found that effectively growing
LDH films on an AA2024 aluminum alloy improved the alloy's
corrosion inhibition properties. This improvement was most
notable when they introduced vanadate anions into the LDH
film." Similarly, another group reported that the synthesis of
a Zn-Al LDH layer on the surface of the oxide layers consider-
ably increased the corrosion resistance of a 2024 aluminum
alloy.*® However, the presence of structural flaws in the LDH
film, positioned perpendicularly to the coating surface, creates
openings for corrosive substances to compromise both the
coating and the substrate beneath it. This indicates that
establishing a dependable and durable corrosion protection
system cannot be simply achieved by using an LDH layer.**

Ethylenediaminetetraacetic acid (EDTA) is indeed a widely
used chelating agent due to its versatile chemical properties and
its ability to form stable complexes with metal ions.** In recent
years, EDTA intercalated in LDH has been increasingly utilized
as a supplementary substance for treating wastewater with
heavy metal content and as a cleansing solution for remediating
soil contaminated by heavy metals, owing to its wealth of
functional groups, notably carboxyl and amino.**?* However,
the unexplored potential of using EDTA as a post-treatment
inside LDH galleries for corrosion inhibition and photo-
catalysis remains a fascinating path for future studies. This
study aims to investigate a novel technique wherein EDTA
anions are intercalated into MgAl LDH layers on a PEO-coated
AZ31 Mg alloy, aiming to create a multifunctional material
that facilitates both corrosion protection and photocatalytic
degradation of organic dyes. Herein, we conducted a compara-
tive analysis of surface modification techniques for MgAl LDH,
specifically using EDTA and the Zn-EDTA complex to determine
which method offers the most effective corrosion protection
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and photocatalytic degradation when subjected to a hydro-
thermal approach. The formation of the defective layer on the
AZ31 magnesium alloy is crucial in the production of the LDH-
EDTA complex, leading to the creation of hybrid organic-inor-
ganic composites with improved electrochemical properties.
The study's findings show that the incorporation of [EDTA]*~
anions into LDH galleries, favored at higher pH levels, leads to
the formation of smaller and denser hexagonal flakes. These
flakes uniformly cover the entire surface of the porous layer,
providing effective corrosion protection. On the other hand, at
lower pH values, the introduction of [Zn(EDTA)]>~ anion
complexes into the LDH layers leads to the dissolution of metals
originally present within the LDH layers, resulting in the
formation of defects. Interestingly, these defects can be
advantageous for photocatalytic activity as the increased
porosity resulting from these defects offers a larger surface area,
enhancing the potential for photocatalytic activation and
accelerating the degradation rate of substances. As a result,
LDH-EDTA-Zn specimens exhibit a modest reduction in their
corrosion prevention capabilities compared to LDH-EDTA.
However, they demonstrate a significant improvement in their
capacity for photocatalysis. Our research suggests an effective
strategy for achieving a harmonious balance between structural
and functional characteristics, involving moderate corrosion
inhibition alongside superior photocatalytic performance
through the surface modification of LDH. This makes it a suit-
able choice for widespread use in industrial applications. An in-
depth electrochemical study is presented, investigating the
corrosion protection and photocatalytic degradation mecha-
nisms for the prepared samples, complemented by a detailed
explanation of the interaction between the EDTA-Zn complex
and the LDH surface through DFT calculations.

2. Experimental methods
2.1 Fabrication of the inorganic defective layer

An AZ31 magnesium alloy with the following chemical compo-
sition served as the substrate: 3.2% Al, 0.8 wt% Zn, 0.4 wt% Mn,
0.1 wt% Sn, 0.01 wt% Si, 0.003% Fe, 0.002% Ni, 0.0001 wt% Cu,
and balanced Mg. The Mg alloy is cut into 20 x 20 x 3 mm?®
pieces, and the pieces are then polished with silicon abrasive
sheets of up to 2000 grit. The alloy is polished and then dried
after being cleaned with ethanol. A current density of 100 mA
em™” is delivered to the PEO coatings for 5 minutes at
a frequency of 60 Hz. A water bath maintained the room
temperature while the electrolyte used comprised 7 g per L KOH
and 4 g per L NaAlO,, consistently blended. The result is
designated as the PEO product.

2.2 Synthesis of Mg-Al LDH film

Using a conventional hydrothermal method, a PEO specimen is
coated with Mg-Al LDH. In 300 mL deionized water, 0.06 M
Mg(NO;)-6H,0 and 0.03 M Al(NO;)-9H,O are dissolved and
agitated for 30 minutes. To keep the pH at 10, 1 M NaOH was
gradually added. The PEO specimen is placed vertically in
a Teflon-lined hydrothermal container, and the solution is

This journal is © The Royal Society of Chemistry 2024
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heated for 12 hours at 125 °C. The LDH-coated specimen is
washed with deionized water and air-dried after cooling,
yielding the coated substance known as LDH.

2.3 Synthesis of LDH-EDTA and LDH-EDTA-Zn films

The LDH samples are put in a 100 mL aqueous solution con-
taining 0.1 M ethylenediaminetetraacetic acid (EDTA). The pH
of the solution is adjusted to 9 by adding 0.1 M NaOH. The
resulting solution is then put in a reactor and kept at
a temperature of 65 °C for 12 hours. Following a certain interval,
the acquired sample is thoroughly cleaned with ethanol and
allowed to air-dry at room temperature. The resultant substance
is identified as LDH-EDTA. The LDH-EDTA-Zn film is created
by dissolving 0.1 M EDTA in 100 mL of an aqueous solution,
referred to as solution A. Simultaneously, another 100 mL of an
aqueous solution is employed to dissolve 0.1 M Zn(NO3), - 2H,0,
denoted as solution B. Following this, with the assistance of
a magnetic stirrer, solution B is slowly added drop by drop to
solution A. Initially, the pH of the solution is set to 9 using
NaOH, but this does not lead to deposition on the LDH surface.
To achieve a uniform deposition on the LDH surface, the final
pH is carefully fine-tuned to 4. Following that, the produced
solution is placed in an autoclave and exposed to a temperature
of 65 °C for 12 hours. Thereafter, the resulting sample is care-
fully washed with ethanol and allowed to dry naturally at room
temperature.

2.4 Microstructural and compositional analysis

A scanning electron microscope (SEM-HITACHI, PT-S8200)
equipped with a dispersive X-ray spectroscopy (EDS) instru-
ment for elemental analysis is employed to evaluate the surface
and cross-sectional characteristics. X-ray diffraction (XRD)
patterns are obtained using a RIGAKU D-MAX 2500 apparatus to
evaluate chemical composition. The XRD scans had a step size
of 0.01° and a scanned cover range of 5 to 80°. The chemical
composition of the surfaces is thoroughly examined using X-ray
photoelectron spectroscopy (XPS) on a K-alpha” ESCALAB 220i
instrument. Furthermore, the samples' infrared spectra are
obtained via FTIR-ATR spectroscopy on PerkinElmer Spectrum
100 equipment, with wavenumbers ranging from 500 to
4000 cm ™.

2.5 Electrochemical evaluation

The electrochemical performance of the materials was evalu-
ated through a series of electrochemical assessments, including
potentiodynamic polarization (PDP) and electrochemical
impedance spectroscopy (EIS). A platinum (Pt) plate was
employed as the counter electrode, the sample with a 1 cm?
surface area served as the working electrode, and a silver/silver
chloride (Ag/AgCl) electrode acted as the reference electrode. To
stabilize the open circuit potential, the samples were immersed
in a 3.5% NacCl solution for 5 hours, followed by PDP testing in
which a voltage range of —250 mV to +400 mV was applied in
comparison to the open circuit potential (OCP) at a rate of 1 mV
s~'. In parallel, EIS measurements are taken across frequencies
ranging from 10° Hz to 0.1 Hz, using a sinusoidal voltage of 10
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mV rms. For data reliability, each test is conducted a minimum
of three times.

