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A B S T R A C T

Surfactants are known for their corrosion inhibition effect for metallic substrates like magnesium (Mg) alloys. 
Among these surfactants, dioctyl sulfosuccinate sodium salt, also known as AOT, is noteworthy. The present 
study investigates the corrosion inhibition of AOT on AZ31 Mg alloy using electrochemical impedance spec
troscopy (EIS). In addition, surface characterization is conducted through scanning electron microscopy (SEM), 
energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy 
(XPS). Moreover, the interaction energy between AOT and the substrate is determined using Density Functional 
Theory (DFT) calculations. It is observed that AOT is effective for corrosion inhibition by being adsorbed on the 
surface of Mg alloy. The DFT calculations yield − 5.25 eV value as interaction energy confirming the EIS results 
and the ability of AOT to prevent corrosion. The other part of this study involves incorporating AOT in layered 
double hydroxide (LDH) and demonstrating the enhanced corrosion resistance of the conversion layer facilitated 
by the surfactant. The existence of LDH structure after immersion in AOT solution was confirmed by SEM images 
and XRD test. The LDH structure was enhanced by increasing LDH inner layer thickness (from 11.8 ± 0.2 µm in 
LDH to 16.3 ± 0.3 µm) due to the addition of AOT, resulting in improved corrosion resistance of the substrate. 
These findings have significant implications for utilizing AOT as a corrosion inhibitor, particularly in the context 
of organic coatings, where AOT can serve as a vital link between the substrate and the organic coating.

1. Introduction

The standard potential of magnesium (Mg) is − 2.37 V, making it 
prone to forming an oxide layer [1]. However, this oxide layer is not as 
effective in providing protection compared to metals such as aluminum 
or iron. For this reason, enhancing corrosion resistance in Mg alloys is 
crucial for their practical use in industry [2–4]. In order to achieve this, 
surface treatments can be employed to delay the contact between the 
corrosive media and the substrate [5]. These techniques have attracted 
attention due to their simplicity and cost-effectiveness [6,7]. Layered 
double hydroxide (LDH) represents a type of conversion coating that can 
be formed directly on the surface of substrates [8–10] or produced be
forehand and subsequently applied to the surface [11,12]. LDH belongs 
to the class of nanosheets, which are composed of metal cations (both di- 
and trivalent) and interlayer anions that balance the charges [13–16]. 
These interlayer anions are exchangeable and can be replaced by the 
corrosive anions present in the media. Furthermore, if the released 

interlayer anion functions as a corrosion inhibitor, it can further 
enhance the corrosion resistance [17]. Corrosion inhibitors are chemical 
compounds utilized to delay or prevent the corrosion of metals [18]. 
They regulate the corrosion behavior in corrosive media when adsorbed 
onto the metal surface and forming a protective film [19,20].

Surfactants at low concentrations can also function as corrosion in
hibitors by adsorbing onto substrate surfaces and reducing interfacial 
free energies. These surfactants consist of a long hydrocarbon chain and 
an ionic head [21]. Their superior inhibitory properties, environmen
tally friendly nature, and cost-effectiveness make them well-suited for 
industrial applications [22,23]. Anionic surfactants (surfactants with a 
negatively charged head) have demonstrated significant corrosion in
hibition by forming a protective barrier layer on the metallic substrate 
and preventing species transfer from the electrolyte to the surface [24]. 
The corrosion inhibition efficiency of surfactants is influenced by several 
factors, including the length of the tail, electronegativity of the head, 
and solubility in aqueous media [22]. Research has demonstrated that 
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increasing the chain length up to a certain point can enhance corrosion 
inhibition [25]. Furthermore, the length of the chain can impact the 
electronegativity of the head and subsequently the adsorption of the 
surfactant on the substrate. Additionally, the solubility of surfactants in 
aqueous media is restricted by the long tail [22]. The adsorption of 
surfactants plays a crucial role in determining hydrophobicity and 
corrosion protection. It is influenced by various factors such as covalent 
bonding, electrostatic attraction, hydrogen bonding, non-polar in
teractions between the adsorbed species, solvation, and desolvation 
[26]. These parameters are governed by the properties of the surfactant 
head and hydrophobic tail, functional groups of the surfactants, the 
substrate in contact with the solution, and the conditions of the solution 
in which the sample is immersed (e.g., pH, electrolyte concentration, 
polarity, temperature, etc.) [20]. The adsorption of corrosion inhibitors 
(and/or surfactants) onto the substrate can be investigated using Lang
muir adsorption isotherms [23] or by calculating the adsorption energy 
using density functional theory (DFT) [27].