2.6 Photocatalytic evaluations

The photocatalytic properties of PEO, LDH, LDH-EDTA, and
LDH-EDTA-Zn samples are examined at room temperature by
their ability to degrade rhodamine B (RhB) molecules. The
samples (with a surface area of 400 mm?®) are immersed in
a 40 mL solution containing 20 mg L™" RhB during the exper-
iment. The mechanism of breakdown is initiated with the
addition of hydrogen peroxide (H,O,). Before exposing the
mixture to light, it is kept in the dark and stirred for 30 minutes.
This allowed the RhB molecules to establish an equilibrium
between being adsorbed onto and desorbed from the catalyst
surface. For photocatalytic degradation, a UV-light source (Ultra
Vitalux OSRAM lamp, 300 W) is utilized to illuminate the dye
within the glass beaker for 50 minutes, along with 0.2 mL of
H,0,. The absorbance peak intensities of the RhB solution are
assessed using a UV-vis spectrometer (Agilent Cary 5000) and a 2
mL RHB solution is collected every 10 minutes. The dye
degradation is estimated by reducing the absorbance peak
intensities of the individual dye solution. Each measurement is
reproduced at least 3 times under similar experimental
conditions to ensure reliability. The UV-vis absorbance is
measured across a wavelength range of 300 nm to 800 nm. The
band gap of the material is calculated using Tauc's plot
equation: ahy = A(h — Eg)". In this equation, « represents the
absorption coefficient, # is Planck's constant, » stands for the
light source frequency, A is the optical constant, and E, repre-
sents the optical band gap. For materials and spectra with direct
transmission mode, the value of 7 is set to 1/2.3¢

Furthermore, to investigate the initial reactive species
involved in the degradation of rhodamine by the advanced
catalyst LDH-EDTA-Zn, scavengers such as 10 mM isopropanol
(IPA) and 10 mM benzoquinone (BQ) are employed to capture
hydroxyl radicals (OH') and superoxide radicals (O,") in
rhodamine solution. Moreover, the stability and recyclability of
the premium photocatalyst for RhB degradation are assessed
through recycling investigations using the LDH-EDTA-Zn
catalyst with a consistent catalyst-to-dye ratio. The LDH-EDTA-
Zn specimens are subjected to five cycles throughout the study.
To ensure the avoidance of contamination, each specimen
undergoes thorough cleaning after each degradation phase,
involving the use of ethanol and deionized water, followed by
a drying stage.

2.7 Theoretical calculations

We conducted a comprehensive analysis of the EDTA-Zn com-
plex's structure using Gaussian 09 W, which involved geometry
optimization and computational investigations. For these
calculations, we utilized density functional theory (DFT) and the
widely used B3LYP functional developed by Becke, incorpo-
rating three parameters and Lee-Yang-Parr for accuracy.’”
Furthermore, in order to acquire a comprehensive under-
standing of the electronic attributes and bonding characteris-
tics inherent to the EDTA-Zn complex structure, a series of
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theoretical calculations are undertaken. These calculations
encompassed various key parameters such as the total density
of states (TDOS), projected densities of states (PDOS), molecular
electrostatic potential (MEP), and electron localization function
(ELF), as well as the reduced density gradient (RDG) and its
corresponding scatter plot. These computations are conducted
employing specialized software tools, namely multiwfn and
visual molecular dynamics (VMD).*® Materials Studio 2020 is
used to study the charge transfer behavior and adsorption
configuration of Zn-EDTA on Mg-Al LDH layers, employing the
DMOLS3 classical simulation engine. The LDH model is con-
structed with a 2 : 1 Mg : Al ratio, and Grimme's custom method
for dispersion-corrected density functional theory (DFT-D) was
applied. The simulation used the Perdew-Burke-Ernzerhof
(PBE) functional under the generalized gradient approximation
(GGA) with fine quality, based on the following points: (1) an
energy tolerance of 107° eV, (2) a displacement of 0.005 A, and
(3) a force of 0.05 eV A™*. The cut-off energy is determined to be
340 eV, along with 3 x 3 x 1 k-points geometric optimization.
The Gaussian smearing width is set to be 0.2 eV.

3. Results and discussion
3.1 Morphological analysis of the coating

Fig. 1 depicts the surface morphologies of the PEO, LDH, LDH-
EDTA, and LDH-EDTA-Zn samples, along with magnified
images and EDS analyses. Fig. 1(a) display a range of defects
and micro-pores on the surface of the PEO sample. A closer look
at the magnified image in Fig. 1(b) emphasizes these charac-
teristics even more. The imperfections and pores are an
immediate result of the discharge process's gas development,
combined with the strong intensity of the plasma during the
coating process.* Fig. 1(c) exhibit the EDS spectrum that iden-
tifies magnesium (Mg), aluminum (Al), and oxygen (O) as the
PEO coating's main components. Additionally, small amounts
of potassium (K) and sodium (Na) have been detected in the
coating. The comparatively weak signals in the spectrum
assigned to the elements Na and K indicate that these
substances are not major components of the PEO coating. A
PEO coating's surface includes numerous holes that allow
corrosive ions to slowly deteriorate the underlying substrate by
making their way through the coating and into the substrate. In
response to this concern, an LDH film is created using hydro-
thermal synthesis techniques, as shown in Fig. 1(d) and with
a more detailed view in Fig. 1(e). This film, which is made up of
linked hexagonal nanoflakes, provides a strong and effective
protective layer over the PEO-coated surface, serving as a reli-
able barrier against potential damage. The EDX analysis
demonstrated in Fig. 1(f) that the LDH coating is made up of
components including Mg, Al, O, and N. These components are
remarkably similar to those found in the PEO coating. Partic-
ularly, there is a higher presence of O, while the amounts of Mg
and Al are reduced. This could potentially be attributed to the
dissolution of the PEO coating at elevated temperatures. Addi-
tionally, a small quantity of nitrogen is detected, indicating the
inclusion of nitrate within the LDH layers. An obvious change in
the structure of the LDH-EDTA film has been seen after
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immersing the LDH film in an EDTA solution, as can be seen in
Fig. 1(g). Further inspection reveals that the LDH-EDTA film is
more closely packed and has thinner flakes than the LDH film,
as seen in the enlarged image in Fig. 1(f). This change in flake
size is attributed to fragmentation, a phenomenon occurring
during the initial rapid anion exchange stages.** The presence
of carbon relative to the main components (Mg, Al, and O) in the
EDS analysis of the LDH-EDTA film shown in Fig. 1(i) demon-
strates that the anion-exchange method used to successfully
intercalate EDTA anions into the interlayer galleries of the LDH
structure was effective. On the other hand, utilizing the Zn-
EDTA complex to alter LDH (creating the LDH-EDTA-Zn film)
has the dual effect of lowering the micro-pore dimensions
inside the LDH film as well as compacting the surface, which in
consequence reduced flake size (Fig. 1(j)). The magnified image
(Fig. 1(k)) revealed more compact surfaces of LDH flakes,
effectively filling the gaps between them. The strong and intri-
cate bond formed by [Zn(EDTA)]>", a complex of EDTA and
Zn>", played a vital role. This bond is established prior to the
intercalation process. Consequently, the nitrate anions present
in the initial LDH interlayer were exchanged with [Zn(EDTA)]>~
complexes from the solution.*® The LDH-EDTA-Zn EDS anal-
ysis shown in Fig. 1(1) indicated the identification of Zn and C
elements in addition to the major components. These results
explained the successful inclusion of a complex made of EDTA
and Zn*" into the layers of LDH, which caused a decrease in the
amounts of other major components.

The elemental mappings depicted in Fig. 2 illustrate the
distribution of elements on the surface of PEO, LDH, LDH-
EDTA, and LDH-EDTA-Zn respectively. The findings indicate
that both the underlying substrate and the electrolyte played
active roles in the plasma chemical oxidation events, enabling
the formation of these coatings. Fig. 2(a), which shows
a balanced distribution of all the different elements, clearly
displays the porous nature of the PEO film. After the deposition
and subsequent application of LDH, there is a substantial
increase in the concentrations of Mg, Al, and O, with only
minimal traces of nitrogen detected. However, as clearly shown
in Fig. 2(b), this LDH material efficiently covers up any pre-
existing flaws or imperfections in the first PEO coating. Upon
conducting surface treatment on LDH, the noticeable increase
in oxygen content was accompanied by the emergence of
additional C and Zn content, as depicted in Fig. 2(c) and (d).
These alterations played a highly effective role in sealing the
defects present in LDH flakes.

Fig. 3 presents a comprehensive view of the cross-sectional
images of all prepared samples, utilizing EDS layered images
and elemental analysis to provide a detailed understanding of
their microstructures and morphological characteristics. In
Fig. 3(a), we can observe the outstanding adhesion strength
between the PEO film and the AZ31 Mg alloy substrate, with
distinct inner compact and outer porous layers clearly evident.
The average thickness of the PEO film, measured at four
different points, is 3.36 = 0.1 pm. The porous structure within
the PEO film, represented by the circles in the image, is the
result of a series of plasma discharges that create an inter-
connected network of imperfections within the film. The

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Layered images and elemental mapping on the surface of (a) PEO, (b) LDH, (c) LDH-Zn and (d) LDH-EDTA-Zn, respectively. Elements
such as O, Mg, AL, C, N, Na, K, and Zn are identified throughout the entire surface. The scale bar for the layered image of all samples is 5 um.

a transformation towards increased density and compactness
due to the substitution of NO,~ anions with EDTA*~ within the
LDH galleries. This observation corresponds with the results
obtained from the analysis of surface morphology, as depicted
in Fig. 1(g). The EDS analysis performed on LDH-EDTA, as
illustrated in Fig. 3(f), revealed a significant reduction in the
levels of Mg, Al, and O elements. This reduction is a result of the
hydrothermal process and the dissolution of the coating. In
contrast, the carbon content is found to be the highest among
all the elements. This observation suggests that EDTA has been
successfully integrated into the LDH layers, leading to a denser
and more compact surface. This layer not only improves the
stability of the coating but also enhances its corrosion resis-
tance. The EDS analysis depicted in Fig. 3(h) for LDH-EDTA-Zn
indicates a notably higher carbon content when compared to
the LDH-EDTA samples. In the comparison between LDH-
EDTA and LDH-EDTA-Zn, it becomes evident that the cross-
sectional structure of LDH-EDTA-Zn, as shown in Fig. 3(g),
exhibits a denser configuration. This denseness is characterized
by a higher concentration of [Zn(EDTA)]*” ions intercalated
within the LDH galleries, as supported by the elevated carbon
content identified in the EDS analysis. Furthermore, there is an
observable thin and irregular topmost layer of EDTA-Zn,
contributing to an overall augmentation in the coating thick-
ness to approximately 4.66 £+ 0.1 um. This difference is attrib-
utable to the strong chelation ability of Zn** ions with EDTA
molecules, leading to the creation of a more stable and long-

3416 | J Mater. Chem. A, 2024, 12, 3411-3433

lasting coating.*** Consequently, this coating may effectively
impede the infiltration of corrosive ions, enhancing its corro-
sion resistance properties.

3.2 Compositional analysis of the coating

Fig. 4(a) illustrates the XRD patterns of PEO, LDH, LDH-EDTA,
and LDH-EDTA-Zn across an angle range of 5-80° (26), which
are used to analyze and determine the structural compositions
of each compound. The execution of a PEO film growth tech-
nique on an AZ31 Mg alloy substrate, facilitated by an aluminate
electrolyte solution, yielded multiple peaks indicative of various
magnesium compounds, including magnesium (Mg) (JCPDS:
00-035-0821), magnesium oxide (MgO) (JCPDS: 00-045-0946),
and magnesium aluminate (MgAl,O,) (JCPDS: 00-033-0853).
The recognition of Mg peaks correlates with X-rays penetrating
into the porous layer and exposing the underlying AZ31 Mg alloy
substrate. The formation of MgO is caused by the outward
migration of Mg”" ions from the substrate into micro-discharge
channels, which is accompanied by the simultaneous inward
migration of O, from the electrolyte into these finely struc-
tured micro-discharge channels (eqn (1)):

Mg + 0> — MgO (1)

Similarly, the negatively charged AlO, " ions formed by the
hydrolysis of NaAlO, are attracted to the anode and interact

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3ta06840d

Published on 11 January 2024. Downloaded on 4/10/2025 11:16:34 AM.

Paper

Journal of Materials Chemistry A

. Map Sum Spectrum

View Article Online

Element Atomic %

0 52.59

Na 0.20

Mg 35.44

T, : Al 11.77

s g 11 K 0.00
----------- P e ' 100.00

Inner layer
Substrate 2,

Element

. Map Sum Spectrum

Atomic %

N 0.00
0 64.58
Na 0.35
Mg 25.16
Al 9.91

0.00

100.00

. Map Sum Spectrum

Atomic %
C 35.27
N 2.77
O 50.75
Na 0.00
Mg 10.48
_____________ Al 0.73
Nomommsoepmm=STRTE 0.00
100.00

B Mo Sum Spectrum

Atomic %

Top layer

C 71.53

o -————

A N 0.00
&y e G 0 2498
- - ’

- = Na 0.06

Mg 263

Compact layer : 466U Ay Al 0.70
: K 0.01

Zn 0.09

——,

N - -

Substrate -

100.00
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coating.
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Fig.4 Compositional analysis of PEO, LDH, LDH-EDTA, and LDH-EDTA-Zn. (a) XRD patterns for all the samples are obtained by scanning in the
range of 5 to 80° using a Cu Ka radiation source. (b) XRD patterns of three different samples, namely LDH, LDH-EDTA, and LDH-EDTA-Zn, are
obtained by scanning in the range of 5 to 30° respectively. (c) FT-IR spectra covering the wavelength range of 4000-650 cm™? for all samples.
XPS spectra of (d and e) the PEO film for Mg(1s) and O(1s), (f) LDH film for Al(2p), (g and h) LDH-EDTA film for C(1s) and N(1s), and (i) LDH-EDTA-

Zn film for Zn(2p).

with surrounding positively charged Mg>" ions to create
magnesium aluminate spinel (eqn (2)):

Mg** + 2A10,” - MgALO, (2)

The precise identification of distinct and well-defined
reflections aligned precisely with the (003), (110), (006), (015),
and (113) crystallographic planes, as defined in the JCPDS 00-
048-0601 and 00-035-0964 databases, serves as strong support
for the successful intercalation of LDH within the PEO coatings.
The observed interlayer spacings of 0.787 nm, 0.486 nm,
0.401 nm, 0.249 nm, and 0.180 nm (using Bragg's law (2d sin § =
mA)) at angles of about 11.3°, 18.5°, 22.6°, 38.2°, and 58.6° offer
convincing evidence for the effective development of LDH and
are consistent with observations in the literature.**** In

3418 | J Mater. Chem. A, 2024, 12, 3411-3433

Fig. 4(b), a focused scan range of 5° to 30° is employed to
enhance the resolution of XRD patterns for crystal planes (003),
(006), and (110). Within this limited range, three distinct peaks
are clearly visible at approximately 11.3°, 18.5°, and 22.6°, cor-
responding to the indicated LDH crystal planes. The XRD
patterns for (003), (006), and (110) in the LDH-EDTA film dis-
played a considerable shift towards lower angles, about 10.8°,
18.2°, and 22.4° (26), respectively. These changes revealed an
increase in interlayer distances, with approximate values of
0.82, 0.49, and 0.404 nm. This growth is caused by the addition
of EDTA anions, which have greater dimensions than the NO;™~
found in the LDH structure. These findings align with prior
research reported in the existing literature.*** The XRD
patterns for the (003), (006), and (110) peaks for the LDH-
EDTA-Zn showed similar shifts, suggesting a reduction in their

This journal is © The Royal Society of Chemistry 2024
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angles of around 10.8°, 18.2°, and 22.4° (26), respectively. The
observed modifications in XRD patterns are attributed to the
crystal growth shift caused by the addition of [Zn(EDTA)]*~
anions, which have larger dimensions than the NO;  ions
present in the LDH structure.

In Fig. 4(c), the FT-IR analysis provides a comprehensive
insight into the chemical bonds and functional groups present
in the prepared samples, allowing for a detailed understanding
of their composition. The investigation revealed a large
absorption band in the Mg-Al LDH film at 3550 cm™" and
3660 cm™', which is ascribed to O-H and H-O-H bond
stretching vibrations. The presence of water molecules making
hydrogen bonds with nitrate ions in the LDH interlayer is
revealed by this band's broad and extended structure.*® The
band at approximately 1380 ¢cm™' is associated with the
stretching vibration of NO; .** The lower-frequency bands
noticed at around 900 cm " are caused by lattice vibrations and
can be ascribed to the (M—O) and (M-O-M) modes, respec-
tively.*® The FT-IR spectra of LDH-EDTA suggest strong peaks at
1630 cm ', which correspond to the asymmetric vibrations of
carboxylate (COO™) groups. Furthermore, the less pronounced
peaks at 2920 cm ™' and 1466 cm ™' can be ascribed to the
existence of C-H and C-N groups, respectively.*>** The LDH-
EDTA-Zn spectra display distinct bands similar to those
observed in LDH-EDTA, confirming the presence of
[Zn(EDTA)]*~ anions inside the LDH layer.