Different surfactants were utilized to inhibit the corrosion of Mg 
alloys. For instance, Frignani et al. [28] employed sodium salts of lauryl 
sulphate, N-lauroylsarcosine, N-lauroyl-N-methyltaurine, and dode
cylbenzenesulfonic acid. Among these, dodecylbenzensulphonic acid 
exhibited the most effective inhibition due to its rapid adsorption and 
the formation of a thick and protective layer when combined with Mg 
cations. Additionally, the corrosion inhibition properties of sodium 
dodecyl sulphate (SDS) and sodium dodecylbenzenesulfonate (SDBS) for 
Mg alloys have been reported due to the presence of lone pair electrons 
in sulfur and oxygen, as well as the benzene ring in SDBS [23,27,29,30]. 
Lu et al. [23] investigated the corrosion inhibition mechanism of SDS on 
AZ91 Mg, which involves chemisorption of SDS on cathodic zones 
(intermetallic) and physisorption on corrosion products that suppress 
cathodic and anodic corrosion, respectively. The hydrophobic tail of SDS 
can increase the contact angle of water by forming a protective layer on 
the surface [27]. Dioctylsulfosuccinate Sodium (AOT – Aerosol OT) is an 
anionic surfactant with the chemical formula C20H37NaO7S. AOT has 
low toxicity, is environmentally acceptable, and has a low cost, making 
it suitable for corrosion inhibition applications [31,32]. Its utilization as 
an anionic surfactant in an acidic environment has demonstrated 
corrosion inhibition for mild steel and AZ91 Mg alloy substrates [33,34].

The combination of LDH with surfactants can be employed to 
enhance and modify the corrosion protection of coatings for longer 
immersion periods. Previous research utilized sodium laurate [35], 
aspartic acid [36], lauric acid [37], and SDS [29] with LDH using anion 
exchange and one-pot intercalation methods. In this study, the corrosion 
of AZ31 Mg alloy was evaluated in the presence of a new anionic sur
factant (AOT) with long hydrocarbon chains and ester groups by con
ducting electrochemical investigations and DFT calculations. 
Furthermore, the physical and chemical effects of AOT on the surfaces of 
Mg alloy and LDH were investigated, revealing the corrosion inhibition 
capability of AOT and enhanced corrosion resistance of LDH coatings 
with the application of AOT.

2. Experimental procedures

2.1. Materials

AZ31 Mg alloy sheets with a composition of 2.5–3.5 % Al, 0.7–1.3 % 
Zn, 0.2 % Mn, 0.05 % Si, 0.05 % Cu, 0.04 % Ca, 0.005 % Fe, 0.1 % Ni (wt 
%) and balance Mg (supplied from KG Fridman AB (SWEDEN)) was used 
for the substrate. Ammonium nitrate (NH4NO3) and AOT were pur
chased from RPL and Thermoscientific, respectively. Sodium chloride 
(NaCl) (EMSURE product line), aluminum nitrate nonahydrate (Al 
(NO3)3⋅9H2O), and sodium hydroxide (NaOH) (EMPLURA product line) 
were obtained from Sigma-Aldrich. Nitric acid (HNO3) was acquired 
from VWR.

2.2. Preparation of substrates

All samples with dimensions 50 mm × 37 mm × 1 mm were pre
treated with nitric acid prior to utilization. Initially, the samples were 
immersed in a solution of 2 M HNO3 for a duration of 30 s, followed by 
rinsing with deionized water and subsequent immersion in a 0.25 M 
HNO3 solution. The samples were rinsed once again with water and 
dried using a stream of air [38,39].

2.3. Preparation of solutions containing surfactant

0.1 M NaCl solution was used for EIS and immersion tests. The sol
ubility of AOT in water at 25 ◦C is 1.5 g in 100 mL water; however, the 
existence of NaCl can decrease critical micelle creation [40]. To avoid 
the creation of micelles in the presence of 0.1 M NaCl solution, 0.45 mM 
AOT solution was produced (this solution is called NaCl + AOT solu
tion). This solution was used to investigate the corrosion inhibition ef
ficiency of AOT on AZ31 Mg alloy.