Furthermore, XPS analysis is used to determine the chem-
ical states of the prepared specimens, as indicated in
Fig. 4(d)-(i). We observed three distinct peaks with binding
energies of ~1303.18 eV, ~1303.98 eV, and ~1304.08 eV, when
we deconvoluted the Mg(1s) spectra for the PEO sample in
Fig. 4(d). These peaks are attributed to the presence of Mg,
MgAl,0,, and MgO inside the sample.”> Fig. 4(e) displays
a prominent peak in the PEO sample's O(1s) spectra at
~531.28 eV, primarily attributed to the presence of oxygen in
the MgAl,0, form.*® Additionally, there is another evident
peak with a binding energy at ~530.38 eV, indicative of the
presence of MgO.** Fig. 4(f) shows two strong peaks in the
Al(2p) spectra at about 73.88 and 74.48 eV, indicating the
presence of Al-O and Al-OH in the LDH film.”® The C(1s)
binding energy peaks in the LDH-EDTA spectrum demon-
strated in Fig. 4(g) are consistent with specific chemical bonds
and functional groups, including C-C at ~284.6 eV, C-N at
~285.5 eV, C-O-C at ~286.2 eV, N-C=0 at ~287.0 eV, and O-
C=0 at ~288.9 eV respectively.”**” Moreover, Fig. 4(h) reveals
the presence of nitrogen-binding energy peaks, particularly
those associated with primary, secondary, and tertiary amine
groups, with values at ~399.2, ~400.3, and ~401.7 eV,
respectively which supports the effective functionalization of
EDTA onto LDH.*® The strong spin-orbit coupling is evident in
Fig. 4(i), where the Zn(2p) signal splits into two symmetrical
peaks, Zn(2pszs,) and Zn(2p,.,), at ~1021 eV and ~1044 eV,
respectively, with a spin-orbit splitting value of 23 eV, closely
matching the findings for Zn** bound within the EDTA
matrix.*® The other peaks for PEO and LDH samples are shown
in Fig. S1.7

This journal is © The Royal Society of Chemistry 2024
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3.3 Electrochemical performance

Fig. 5(a) presents the results of PDP assessments performed on
arange of samples, including PEO, LDH, LDH-EDTA, and LDH-
EDTA-Zn, all of which were exposed to a 3.5 wt% NaCl solution.
The PDP curve for the AZ31 Mg alloy substrate is presented in
Fig. S2.T The polarization resistance of all prepared samples is
calculated using the Stern-Geary formula (eqn (3)):w

Bab.

T ©)

here (3, represents the anodic Tafel constant, while 8. represents
the cathodic Tafel constant. The corrosion potential (E.,,) and
corrosion current density (I.o) are calculated from the PDP
curves using the Tafel method, and these results are shown in
Table 1. It is critical to note that a high E,,, value and a low I o,
value in the tested sample reflect the coating's extraordinary
ability to resist corrosion.® Based on prior studies, PEO samples
have the greatest I+ and the lowest E..,, suggesting a greater
susceptibility to corrosion. However, after applying post-
treatments with LDH, LDH-EDTA, and LDH-EDTA-Zn, we
found a considerable decrease in I.,,. Among all devised
samples, LDH-EDTA and LDH-EDTA-Zn have the lowest I o
values and the highest E.,, values, suggesting the most efficient
corrosion prevention. It's important to highlight that the I,
values for LDH-EDTA-Zn and LDH-EDTA are quite similar,
indicating a high degree of corrosion resistance in both cases.
However, there is a slight decrease in the E.,, value observed for
LDH-EDTA-Zn. This decline in E.,, could be attributed to the
presence of the [Zn(EDTA)]>~ anion complex, which has the
potential to dissolve some of the existing divalent metal ions
within the LDH structure. Consequently, this may result in
a slightly reduced stability when compared to LDH-EDTA.* The
improved corrosion resistance found in the LDH-EDTA and
LDH-EDTA-Zn samples is due to the efficient sealing of micro-
pores and the formation of metal complexes that function as
corrosion inhibitors. The poor performance of the PEO sample,
on the other hand, is owing to its larger porosity, weaker
stability, and less durability.

To achieve a comprehensive grasp of the electrochemical
characteristics displayed by the prepared samples, we per-
formed electrochemical impedance spectroscopy (EIS) experi-
ments utilizing a solution comprising 3.5 wt% of NaCl. Fig. 5(b)
depicts Nyquist plots of the PEO, LDH, LDH-EDTA, and LDH-
EDTA-Zn samples. The EIS curves for the PEO and LDH
samples are too small to be visible, so we've included inset
images of both samples to enhance their visibility. In this
analysis, the diameter of the capacitive loop is more significant,
as it is directly tied to the magnitude of the material's capacitive
reactance. A larger capacitive loop diameter indicates higher
capacitance and a lower corrosion rate, while a smaller diam-
eter suggests lower capacitance and a higher corrosion rate.*
The Nyquist plots and polarization curves coincide, confirming
that the LDH-EDTA and LDH-EDTA-Zn samples have the
greatest impedance values. This is evident from the greater
semicircle diameter and the greatest surface area under the
curve, both of which imply superior corrosion resistance. In
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(a—d) PDP and EIS results for PEO, LDH, LDH-EDTA, and LDH-EDTA-Zn samples immersed in 3.5% NaCl solution for 5 hours: (a) PDP

curves, (b) Nyquist plots with inset magnified plots for PEO and LDH samples, (c) impedance plots, and (d) phase plots, respectively. The proposed
fitted circuit model (e) for PEO and (f) for LDH, LDH-EDTA, and LDH-EDTA-Zn samples, respectively.

Table 1 The potentiodynamic polarization test results for PEO, LDH,

LDH-EDTA, and LDH-EDTA-Zn films formed on AZ31 in 3.5% NaCl

solution

Film Eecorr (V) Iorr (A cm™?) Ba (V dec™) —Bc (Vdec™) R, (Q cm?)
PEO —1.52 7.3 x 1077 150 x 103 153.1 x 10° 4.5 x 10*
LDH —1.32 1.35 x 1077 540.8 x 10 663.8 x 1077 9.5 x 10°
LDH-EDTA —0.70 2.64 x 107° 589.8 x 10 363.5 x 107 6.76 x 107
LDH-EDTA-Zn —0.56 2.12 x 107° 549.6 x 10 338.2 x 10° 2.73 x 10’

contrast, the PEO sample has the lowest corrosion resistance, as
shown by its smaller semicircle diameter and lower impedance
value. These findings underscore the effectiveness of LDH-
EDTA and LDH-EDTA-Zn in effectively inhibiting the penetra-
tion of corrosive agents, making them excellent choices for
corrosion prevention.

3420 | J Mater. Chem. A, 2024, 12, 3411-3433

The corresponding Bode plots for PEO, LDH, LDH-EDTA,
and LDH-EDTA-Zn are provided in Fig. 5(c) and (d), where the
absolute impedance |Z| values and their phase angles (6) are
shown as functions of frequency (f), respectively. The magni-
tude of low-frequency impedance (|Z]) is frequently employed to
represent the total resistance of the protective coatings.®>*® The

This journal is © The Royal Society of Chemistry 2024
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impedance value of the post treated films showed a significant
increase after applying the sealing treatment to the PEO layer.
In particular, the |Z|o1p, values for the LDH-EDTA and LDH-
EDTA-Zn samples are around two orders of magnitude greater
than that of the PEO sample. Additionally, it should be noted
that the PEO sample had an impedance value that is around one
order of magnitude lower than that of the LDH sample. The
high-frequency range is indicative of the dielectric properties
exhibited by the outer coating layer, whereas the lower-
frequency range is associated with the attributes of the inner
layer.** The phase angle Bode plot indicates two distinct time
constants for outer and inner layers. Notably, the LDH-EDTA
and LDH-EDTA-Zn samples exhibit a peak phase angle at
10° Hz, higher than that of LDH and PEO samples. This
suggests improved corrosion resistance due to challenges in ion
migration during corrosion tests.

To evaluate and compare the electrochemical characteristics
of the specimens systematically and thoroughly, the impedance
data obtained from EIS are analyzed by fitting it to a specialized
equivalent circuit model designed for both the PEO-coated and
post-treated samples, as illustrated in Fig. 5(e) and (f). The
circuit model depicted in Fig. 5(e) is employed for fitting PEO,
whereas the circuit model shown in Fig. 5(f) is utilized to
simulate the EIS results for LDH, LDH-EDTA, and LDH-EDTA-
Zn samples, respectively. In both circuit models, the variables
Rs, R,, and R; are employed in both circuit configurations to
represent the resistance levels of the solution, outer layer, and
inner layer, respectively, while CPE, and CPE; denote the cor-
responding constant phase elements for the outer and inner
layers. For the LDH, LDH-EDTA, and LDH-EDTA-Zn samples,
an additional set of parameters, namely R, and CPEy, are
introduced into the circuit model. These parameters are intro-
duced to better describe the effectiveness of the sealing treat-
ment and to optimize the fitting of the data. The absence of
significant influence from the diffusion of C1~ ions in the post-
treated layer allowed the model presented in Fig. 5(f) to achieve
the best fit with a low chi-squared value, without requiring
a Warburg element (W) in series with R;. Detailed results of this
fitting process are provided in Table 2. When the three time
constants of the equivalent circuit significantly overlap, it
becomes challenging to distinguish them in the impedance
spectra.®® It's worth noting that within PEO coatings, the R;
values exceeded their corresponding R, values, which is attrib-
uted to the dense and flawless morphology of the inner layer, in
contrast to the more porous structure of the outer layer. The
total resistance (R,) within a complex coating is determined by

View Article Online
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the summation of individual resistances, including R, Ro, and
Rjin. Upon examining the total resistance across all the prepared
samples, it becomes evident that LDH-EDTA exhibits
a marginally higher value at 6.59 x 10" Q cm?, while LDH-
EDTA-Zn registers a slightly lower value at 4.95 x 10’ Q cm”.
This implies that the [Zn(EDTA)]>” anion complex might
dissolve some of the divalent metals present in the LDH
galleries.®® It is also worth noting that the aforementioned
resistance values are greater than those of PEO and LDH. This
clearly demonstrates the sealing materials' superior chemical
stability and durability.

3.4 Photocatalytic performance

Rhodamine B (RhB), a water-soluble cationic dye with potential
toxicity and carcinogenicity, remains relatively stable in waste-
water, accumulates in organisms, and can cause irritation to the
respiratory tract, eyes, and human skin.®”*® Hence, in addition
to improving the corrosion resistance of coatings used on
industrial equipment, there is also significant interest in
understanding the photocatalytic characteristics of these coat-
ings. This interest arises because the coated products will be
deployed in industries where organic dyes are employed. The
photocatalytic performance of PEO, LDH, LDH-EDTA, and
LDH-EDTA-Zn samples has been evaluated using the degra-
dation of RhB dye as a model. In Fig. 6(a)-(d), a clear peak
associated with RhB, usually found at around 550 nm, is
observed, exhibiting a gradual decline in intensity with pro-
longed exposure time.”” This diminishing peak intensity
signifies the ongoing degradation of the RhB dye caused by the
photocatalytic materials undergoing evaluation. The peak at
0 minutes is a baseline test for evaluating the UV-visible
absorbance of the produced RhB solution prior to photo-
catalytic treatment. The RhB solution is subjected to treatment
at different time intervals of up to 50 minutes. Since each of the
prepared samples exhibited photocatalytic behavior, they facil-
itated the decolorization of the RhB solution within varying
periods. Specifically, PEO has taken 50 minutes for decoloriza-
tion, LDH achieved it in 35 minutes, LDH-EDTA reduced the
time to 30 minutes, and LDH-EDTA-Zn demonstrated the
fastest decolorization, accomplishing it in just 25 minutes. The
degradation efficiency (n) of RhB is calculated as (eqn (4)):

n= "% 100% 4)

o

where q, is the initial intensity of RhB and «; is the intensity at
a certain time during the photocatalytic process. Fig. 6(e)

Table 2 Results of EIS fitting of PEO, LDH, LDH-EDTA, and LDH-EDTA-Zn samples at an immersion time of 5 h in 3.5% NaCl solution

CPEop CPE, CPE;
Sample Yeop (S 8" em™? Nop  Reop (Qem®) Y, (Ss"em™) 1, Ry (Qcm?) Y, (Ss”"em™?) n R (Qcem?) x*(x107%)
PEO — — — 1.88 x 1077 0.88 3.04 x 10* 2.95 x 107> 0.38  4.69 x 10° 2.79
LDH 6.08 x 107 0.92 3.10 x10* 3.25 x 1078 0.71 3.49 x 10* 8.50 x 10~ 0.61 1.61 x 10° 3.80
LDH-EDTA 1.92 x 10~ 0.97 5.80 x10* 3.14 x 107° 0.69 6.83 x 10° 1.96 x 10~/ 0.58 6.52 x 107 3.51
LDH-EDTA-Zn 1.91 x 10~ *° 0.99 4.96 x10* 4.02 x 107° 0.64 4.24 x 10° 3.80 x 10~ 0.43 453 x 10" 3.29

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 UV-vis absorbance spectra displaying the photocatalytic activity of (a) PEO, (b) LDH, (c) LDH-EDTA, and (d) LDH-EDTA-Zn, at different
time periods up to 50 minutes for degradation of organic dye rhodamine B. (e) Photocatalytic degradation efficiencies of RhB dyes with all
prepared samples. (f) Determination of the energy band for the best catalyst (LDH-EDTA-Zn) which displayed a narrow energy gap of around
3.3eV.

depicts the variation in photocatalytic degradation efficiency treatment. It is noteworthy that the LDH-EDTA-Zn photo-
between the four samples. Notably, there is a significant catalyst demonstrated remarkable efficiency in rapidly degrad-
difference in photocatalytic efficiency before and after post- ing the dye, achieving an impressive 99.7% removal within just
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25 minutes. In comparison, LDH-EDTA exhibited a substantial
degradation rate of 99.5% within 30 minutes, while LDH alone
reached 99.1% within 35 minutes. PEO, although effective,
showed a slightly lower degradation rate of 96.6% within 50
minutes. Conversely, the solution without any catalyst (blank)
displayed minimal degradation, with only a 5% removal after 50
minutes, highlighting the challenging degradation of rhoda-
mine B dye in the absence of a catalyst. The corresponding UV-
vis absorption spectra for the blank solution (without catalyst)
are shown in Fig. S3.f In a direct comparison of all samples
within a 25 minutes duration, LDH-EDTA-Zn demonstrated the
highest degradation efficiency, boasting an exceptional 99.7%.
In contrast, EDTA achieved a degradation rate of 95.4%, LDH
reached 83%, and PEO lagged behind at 75%. The evaluation of
optical characteristics, particularly bandgap measurements, is
an essential method for establishing the exact light wavelengths
necessary for the photocatalytic degradation of dye molecules.
Fig. 6(f) exhibit the bandgap plot for the LDH-EDTA-Zn cata-
lyst. The remarkably narrow bandgap value of 3.3 eV, as well as
high absorption edge values around 550 nm and the presence of
compact, densely packed LDH flakes with reduced sizes,
completely demonstrate the superior photocatalytic activity of
LDH-EDTA-Zn when compared to the other prepared
catalysts.

To assess the adsorption capabilities of our premier catalyst
LDH-EDTA-Zn for dye molecules under varying conditions, we
conducted UV-vis absorbance measurements in both dark and
visible light conditions. The absorbance spectra under visible
light conditions are depicted in Fig. 6(d), while the absorbance
spectra for dark conditions can be found in Fig. S4(a).T Notably,
the photocatalytic degradation under visible light is substantial,
reaching 99.7% within the first 25 minutes. In contrast, under
dark conditions, the degradation is notably limited, with only
a 4% reduction observed as shown in Fig. S4(b).T This obser-
vation underscores the challenging nature of degrading
Rhodamine B dye in the absence of light.
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Furthermore, to examine the role of H,O, in the photo-
catalytic degradation process, we conducted a comparative
analysis of the photocatalytic degradation efficiencies using the
best catalyst LDH-EDTA-Zn with and without the addition of
H,0,, as detailed in Fig. S5.1 The UV-vis absorbance spectra in
the absence of H,0, for LDH-EDTA-Zn are illustrated in
Fig. S5(a).t These spectra indicate that, during the first 10
minutes, the degradation rate is relatively low at around 23%.
However, in the presence of H,0,, the degradation efficiency
after 10 minutes is notably higher at 61%. Similarly, the pho-
tocatalytic degradation efficiencies, as depicted in Fig. S5(b),T
indicate that after 25 minutes, the LDH-EDTA-Zn sample
without H,0, exhibited a degradation efficiency of 99.3%, while
in the presence of H,0,, it reached 99.7%. This suggests that
H,0, does not significantly affect the overall degradation effi-
ciencies; however, it does accelerate the initial stages of the
photocatalytic degradation process.

3.5 Scavenger studies and recyclability of photocatalysts

To enhance our comprehension of the role played by oxidizing
species in the photocatalytic degradation process, we conducted
scavenger studies aimed at capturing oxidants like OH" radicals
and O," radicals. Benzoquinone (BQ) was employed as a scav-
enger to trap O," radicals, while isopropanol (IPA) was utilized
to capture OH" radicals, respectively.””* The UV-vis absorption
spectra for rhodamine degradation in the presence of IPA and
BQ are illustrated in Fig. S6(a) and (b), T respectively. In Fig. 7(a),
the photocatalytic degradation efficiency of the rhodamine B
solution reached 99.7% in the absence of a scavenger. However,
when IPA is introduced, the efficiency drops to 56.3%, and with
the addition of BQ, it further diminishes to 50.6%. The decline
from 99.7% to 56.3% with IPA suggests its effective trapping of
OH'" radicals, while the reduction to 50% with BQ points to the
substantial trapping of O, radicals. According to the results
mentioned above, it can be inferred that all active species
played a role in the photocatalytic decomposition of RhB, with
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O," radicals exerting a greater influence compared to OH" decreasing from 98% to 76% upon the addition of isopropanol
radicals. According to Wu et al,*” their report highlights (IPA). This observation underscores the significant involvement
a reduction in the degradation efficiency of rhodamine, of OH® radicals as the most active species in the photocatalytic

n t\»

’\;f& J’«

Fig. 8 Surface morphologies observed after photocatalysis for different samples: (a) PEO, (c) LDH, (e) LDH-EDTA, and (g) LDH-EDTA-Zn.
Corresponding magnified images for each sample are presented in figures (b), (d), (f), and (h), respectively.
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process. Similarly, in another report,” the degradation rate of
RhB witnessed a substantial reduction from 99.8% to 41.5%
and 43.8% upon the addition of BQ. This suggests that O,"
radicals played crucial and noteworthy roles in the photo-
degradation process of rhodamine. These reports align closely
with our findings, indicating that the primary agents respon-
sible for the degradation of rhodamine are OH' and O,
radicals.