2.4. LDH formation and modification

Acid-pretreated surfaces of Mg alloys were used for the formation of 
LDH. To accomplish this, a solution containing 0.6 M NH4NO3 and 0.1 M 
Al(NO3)3 with pH of 11 (using 2 M NaOH solution) was prepared. This 
solution along with the etched surfaces of Mg alloys were placed in 
Teflon-lined autoclaves and were heated to 125 ◦C for 24 h [38,39].

After the formation of LDH on the surface of substrates, a 0.1 M 
saturated solution of AOT was used to modify the LDH coatings. The 
substrates coated with LDH were immersed in the AOT solution for 18 h 
at 60 ◦C.

3. Characterization

The electrochemical impedance spectroscopy (EIS) was performed in 
0.1 M NaCl solution, and NaCl + AOT solution using a ModulLab 
controlled by XM-Studio® software. A classical three-electrode system, 
which consisted of a platinum counter electrode, an Ag/AgCl (sat. KCl) 
reference electrode, and samples, as working electrodes with an exposed 
area of 1 cm2 were used. EIS measurements were performed in a fre
quency range from 100 kHz to 100 mHz with 61 points using a 10 mV 
peak-to-peak sinusoidal voltage. Moreover, pH measurements were 
performed at different immersion times in 0.1 M NaCl and NaCl + AOT 
solutions. For this purpose, substrates with dimensions of 2 cm × 2 cm ×
1 mm (two sides) were in contact with 15 mL of each solution. A 
hydrogen (H2) evolution setup was employed to further investigate 
corrosion resistance. H2 evolution test was conducted (at least twice to 
confirm the reproducibility of the results) to examine the effect of AOT 
on the corrosion inhibition of both bare substrates (NaCl and NaCl +
AOT) and those coated with the LDH layer (LDH and LDH + AOT). The 
sample dimensions were 40 mm × 40 mm × 1 mm for the bare substrates 
and 37 mm × 37 mm × 1 mm for the LDH-coated substrates, with a 
solution volume of 500 mL in the setup. The inhibition efficiency (IE) of 
AOT is determined using Equation (1), where VNaCl and VNaCl+AOT 
represent the volumes of hydrogen evolved upon immersing the bare 
substrates in the NaCl solution without and with the addition of the 
inhibitor (AOT), respectively. 

IE = [(VNaCl − VNaCl+AOT)/VNaCl] × 100                                         (1)

The surface morphologies, and thickness of layers, as well as the 
elemental composition of samples were investigated by scanning elec
tron microscope (SEM, Hitachi SU8020) equipped with an energy 
dispersive X-ray spectrometer analyzer (EDS, Thermo Scientific Noran 
System 7). To obtain cross-section images, samples were embedded in 
resin (EpoFix resin and EpoFix hardener) and Struer TegraForce-5 was 
used for grounding them with 800, 1200, 2000, and 4000 SiC papers. 
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The crystalline structure of surfaces was investigated with X-ray 
diffraction (XRD, Panalytical Empyrean Theta – Theta) with CuKα ra
diation (λ = 0.154056 nm) and Ni filter with a step of 0.02◦ and a 
scanning rate of 1.2◦/min in the 2θ range from 4◦ to 70◦. A PHI Genesis 
apparatus was utilized for XPS measurements to analyze the chemical 
composition. A monochromatized Al Ka line (1486.6 eV) was operated 
as an incident photon source for XPS characterization. Photoelectron 
spectrum was accumulated at the take-off angle of 90◦ with respect to 
the surface normal. The XPS survey was acquired using a pass energy of 
224 eV with a 0.4 eV step. The high-resolution spectra were acquired 
with a pass energy of 27 eV with a 0.2 eV step. All spectra were charge- 
corrected regarding the hydrocarbon constituent of the C1s peak at 285 
eV.

The contact angle of the water droplet on the surface of samples were 
measured using DIGIDROP (IME-UDH-009) equipped with a digital 
camera and Visiodrop software. Water droplets with a volume of 1 μL 
were dispensed on the surfaces.

The interaction between the AOT surfactant and magnesium surface 
was further described by quantum-chemical calculations. AZ31 Mg alloy 
contains about 95–96 % of Mg in total composition; therefore, its surface 
was described with the 4-layers Mg surface used in our previous work 
[39]. All calculations were done at the Density Functional Theory (DFT) 
level with a periodical slab approach using the 6.2 version of VASP 
(Vienna Ab Initio Simulation Package) [41,42]. The PAW scheme 
(projected augmented wave) was used with a plane-wave basis set of 
500 eV. The exchange-–correlation was treated with the PBE functional 
[43] and van der Waals interactions described with the DFT-D3 grimme 
approach [44,45]. The AOT molecule and the two top layers of the Mg 
surface were allowed to relax during the geometry optimization process. 