The stability and recyclability of a catalyst are important
factors when considering a photocatalyst for RhB degradation.
In this context, recycling investigations are conducted with the
LDH-EDTA-Zn catalyst, maintaining a consistent catalyst-to-
dye ratio. Throughout this study, the LDH-EDTA-Zn speci-
mens are employed for five cycles. To avoid contamination,
each specimen is carefully cleaned after each degrading phase
using ethanol and deionized water, followed by a drying stage.
Fig. S7(a)-(e)f demonstrate the photocatalytic activity of the
LDH-EDTA-Zn catalyst during all five cycles of RhB dye degra-
dation in the presence of visible light. As shown in the figures,
there is a notable and quick reduction in the RhB absorption
spectra under visible light irradiation within 25 minutes for
each cycle. When compared to other systems, this clearly
displays the catalyst's remarkable photocatalytic efficiency. In
Fig. 7(b), the chart depicts the degradation efficiencies across
five consecutive cycles. Initially, in the first cycle, the photo-
catalytic efficiency was an impressive 99.7%. Subsequently, in
the second cycle, it exhibited a minor decline to 98.46%. This
decrease continued, with values reaching 97.7% in the third
cycle, 97.15% in the fourth cycle, and stabilizing at 95.4% after
the fifth cycle. Notably, even after five cycles, this efficiency
remained superior to the degradation achieved by LDH and
PEO methods. These findings highlight the LDH-EDTA-Zn
composite's extraordinary potential as a catalyst, which is
characterized by high photocatalytic activity, stability, and
reusability.

To assess the stability of the coating following photocatalytic
degradation, the surface morphologies of all prepared samples
are depicted in Fig. 8. The extensive presence of micropores and
defects across a range of scales on the surface of PEO led to its
pronounced degradation post-photocatalysis, as depicted in
Fig. 8(a). The magnified image (Fig. 8(b)) corresponding to the
high degradation of PEO demonstrates extensive surface
destruction, resulting in the formation of bulges and indicating
diminished stability and durability of the inorganic coating.
While the surface morphology of LDH in Fig. §(c) suggests good
stability with minimal degradation as compared to PEO,
a closer look at the magnified image in Fig. 8(d) reveals the
dissolution and merging of LDH flakes, indicating potential
structural alterations. Concerning the LDH-EDTA sample
depicted in Fig. 8(e), it demonstrates minimal degradation,
displaying the highest surface stability. Moreover, the magni-
fied image (Fig. 8(f)) reveals that LDH flakes are not effectively
dissolved, indicating a high level of stability, consistent with the
results obtained from EIS as mentioned above. Following five
cycles, the surface morphology of our premium catalyst, LDH-
EDTA-Zn, displayed in Fig. 8(g), reveals increased degradation
compared to LDH-EDTA. Upon closer inspection of the

This journal is © The Royal Society of Chemistry 2024
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magnified image (Fig. 8(h)), the dissolution of LDH flakes is
evident, contributing to a rise in surface porosity. The findings
emphasize the impressive stability of LDH-EDTA, highlighting
its potential for practical applications as a highly effective
anticorrosive material. The observed degradation in LDH-
EDTA-Zn not only highlights its effectiveness in photocatalytic
degradation but also suggests superior photocatalytic perfor-
mance, particularly evidenced by the highest degradation
observed after five cycles.

As the integration of CO,*” into LDH galleries post-
photocatalysis is feasible, we performed FTIR analyses on the
LDH, LDH-EDTA, and LDH-EDTA-Zn samples, as illustrated in
Fig. S8.1 The results revealed a distinct absorption band at
~3550 cm™ ', which is attributed to the stretching vibrations of
O-H bonds related to LDH. Additionally, evident peaks at
~1630 cm " and ~1496 cm ' are identified, indicating the
asymmetric vibrations of carboxylate (COO™) groups and the
symmetric bending of NH;". These findings suggest the depo-
sition of rhodamine on the LDH surface.” Importantly, the
absence of a discernible peak associated with CO;>", typically
found around ~1380 cm ™", is notable in the spectrum, indi-
cating that carbonate anions are not intercalated after
photocatalysis.

3.6 Theoretical calculations

The DFT method is used to study how EDTA-Zn molecules
interact with the Mg-Al LDH surface. It also examined charge
transfer behavior and various properties of the molecular
network formed by EDTA-Zn monomers and dimers as shown
in Fig. 9. This analysis includes visualizing HOMO and LUMO
states, assessing DOS, PDOS, ELF, MEP, and RDG for both the
individual EDTA-Zn monomer and dimer structures. In
Fig. 9(a), both the monomer and dimer forms of Zn-EDTA
exhibit a significant HOMO-LUMO region centered around the
EDTA molecules. Theoretical calculations reveal a smaller
energy gap in the dimer (4.24 eV), indicating a higher degree of
EDTA-Zn incorporation and consequently more reactive mole-
cules available for interaction with the LDH surface.” These
findings are further explained by the TDOS visualization in
Fig. 9(b), where the region of zero DOS (approximately —5.0 eV)
is noticeably reduced in the dimer (depicted by the black line) in
comparison to the monomer (represented by the red line). The
presence of this region implies a lack of available electronic
states for electrons to occupy. Therefore, a smaller gap signifies
a greater reactivity of the molecules. Furthermore, the PDOS
(partial density of states) for each EDTA-Zn monomer (Zn in
yellow, EDTA in blue) and dimer (Zn in green, EDTA in purple)
is visualized. Notably, there is a discernible shift towards posi-
tive energy values in the PDOS of Zn upon transformation from
the monomer to the dimer. The ELF map in Fig. 9(c) visually
represents the electron density distribution in the molecule,
with colors in the map representing ELF values from 0.0 to 1.0.
High ELF values (1.0) indicate localized bonding and non-
bonding electron regions, while lower values (<0.5) represent
delocalized electron regions. High ELF regions around
hydrogen atoms show localized bonding and non-bonding
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Fig. 9 Electronic structure analysis of the EDTA-Zn monomer and dimer. (a) The HOMO and LUMO visualization. (b) Density of states (DOS)
distribution, (c) ELF visualization, and (d and e) RDG visualization and scatter plot for the EDTA-Zn monomer, respectively. (f) MEP visualization
for both the monomer and dimer. (g—i) The ELF visualization, RDG visualization, and scatter plot for the EDTA-Zn dimer, respectively.

electrons, while blue regions around carbon, nitrogen and
oxygen atoms indicate delocalized electron clouds. The RDG
method is a valuable tool for understanding intermolecular
interactions, especially the bonding mechanism between Zn-
EDTA molecules in Fig. 9(d). This method employs a color-
coded scheme on its isosurface, where green indicates weak
van der Waals attractive interactions, blue represents strong
attractive interactions, and red corresponds to steric repulsion.
In our particular case, after the incorporation of Zn into the
EDTA molecule, it becomes apparent that Zn forms strong
attractive interactions with nearby nitrogen and oxygen atoms,
evident from the blue regions surrounding Zn in the EDTA-Zn
monomer. Simultaneously, a noticeable increase in steric
effects is observed, primarily originating from the deformation
of the benzene rings when Zn is integrated into the EDTA
molecule. In Fig. 9(e), the RDG scatter plot shows RDG S plotted
against the sign of 1,(p) for the EDTA-Zn monomer. Sign A,(p)
corresponds to the second eigenvalue of the electron density
Hessian matrix. The purpose of incorporating sign A,(p) is to
distinguish interactions as either attractive or repulsive. To be

3426 | J Mater. Chem. A, 2024, 12, 3411-3433

specific, a sign A,(p) value less than 0 denotes an attractive
interaction, such as a hydrogen bond, while a sign 1,(p) value
greater than 0 signifies a repulsive interaction, like a steric
effect. The EDTA-Zn monomer and dimer are analyzed for their
charge distribution and identification of potential electrophilic
and nucleophilic sites using MEP, as depicted in Fig. 9(e). The
MEP maps highlight the negative charge regions of the mole-
cule in red and yellow, indicating electrophilic reactivity, while
blue regions represent positive charge, suggesting nucleophilic
reactivity. The MEP color scale ranges from —0.902 to 0.902 for
the monomer and —0.799 to 0.799 for the dimer, with blue
indicating the strongest attractive forces and red indicating the
strongest repulsive forces. In the context of an EDTA-Zn
monomer, the oxygen atoms within the carboxylic group are
characterized by a pronounced repulsive effect. Conversely, on
the other hand, the hydrogen atoms connected to the carbon
atom exhibit a substantial attractive force. The strong interac-
tion between hydrogen atoms at the nucleophilic sites of one
monomer and oxygen atoms at the electrophilic sites of the
other monomer drives the formation of the EDTA-Zn complex.