We used the conjugated gradient algorithm with an atomic force crite
rion of 0.01 eV/ Å.

The optimized salt structure consists of the AOT adsorbed on the 
surface and the sodium ion (Na+) also present in the unit cell to conserve 
a charge neutrality. Therefore, the interaction energy, Eint, was calcu
lated (using Equation (2)) as the difference between the total energy of 
the relaxed interface (EAOT+Na/Mg) and the energy of the AOT only 
(EAOT) and surface with the sodium (EMg+Na), in their relaxed interfacial 
geometry. 

Eint = EAOT+Na/Mg – [EMg+Na + EAOT]                                              (2)

The atomic charges and bond orders intensities were computed using 
the DDEC/6 partition scheme [46].

4. Results and discussion

4.1. Corrosion inhibition of AOT on bare AZ31

4.1.1. Electrochemical investigations
To study the effect of AOT on the corrosion behavior of AZ31 Mg 

alloy, EIS tests were performed at different immersion times, as shown in 
Fig. 1. The value of impedance modulus at low frequency can be 
considered as the corrosion resistance of the whole system [38]. Fig. 2(a) 
presents a more accurate depiction of the impedances at the frequency of 
0.1 Hz. Following a 24-hour immersion period in NaCl + AOT solution, 
the impedance modulus increased to 1.5 × 103 ohm.cm2, which is 4 
times higher than the impedance observed for Mg alloy immersed in 
NaCl solution for the same duration. These findings demonstrate the 
improved corrosion resistance of the substrates over time and the 

Fig. 1. Bode and Nyquist plots of AZ31 Mg alloy exposed to a), b) NaCl, and c), d) NaCl + AOT solutions.
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capacity of AOT to hinder and reduce the corrosion rate. The slight 
elevation in impedance at low frequency after 24 h for the NaCl solution 
can be attributed to the formation of a thin oxide layer on the surface 
[47].

The inductive behavior of AZ31 in NaCl solution can be due to the 
non-stationarity of Mg substrate that can cause polarization of the Mg 
surface [48]; however, when AOT is present in the solution, the induc
tive loop is smaller. Surfactants have the ability to reduce the surface 

energy [21], and in the case of immersion in NaCl + AOT solution, it can 
be concluded that the surface is more stable, thereby decreasing the 
occurrence of inductive behavior. The Bode phase diagram of AZ31 in 
NaCl solution exhibits a peak at a frequency range of 10–103 Hz, which 
is associated with the formation of an oxide film on the substrate surface 
[47]. When the sample is immersed in NaCl + AOT solution, the Bode 
phase and Nyquist diagrams reveal the presence of a capacitive loop 
with passing time. This capacitive loop expands to more negative values 

Fig. 2. a) Evolution of impedance modulus at low frequency for samples at different immersion times, and b) macroscopic images of sample surfaces after 1 h and 
24 h.

Fig. 3. Evolution of a) pH, b) contact angle, and c) hydrogen evolution volume, of samples during different immersion times.
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of the phase angle, indicating the formation and growth of a surface film 
[47].

Fig. 2(b) shows the macroscopic images of samples after EIS tests 
after 1 h and 24 h. The formation of a white film on the surface of the 
substrate can be observed after 1 h immersion in NaCl + AOT solution. 
Moreover, after 24 h immersion in NaCl + AOT solution, along with the 
formation of a white layer, a smaller surface area was corroded in 
comparison to the sample in NaCl solution.

4.1.2. Immersion test, pH measurements, and H2 evolution test
The corrosion reaction of Mg is accompanied by the increase in the 

pH of the solution due to the production of OH− according to Reaction 
(1) [49,50]. 

Mg + 2H2O → Mg2+ + 2OH− + H2                                                (1)

The pH measurements were performed for AZ31 substrates 
immersed in NaCl and NaCl + AOT solutions for 5 days. Analysis of the 
graphs depicting samples reveals that immersion in NaCl solution causes 
the pH to reach around 11.8 after 5 days of immersion. In the presence of 
AOT in the solution, the pH reaches a value of 11. Furthermore, it is 
observed that the rate at which the pH increases during the initial 6 h of 
immersion (as depicted in Fig. 3(a)) is lower in the case of AOT 
compared to the NaCl solution showing the corrosion inhibition ability 
of this compound.

Immersion of AZ31 in NaCl + AOT solution after 1 h increased the 
contact angle of water on the surface to 95◦ ± 4 in comparison to im
mersion in NaCl solution (31◦ ± 6). It can be inferred that AOT is 
adsorbed on AZ31 through the S group head and the presence of the 
alkyl chain on the surface may enhance the surface hydrophobicity. This 
could explain the observed increase in contact angle after immersion in 
the NaCl + AOT solution for 1 h. After 24 h immersion in NaCl + AOT, 
the contact angle decreased due to further corrosion (70◦ ± 11); 
nevertheless, the contact angle remained higher than that of AZ31 
immersed in the NaCl solution (13◦ ± 6). The contact angle measure
ments of samples are collected in Fig. 3(b). The same hydrophobic 
behavior was observed after immersion of AZ91D Mg alloy in oxalic acid 
solution containing AOT [34].

The principle underlying the hydrogen evolution test is based on the 

stoichiometry of Mg corrosion: the dissolution of one mole of Mg re
leases one mole of H2 gas, as shown in Reaction (1) [51]. By monitoring 
the volume of evolved hydrogen, the corrosion rate of Mg can be 
effectively assessed.

The decreased evolved hydrogen and, consequently, the corrosion 
rate is vividly observed in Fig. 3(c). The amount of hydrogen evolution 
after 192 h of immersion in NaCl + AOT and NaCl is 0.37 ± 0.06 mL/ 
cm2 and 4.75 ± 0.37 mL/cm2, respectively. The inhibition efficiency, 
calculated to be 92 % after 192 h using Equation (1), represents the 
effective corrosion inhibition performance of AOT for AZ31 Mg alloy.

4.1.3. Physical and chemical characteristics of surface
SEM images of the surfaces of immersion test samples were provided, 

displaying various immersion times of 1, 6, and 24 h. Additionally, the 
elemental compositional analysis of the starred point in Fig. 4(a), in
dicates the presence of sulfur (S) element after 1 h immersion in the 
NaCl + AOT solution which can be attributed to the adsorption of AOT 
on the surface.

Fig. 4(b) shows EDS from the surface of samples after immersion 
which represents the distribution of corrosion inhibitors and corrosion 
products. After 6 h, S and C elements related to the AOT can be found on 
the surface, representing the adsorption of inhibitor on AZ31 Mg alloy. 
Li et al. [52] previously reported the preferential adsorption of SDS in 
the Al-Mn intermetallic; however, our findings reveal a uniform distri
bution of the S element after both 6 and 24 h of immersion. Li et al.[52]
also reported that the enhanced corrosion resistance of the samples after 
the addition of SDS to the NaCl solution is attributed to the incorpora
tion of the inhibitor in the formed layer, as well as the modification of 
the microstructure and composition of the corrosion products which 
increases the compactness of the resulting oxide layer. It has also been 
claimed that the anionic nature of a surfactant can enhance the nucle
ation kinetics of positively charged Mg(OH)2 nuclei, thus facilitating the 
formation of a denser corrosion product layer [53]. In a similar vein, the 
negatively charged AOT can induce a higher-density precipitation of Mg 
(OH)2.

According to the XRD diagrams of the corroded surfaces after 5 days 
of immersion in both solutions (Fig. 5), the main corrosion product in 
both samples immersed in NaCl and NaCl + AOT is Mg(OH)2 [54]. 
However, in the case of NaCl + AOT, the intensity of Mg(OH)2 peaks are 

Fig. 4. a) SEM image and EDS (stared point) results of the substrate in NaCl + AOT solution after 1 h of immersion, b) EDS mapping of surface for substrate immersed 
in NaCl + AOT solution after 6 h and 24 h.
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reduced, showing a decrease in the corrosion rate of Mg alloy [55].
To analyze the chemical state and elemental composition of the 

corrosion products, XPS measurements were conducted (Fig. 6). The 
survey spectrum obtained from the samples indicates the presence of O 
1s, C 1s, Al 2p, Mg 2p, and Mg 2s in both NaCl and NaCl + AOT samples. 
The Mg 2p peak, with a binding energy of 49.5 eV, is assigned to Mg 
oxide and hydroxide in Mg2+ form [56,57]. Oxygen atoms (O 1s) in Mg 
(OH)2 were found at 532 eV, suggesting that the corrosion products are 
mainly Mg(OH)2 on the surface. The Al 2p peaks, with a binding energy 
of approximately 74 eV, can be attributed to Al oxide and hydroxide 
coming from the substrate [58]. According to Song et al. [59] corrosion 
products of AZ21 Mg alloy are mainly Mg(OH)2 on the surface and 
Al2O3-rich compounds in the inner layer. C 1s peak at 285 eV can be 
related to the C–C or C–H groups due to inevitable contamination 
[57,58]. The binding energies related to the main peaks are reported in 
Table 1.