This journal is © The Royal Society of Chemistry 2024
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In Fig. 9(g), the ELF image of the EDTA-Zn dimer illustrates the
existence of localized bonding and non-bonding electrons
around the hydrogen atoms, indicated by the red regions.
Furthermore, the ELF image reveals the presence of delocalized
electron clouds surrounding the carbon and oxygen atoms,
resembling the patterns observed in the ELF image of the
EDTA-Zn monomer. Additionally, the image highlights a yellow
circle, signifying a strong interaction between the hydrogen
atoms of one monomer and the oxygen atoms of the other
monomer. RDG analysis was performed on the EDTA-Zn dimer,
and the results are visually represented in Fig. 9(h). Importantly,
our investigation revealed that the oxygen atoms at electrophilic
sites within one monomer formed more favorable primary
bonds with the hydrogen atoms situated at nucleophilic sites
within other monomers in the self-assembled system. This
crucial interaction is prominently highlighted within a yellow
circle, facilitating the establishment of appropriate hydrogen
bond interactions. Furthermore, the RDG scatter plot for the
dimer, particularly in the vicinity of positive peak values of 1,(p)
(0.02 a.u), exhibited a significant spike, marked by a yellow
circle in Fig. 9(i), which strongly indicates the presence of
hydrogen interactions. In brief, the predominant factor
responsible for the formation of the self-assembled network in
the EDTA-Zn system is primarily driven by intermolecular
interactions, with a significant contribution from hydrogen
bonds facilitated by the oxygen atoms at electrophilic sites on

Top view
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one monomer and the hydrogen atoms at nucleophilic sites on
another monomer.

Fig. 10 offers a comprehensive visual representation of the
final chemical interaction between the EDTA-Zn monomer and
the Mg-Al LDH surface. It effectively captures this interaction
from various angles, highlighting the conclusive state of their
bonding. When observed from the side, the interaction
becomes prominently visible, driven by the electrophilic sites
on the oxygen atoms. These electrophilic sites facilitate the
formation of hydrogen bonds with varying bond lengths (within
2.5 A), connecting them to the hydrogen atoms located on the
LDH layer's surface. Notably, this bond formation results in the
intriguing formation of a self-assembled network. Oxygen
atoms from one monomer's electrophilic site establish
hydrogen bonds with the nucleophilic site of another monomer,
spontaneously forming this network. Consequently, the oxygen
atoms within the EDTA-Zn self-assembled network interact
randomly with the hydrogen atoms on the surface of Mg-Al
LDH.

3.7 Formation and inhibition mechanisms

Fig. 11 illustrates the formation mechanism of PEO, LDH, LDH-
EDTA and LDH-EDTA-Zn on the AZ31 alloy. The PEO-coated
film formed by utilizing aluminate electrolyte exhibits
a distinct pore structure, with a compact inner layer and
a porous outer layer, containing MgAl,O, and MgO as main

Zn-EDTA

0000000

Fig. 10 EDTA-Zn monomer configuration on the layers of Mg—Al LDH from both side and top perspectives, respectively.

This journal is © The Royal Society of Chemistry 2024
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Fig.11 Schematic representation of the formation mechanism for a PEO/LDH film and the anion exchange of [EDTAI*~ and [Zn(EDTA)I>~ within

the LDH galleries with the NOs™ anion.

compounds. The rapid and substantial dissolution of the
porous inorganic PEO coating occurred when the specimen was
submerged in a NaCl solution due to the infiltration of highly
reactive chloride ions into the coating's pores and defects. To
enhance the stability of the coating, a layer of LDH flakes are
grown on the PEO surface. These LDH flakes completely covered
the entire surface of the coating, effectively sealing all the pores.
The growth of LDH nanoflakes on the PEO layer is achieved
using a hydrothermal approach, which relies on the dissolution
of the substrate and the hydration of the PEO film. Under
hydrothermal conditions, MgO undergoes hydrolysis, resulting
in the creation of Mg(OH),. Additionally, the dissolution of
MgAlL,O, results in the formation of both MgO and Al,O;.
Finally, Al,O; interacts with Mg(OH),, NO; ™~ ions, and the water
present in the solution, leading to the production of LDH.”>7¢
The chemical reactions involved in the formation of LDH are
given in the following equations””® (eqn (5)-(8)):

MgO + H,0 — Mg(OH),| (5)
MgA1204 i MgO + A1203 (6)
Al,O5 + 3H,0 + 20H™ — 2A1(OH),~ (7)

Mg(OH)Z + AI(OH)47 + HzO + N037 - MgAl—NO3—LDH (8)

Hydrothermal growth leads to a compact structure with
random shapes and suitable flake sizes, improving corrosion
resistance by effectively sealing pores, especially compared to
PEO films. Additionally, LDHs with NO; ™ interlayer anions act
as effective nano-traps for Cl™ ions, creating a concentration
gradient barrier against them, further enhancing their corro-
sion resistance.” The structural defects within the LDH flakes
are addressed through anion exchange using EDTA within the
LDH galleries, carried out under hydrothermal conditions. This
process leads to the replacement of NO;~ anions by EDTA*",
resulting in LDH flakes that are not only denser but also smaller

3428 | J Mater. Chem. A, 2024, 12, 3411-3433

in size. The size disparity in LDH flakes can be attributed to the
differential rates of LDH crystal formation. A rapid nucleation
rate results in a greater quantity of LDH flakes, which tend to
have smaller average dimensions. This outcome is primarily
influenced by the strong chelation ability of EDTA, which
readily forms stable complexes with existing metal ions.”
Moreover, in an alkaline solution, EDTA exists as the tetravalent
anion [EDTA]*~, which forms highly stable complexes with Mg?**
and AI** ions within LDH galleries. This interaction facilitates
the recrystallization of LDH flakes, resulting in a denser and
more stable LDH film structure. This compact LDH film serves
as an effective barrier in aggressive NaCl solutions, preventing
corrosion and film damage.*® The chemical reaction involved
in anion exchange is represented in the following equation

(eqn (9)):

MgAl-NO;-LDH + H,0 + EDTA —
MgAl-EDTA-LDH + NO;~  (9)

On the other hand, when the Zn-EDTA complex is intro-
duced into LDH under acidic conditions (pH = 4), a reaction
occurs where EDTA®™ ions interact with Zn”* ions, resulting in
the formation of [Zn(EDTA)]*~ anions. These anions replace the
NO;  anions within the LDH layers through anion exchange.
The Zn-EDTA complex exhibits strong chelating abilities,
leading to the formation of an uneven surface layer on the LDH
which is consistent with results of cross sectional morphology
as discussed earlier. However, it is worth noting that the Zn-
EDTA complex also dissolves the existing metals present in the
LDH under the acidic environment, introducing structural
defects.*>®" As a consequence, the electrochemical stability of
LDH-EDTA-Zn is slightly lower compared to that of LDH-
EDTA. Nevertheless, this property enhances porosity within the
LDH layers, which proves advantageous for its photocatalytic
properties. LDH-EDTA-Zn offers corrosion protection that is as
effective as LDH-EDTA, but it excels in photocatalytic degra-
dation properties, making it the best sample for dual
applications.

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 The corrosion inhibition mechanism of LDH-EDTA and LDH-EDTA-Zn relies on a multifaceted approach that includes the creation of
a physical barrier, the entrapment of chlorides through ion exchange, and the involvement of electron-donating and electron-accepting

functional groups.