Fig. 6 demonstrates that the main distinction between the two 
samples immersed in NaCl and NaCl + AOT is the presence of the S 2p 
peak at 167.8 eV. This peak corresponds to the SO-

3 ion, the oxidized 
form of sulfur in AOT. It is the result of AOT adsorption after 1 h of 
immersion [52,60]. The peak for C 1s at a binding energy of 285 eV is 
associated with CH2 hydrocarbons, while the higher binding energy 
peak (289 eV) is attributed to carbon bonded to AOT oxyfunctionalities, 
which can be another reason for the adsorption of this compound on the 
surface of Mg alloy [60]. These peaks are depicted in Fig. 7.

4.1.4. DFT calculations
The DFT results show a strong interaction of the AOT with the metal 

surface, with a calculated interaction energy of − 5.25 eV. This adsorp
tion is realized by the interaction between the S group head of the AOT 
with the Mg surface, as suggested earlier in the text and shown in Fig. 8. 
Indeed, the S atom is localized on a hollow position with respect to the 
Mg surface with each of the three oxygen atoms pointing to a top Mg 
atom with an average Mg-O distance of 2.09 Å and a bond order of 
~0.48 for each Mg-O bond. This is consistent with the experimental 
evidence showing the presence of the S atom on the surface. The large 
value of the interaction energy can also explain the experimental 
observation of a protective AOT film. The net charge of AOT adsorbed on 
the surface is q = − 0.685 |e|, with the main part of this charge localized 
on the SO3 head group with a value of q = − 0.576 |e|. Note that the 
corresponding net charge computed on the free AOT(− )Na(+) salt is q =
− 0.782 |e| for the AOT part, which underlines a charge transfer during 
the adsorption process from the molecule to the metal; this favors a good 
adhesion by creating an attractive Coulomb interaction term. The 
localization of the negative charge on the anchoring unit can be 
considered as a good indicator of inhibitor efficiency since the anchor is 
involved in the interfacial charge transfer that stabilizes the adsorption 
and prevents the corrosion process [61,62].

4.2. Modification of LDH with AOT solution

4.2.1. Physical and chemical characteristics of LDH surface
LDH was immersed in a 0.1 M AOT solution (LDH + AOT) at a 

temperature of 60 ◦C for a duration of 18 h. According to the SEM im
ages of the surface after immersing the LDH in an AOT solution (Fig. 9), 
it can be observed that the LDH structure has undergone changes, 
resulting in an increased lateral size of the LDH particles and a more 
uniform distribution throughout the surface. These alterations can be 
attributed to the structural rearrangement of the LDH induced by the 
presence of AOT and its long chain structure [35]. Moreover, the cross- 
section images of the LDH after immersion in the AOT solution (Fig. 9
(d)), reveals an increase in the thickness of the LDH inner layer from 
11.8 ± 0.2 µm in LDH to 16.3 ± 0.3 µm in LDH + AOT. The increased 
thickness of this layer (which is mainly composed of Mg(OH)2 [63]), 
along with its enhanced compactness, can be attributed to the adsorp
tion of the AOT molecules, with their elongated chains, onto the sub
strate surface as well as increasing the wettability of the surface and 

Fig. 5. XRD diagrams of samples in different solutions.

Fig. 6. XPS survey spectra of the samples after 1 h immersion in a) NaCl, and b) NaCl + AOT solutions.

Table 1 
The binding energies related to the main peaks of XPS.

Sample/ Binding energy (eV) O 1s C 1s Al 2p Mg 2s S 2p

NaCl + AOT 532 285, 289 74.4 88.9 167.8
NaCl 532 285 74.6 89.2 –
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more dissolution of Mg substrate (release of Mg2+). In our previous 
study [38], it was observed that a higher amount of Mg2+ leads to a 
thicker inner layer for LDH.

EDS mapping of the cross-section in Fig. 10 shows the concentrated 
Al element in the top layer representing the thickness of the LDH outer 
layer in both LDH samples that confirms maintenance of LDH structure 
even after immersion in AOT solution. Moreover, a small quantity of S 

element can be observed coming from AOT. The inner layer in both LDH 
samples is mainly composed of Mg(OH)2 (higher thickness in the case of 
LDH + AOT). The existence of the anionic surfactants can change and 
modify the precipitation of Mg(OH)2 and affect the nucleation and 
growth kinetics of Mg(OH)2 which then results in the denser structure of 
LDH + AOT layer [64].

XRD was performed to study the crystalline structure of LDH and the 

Fig. 7. XPS spectra (binding energy vs intensity (a.u)) related to S and C elements after 1 h immersion of the substrate in NaCl + AOT and NaCl solutions.

Fig. 8. a) Side, and b) top views of the computational models for the optimized adsorbed structure of AOT molecule onto the Mg substrate. the orange, red, brown, 
white, small, and big yellow balls stand for Mg, O, C, H, S, and Na atoms, respectively.
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effect of AOT on it (Fig. 11). JCPDS No. 00-038-0478 was used to 
identify characteristic diffraction peaks of (003) and (006) LDH at 11.6◦

and 23.3◦. Peaks at 18.43◦ and 38.02◦ related to Mg(OH)2 are shown in 
the graphs in Fig. 11 using JCPDS No. 00-007-0239 that is attributed to 
the dissolution of Mg from the substrate for the formation of the LDH 
layer [38,65].

After immersion of LDH in AOT, the characteristic peaks of LDH 
(003) and (006) still exist and remain at the same position in the spectra 
of the LDH + AOT sample with increased intensity. Hence, we can infer 
that AOT had not been intercalated in the LDH layer; however, it 
modified the LDH structure to a denser and more compact layer.

Water contact angle measurements were also performed after 
modification of LDH with AOT. It was observed that AOT affects the 
surface of LDH by making it less hydrophilic with contact angles of 50◦

+ 6 and 15◦ + 5, after and before treatment with AOT, respectively. In 
general, LDH conversion coatings increase the hydrophilicity of the 
surface in comparison to bare substrates [66]. AOT has the ability to 
reduce the hydrophilicity of LDH surfaces by altering their structure and 
morphology [67]. Furthermore, the inclusion of a hydrophobic alkyl 
chain of this compound can be effective in decreasing the hydrophilicity 
of LDH [34]. Hydrophobic surfaces are effective in preventing corrosion 

for longer periods of time [68].

4.2.2. Electrochemical investigations
EIS measurements were conducted to examine the impact of AOT on 

the corrosion resistance of the LDH coating. As shown in Fig. 12, the 
overall impedance modulus of LDH + AOT at a low frequency (0.1 Hz) is 
seven times higher than that of pure LDH after one hour of immersion, 
indicating the anti-corrosion effect of AOT on LDH. In this figure, the EIS 
results of bare Mg alloy are shown as a reference for investigating the 
influence of LDH layers. Both LDH samples exhibit a phase angle of 
around − 50◦ at high frequency, indicating the protective nature of the 
films. This suggests that the addition of AOT does not alter the protective 
properties of the outer LDH layer, but it enhances the corrosion resis
tance of the LDH inner layer, as evidenced by the overall increase in 
impedance.

As depicted in Fig. 12, LDH + AOT exhibits higher impedance 
compared to LDH across different immersion times. Notably, after 24 h 
immersion in the saline solution, a noticeable increase in the impedance 
value is observed that can be attributed to the corrosion inhibition of 
AOT. After 24 h immersion, the middle-frequency time constant appears 
at a frequency range between 100 and 103 Hz for both LDH samples. 

Fig. 9. SEM images of a) LDH, b) LDH + AOT surface, and c) LDH, d) LDH + AOT cross-section.

Fig. 10. EDS mapping from the cross-section of a) LDH, and b) LDH + AOT.
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However, in the case of LDH + AOT, an additional time constant is 
observed at low frequency (<100 Hz), which can be ascribed to the 
increased corrosion resistance provided by AOT and its corrosion- 
inhibiting effect. The production of a thin protective layer between 
the inorganic coating (LDH here) and the substrate was also observed in 
previous studies with PEO and decylphosphonate sodium salt and with a 
thickness of less than 1 µm [22]. For this reason, the equivalent circuit in 
Fig. 13(a) was used for fitting EIS data. In this circuit, the subscripts 
“out” and “in” are used to represent the outer and inner LDH layers, 
respectively [38,39]. Rf and CPEf are related to the resistance and 
capacitance behavior caused by the AOT effect.