Fig. 12 illustrates the detailed corrosion inhibition mecha-
nism revealed by the LDH-EDTA and LDH-EDTA-Zn samples.
The corrosion protection offered by LDH films is the result of
a multi-dimensional influence, encompassing not just the
typical physical barrier but also the chemical inhibition of
electron-donating functional groups. Additionally, these films
possess ion-exchange capabilities that effectively engage with
corrosive chloride ions. (i) The existence of self-arranged EDTA-
Zn structures results in strong interaction with LDH, resulting
in a significant enhancement in the electrochemical stability of

This journal is © The Royal Society of Chemistry 2024

the compound coatings. This layer offers extensive protection
across the LDH exterior, proficiently sealing any imperfections
and effectively blocking the infiltration of destructive chloride
ions into the Mg substrate. (ii) The remarkable anion-exchange
capacity of LDHs enables the release of anionic species from the
LDH interlayers into corrosive environments by replacing them
with corrosive chloride anions. All of this isolates aggressive
chloride ions within the interlayers, leading to a subsequent
reduction in their concentrations and, consequently, an
improved corrosion protection effect. (iii) Electron-donating
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functional groups enhance the inhibition of corrosive ions,
whereas electron-removing functional groups act as
a hindrance.*” In the case of adsorbed EDTA-Zn species, there
are two electron-donating functional groups, namely C-N and -
OH, and one electron-withdrawing group (C=0). Consequently,
due to the majority of electron-donating functional groups, they
exert a dominant influence, effectively creating an effective
protective barrier around the LDH and PEO layers, thus
hindering the penetration of corrosive ions. Sometimes if
chloride ions, known for their corrosive properties, uninten-
tionally infiltrate the LDH flakes and dissolve the PEO coating to
access the substrate, they will engage with the metal ions,
resulting in the creation of complexes with EDTA because of its
potent chelating abilities. As a result, this procedure will ensure
the protection of the metal surfaces beneath. In summary, the
EDTA-Zn network formation plays a pivotal role in creating
robust connections with LDH, leading to enhanced stability.
Furthermore, the increased stability can be attributed to the
greater number of electron-donating functional groups in both
LDH-EDTA and LDH-EDTA-Zn samples, as well as the effective
capture of chloride ions through ion exchange. These findings
are consistent with the results obtained from the EIS and
polarization curves.

3.8 Photocatalytic degradation mechanism

The efficiency of photocatalytic activity is determined by how
materials absorb light and the mobility of electron-hole pairs
formed as a result of this absorption. This relates directly to the
electronic structure of the material, and improved absorption
and mobility enhance the probability of electrons and holes
acquiring active reaction sites on the photocatalyst's surface.*®
Based on our experimental data, the potential mechanism for
LDH-EDTA-Zn is proposed and discussed below.

Initially, when LDH-EDTA-Zn absorbs a photon with energy
equivalent to or larger than its band gap, it excites electrons,
shifting them from the valence to the conduction band and
generating electron-hole pairs (eqn (10)):

Visible light

LDH-EDTA-Zn

Absorption of light Production of electron-hole pairs

View Article Online
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LDH-EDTA-Zn + hy — (h*)yg + (€ )cp (10)

Secondly, the aggressive interactions between the electron-
hole pairs and the initiator molecules (H,O,) led to the
production of highly reactive hydroxyl radicals (eqn (11) and

(12)):
(67 )CB + H202 - OH;ree radical + OH™ (11)

s

(h*) + OH —OH (12)

free radical

Moreover, electron-hole pairs can react with water and dis-
solved oxygen, leading to increased generation of hydroxyl and
hydroperoxyl radicals (eqn (13)-(15)):

(€7)ce + Oxissolvedy = O2~ (13)
(h+)VB + HZO_)OH:rcc radical + H+ (14)
0, + H" —» HOO" (15)

Finally, these hydroxyl radicals and superoxide radicals
played a pivotal role in oxidizing RhB molecules into interme-
diate compounds, resulting in harmless end products such as
CO,, NO; ™, and H,0* (eqn (16)):

0O,  + OH* + RhB — intermediate compounds —
CO, + H,O + NO5~ (16)

Furthermore, the hydroxide groups on the LDH-EDTA-Zn
surface successfully captured photoinduced holes (h"), avoiding
electron recombination and significantly boosting photocatalytic
activity.** The LDH-EDTA-Zn complex, characterized by a low
band gap of around 3.3 eV, effectively extends the lifespan of
photoinduced electron-hole pairs. This results in a remarkable
enhancement of up to 99.7% in the degradation rate of RhB. The
accelerated photocatalytic degradation of RhB into non-

Mineralization of RhB dye

Fig. 13 A schematic representation of the photocatalytic degradation mechanism employed for RhB solution using the LDH-EDTA-Zn sample

in the presence of an H,O; initiator.
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Table 3 Comparison of the photocatalytic behavior of LDH-EDTA-Zn with other LDH-based catalysts for RhB degradation

Photocatalyst RhB (mg L) Light source Efficiency (%) Time (min) Ref.
BiOCl-NiFe-LDH 20 Visible light 93.3 120 85
Zn-Al-LDH 2 UV light 98.2 100 69
Zn/M-NO5-LDH (M = Al, Fe, Ti, and Fe/Ti) 3 Visible light 72 120 83
Bi,03;—-CoAl-LDHs 50 Visible light 90.36 180 84
Ag,WO,/Zn-Cr LDH 10 Visible light 99.5 100 86
CeO,-CoAl-LDH 10 UV light 96.9 30 87
NiFe-LDH/N-rGO/g-C3N, 20 Visible light 95 120 88
MoS,/NiFe-LDH 20 Visible light 90 120 89
Zn-MOF 5 UV light 94.1 150 90
N-BiVO, 0.6 Visible light 93.1 180 91
BiOCI/Ni-MOF-74 25 UV light 97 100 92
Bi,WO,/Bi-MOF 10 UV light 96 60 93
ZnO/CuO 50 Visible light 75.4 300 94
MgAI-LDH 20 Visible light 99 35 This work
LDH-EDTA 20 Visible light 99.4 30 This work
LDH-EDTA-Zn 20 Visible light 99.7 25 This work

hazardous compounds is primarily attributed to the immediate
reactivity of radical species, specifically hydroxide and superoxide
radicals. Experimental evidence, such as scavenger tests, has
demonstrated that superoxides play a more significant role
compared to hydroxides in the overall degradation process. The
schematic illustration of rhodamine degradation by LDH-EDTA~
Zn is depicted in Fig. 13. While numerous strategies have been
explored in previous literature for the utilization of LDH-based
photocatalysts in the degradation of RhB dye in aqueous solu-
tions, our study introduced a novel LDH-EDTA-Zn catalyst.
Furthermore, it is noteworthy to observe that within the LDH-
EDTA-Zn sample, EDTA not only forms bonds with zinc but also
dissolves any existing metals present in the LDH when subjected
to an acidic solution. This phenomenon introduces structural
irregularities. As a result, it enhances the porosity within the LDH
layers, a quality that proves advantageous for its photocatalytic
performance.** Moreover, to highlight the advancements in this
study, a comparative table has been constructed, featuring
previously reported LDH, MOF, and general catalysts. This newly
developed catalyst stands out by showing markedly enhanced
catalytic activity within a brief period. The promising features,
such as its superior catalytic efficiency within a short period, are
summarized in Table 3.

4. Conclusions

In this study, a dual-functional material was successfully
fabricated on an AZ31 alloy substrate through PEO, where
EDTA-Zn complex molecules are intercalated into MgAl LDH
galleries under acidic conditions, and it exhibited both high
chemical stability and photocatalytic activity. The research
results revealed that the PEO coating exhibited a diverse array of
micropores, which are completely surrounded by flake-like
structures. This envelopment effectively sealed the pores,
consequently enhancing their overall stability. The findings also
highlighted that the intercalation of [EDTA]*~ and [Zn(EDTA)]*~
anions in the LDH film had a pronounced impact on the

This journal is © The Royal Society of Chemistry 2024

formation of the LDH film, resulting in a more compact
arrangement of smaller LDH nanosheets. The electrochemical
analysis results reveal that LDH-EDTA-Zn, while offering
slightly lower corrosion protection than LDH-EDTA, stands out
due to its exceptional performance in the photocatalytic
degradation of Rhodamine dye, making it the preferred choice
among the samples. The improved photocatalytic performance
of LDH-EDTA-Zn is attributed to smaller, denser flakes with
a reduced energy band gap, while enhanced electrochemical
stability is achieved through self-assembled EDTA-Zn
complexes that seal pores and trap chloride ions via ion
exchange in LDH galleries, and the presence of numerous
electron-donating functional groups. Moreover, theoretical
calculations revealed that EDTA-Zn monomers possessed both
electrophilic and nucleophilic characteristics, enabling the
formation of a self-assembled EDTA-Zn complex network. This
network effectively sealed surface imperfections and defects on
the LDH substrate, significantly enhancing the coating's
compactness, and notably, these theoretical findings closely
matched the experimental results, further validating the study's
significance and reliability.
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