The electrical circuit depicted in Fig. 13(b) was employed to fit EIS 
data of LDH after 1 h and 24 h; however, after 168 h, the inductive loop 
was added due to the non-stationary of the system with passing time 
(Fig. 13(c)) [69]. In these circuits, CPEdl, and Rct represent the response 
of the substrate-electrolyte interface capacitance and the charge transfer 
resistance, respectively [70,71]. Table 2 lists the fitting data of samples 
at different immersion times. The mechanism of corrosion mainly in
volves charge transfer; therefore, Rct can be used for comparing the 
corrosion resistance of samples [35]. The fitting results show that the 
value of Rct decreases as the immersion time increases, indicating a 
decline in the corrosion resistance of the coatings (Table 2).

As mentioned in the previous section, the morphology of LDH was 
altered through the modification by AOT. This resulted in a LDH with a 
thicker inner layer (Fig. 9). According to Equation (3), where ε, ε0, A, 
and d represent the dielectric constant of the medium and space, testing 
area, and distance, respectively [72], a higher thickness of the inner 
layer (d in Equation (3)) leads to a decrease in the corresponding 
capacitance value (C). This finding aligns with the fitting results in 
which a lower capacitance value for the inner layer is observed for LDH 
+ AOT sample (Table 2). 

C = εε0A/d                                                                                     (3

4.2.3. H2 evolution test
An additional technique was employed to further investigate the 

long-term corrosion behaviour of LDH modified with AOT during im
mersion in 0.1 M NaCl solution. Fig. 14 presents the volume of hydrogen 
gas evolved after 198 h of immersion for LDH and LDH + AOT samples. 
The results indicate a reduction in hydrogen evolution for the LDH- 
coated samples compared to the bare Mg alloy during the whole im
mersion time. Notably, the LDH + AOT sample exhibits the lowest 
hydrogen evolution over the entire immersion time (198 h) with a value 
of 0.65 ± 0.02 mL/cm2. This value is lower than the amount of evolved 
hydrogen observed for LDH (with a value of 1 ± 0.02 mL/cm2, about 1.5 

Fig. 11. XRD diagrams of LDH samples.

Fig. 12. Bode plots of EIS spectra for samples after a) 1 h, b) 24 h, c) 168 h immersion.

Fig. 13. Equivalent circuits for the fitting of EIS data.
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times higher) and the bare substrate (4.75 ± 0.37 mL/cm2, approxi
mately 7 times higher). These results demonstrate the effectiveness of 
AOT incorporation in providing prolonged corrosion inhibition, which is 
in agreement with EIS results.

To summarize, it can be stated that the immersion of LDH in an AOT 
solution alters the structure and morphology of the LDH outer layer, 
increases LDH inner layer thickness and compactness, increases the 
water contact angle, and, therefore, improves the corrosion resistance of 
the whole substrate system.

It was shown in our previous study [39] that LDH is effective in the 
adhesion of organic coatings to substrates, thereby leading to improved 
corrosion resistance. AOT as a surfactant comprising both organic and 
inorganic parts can act as a bridge between the organic coating and the 
substrate (or inorganic coatings such as PEO or LDH). Consequently, the 
incorporation of AOT with LDH may offer significant advantages, 
especially in the application of organic coatings (such as benzoxazine 
[73]), which will be the subject of a separate study.

5. Conclusion

The present study provides a detailed investigation into the corrosion 
inhibition properties of AOT on AZ31 Mg alloy through a combination of 
EIS and immersion tests as well as advanced surface characterization 
techniques. It was observed that the corrosion rate decreased using AOT 
by forming a film that could prevent corrosion. Moreover, DFT calcu
lations showed a high interaction energy for the adsorption of AOT on 
the Mg alloy substrate. After confirming the corrosion inhibition effect 
of AOT for Mg alloy, a saturated solution of this surfactant was prepared 
to be further used for LDH immersion and its incorporation into LDH 
structure. Physical and chemical characterizations of modified LDH with 
AOT confirmed the existence of LDH after immersion in AOT solution. It 

was also observed that AOT could enhance the corrosion resistance of 
Mg alloy by forming a thicker LDH (inner) layer, which was confirmed 
by SEM images. The modification of LDH with AOT could enhance the 
corrosion resistance of the substrate, which can be used as a surface 
pretreatment for further application of organic coatings.
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