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Abstract

The unique interactions between hexadecanoic acid (HA) and albumin (ALB) molecules on the surface of the porous layer of AZ31 Mg
alloy were exploited to fabricate a novel hybrid composite film with excellent electrochemical stability in a 3.5 wt.% NaCl solution. Herein,
the inorganic layer (IL) obtained by plasma electrolytic oxidation of AZ31 Mg alloy in an alkaline-phosphate-WO; electrolyte was soaked in
an organic solution composed of ALB and HA for 10 and 24 h at 60 °C. Although albumin and HA may coexist on the same surface of IL,
the higher reactivity of ALB molecules would prevent the formation of a thick layer of HA. The donor-acceptor complexes formed due to
the unique interactions between ALB and/or HA and IL surface would reduce the area exposed to the corrosive species which in turn would
efficiently protect the substrate from corrosion. The porous structure of the IL would provide preferable sites for the physical and chemical
locking triggered by charge-transfer phenomena, leading to the inhomogeneous nucleation and crystal growth of a flowery flakes-like organic
layer. DFT calculations were performed to reveal the primary bonding modes between the ALB, HA, and IL and to assess the mechanistic
insights into the formation of such novel hybrid composites.
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1. Introduction

In recent years, growing interests have been poured into the
development of magnesium and its alloys in the automobile
and electronic fields due to their lightweight, high strength,
and good machinability [1,2]. However, the high corrosion
rate of Mg and its alloys would limit the industrial appli-
cations of these materials [3]. Therefore, alloying [4] and
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surface treatments methods namely chemical conversion coat-
ings, sol-gel, organic/polymer coatings, chemical/physical va-
por deposition, anodizing, and plasma electrolytic oxidation
(PEO) were suggested by several research groups to improve
the protection properties of Mg-based materials in the corro-
sive environments [5—10]. Among them, PEO has been con-
sidered as an environmentally friendly treatment method that
leads to form protective oxide layers on the metallic sub-
strates. Briefly, the high voltage applied in an alkaline elec-
trolyte could create numerous micro-sized plasma discharges
through a complex process involving thermal, electrochemi-
cal, and plasma reactions [11-18]. Since PEO is a surface
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conversion coating technique, the surface of the metallic alloy
is transformed into ceramic via electrochemical plasma reac-
tions without damaging the metal alloys at its core. Structures
with complex geometries can be coated without distorting the
bulk microstructure because the whole substrate does not go
through an elevated temperature during PEO coating [4,12].
The plasma discharge activity during PEO would create a
porous structure allowing the corrosive species to attack the
underlying substrate. Thus, additional treatment would be re-
quired to delay or suppress the movement of corrosive species
through the defective layer (IL) produced via PEO [12].

The application of hydrophobic coatings was proven as
an effective approach in inhibiting the corrosion of Mg and
its alloys [19]. For example, highly protective hydrophobic
coatings can be obtained by using fatty acids that bind to
the metallic oxide surfaces through hard acid-hard base in-
teractions in which the metallic cations from the oxide layer
acts as hard acid while carboxylate anions from fatty acid
behave like hard base [20,21]. Moreover, the long aliphatic
chain in these acids would help the development of a highly
protective hydrophobic coating [22]. According to Cui et al.
[23], the immersion of PEO-coated AZ31 Mg alloy in an
ethanolic solution of octadecanoic acid for 10 h would lead
to sealing the majority of structural defects of PEO coating
where a hydrophobic layer with a contact angle ~ 151 ° was
obtained through the bonding of CH3(CH,);sCOO~ anions
to the surface of PEO coating which resulted in significant
improvements in the protective properties of the metallic al-
loy. However, unwanted side reactions would occur during the
forming of such hydrophobic coatings because the high elec-
trochemical activity of Mg alloys with many acids, alkalis,
and saline solutions would lead to unwanted side reactions
[24]. Therefore, the hydrophobic coatings on Mg alloys are
not popular when compared to other inert metals, such as Cu,
Al, and Ti whose tendency to form passive films on their sur-
faces [25-27]. Moreover, the chemical activity of Mg alloys
is heterogeneous due to the presence of more than two phases
with the structure of these materials [18].

On the other hand, novel hybrid materials with various
structures could be discovered by hybridization by exploiting
the tendency of proteins to interact with a variety of nano-
materials [28]. Thanks to its availability and nontoxicity, al-
bumin (ALB) was utilized to tailor the surface characteristics
of IL prepared on Mg alloys. For instance, Kaseem and Ko
[29] reported the growth of flowers and rods-like structures
on the IL as a result of immersion of IL in solutions contain-
ing different concentrations of albumin (ALB) and sodium
phosphate which led to forming novel protective composites
on the AZ31 Mg alloy. The ALB molecules were used to
modify the layered double hydroxide (LDHs) films grown on
IL for smart corrosion protection of AZ31 Mg alloy [30]. Al-
though the structural defects of IL can be disadvantages for
the corrosion property, they have potential benefits. For ex-
ample, the large surface area provided by the defect structure
would facilitate the self-assembly of organic and inorganic
compounds where the local anchoring of these compounds
with simple structures around these defects was reported [31].

Based on the discussion above, an issue can be raised of
whether it is possible to exploit the competitive interactions
between fatty acids and proteins to fabricate an organic layer
(OL) on the top of the defective IL to improve the electro-
chemical stability of the AZ31 Mg alloy substrate. Here, we
reported for the first time the formation of novel organic struc-
tures on top of the porous surface of IL to fabricate a novel
hybrid composite composed of HA-ALB-IL as an individual
layer on the surface of AZ31 Mg alloy substrate. The hybrid
composite is fabricated by immersing the IL. made on Mg al-
loy via PEO in an ethanolic solution containing ALB and hex-
adecanoic acid (HA). So far, the use of such a defective layer
as an immobilization platform for hybrid organic-inorganic
flowery structures remains undocumented when two organic
compounds were used. The porous surface of IL would play a
critical role in providing nucleation sites for self-assembly of
ALB-HA which will drive the self-assembly of flowery-like
structure. The primary bonding mechanism responsible for
flowery structure is proposed based upon DFT calculations of
HA and ALB. The effectiveness of the prepared hybrid mate-
rials in protecting Mg alloy substrate against corrosion attack
was studied and compared with other methods available in
the literature.

2. Experimental procedures

2.1. Fabrication and functionalization of the defective
inorganic layer

The material used as a substrate in this study was AZ31
magnesium alloy sheets (30 x 25 x 4 mm) with a chem-
ical composition (in wt.%) of 2.89 Al, 0.96 Zn, 0.31 Mn,
0.15 Fe, 0.12 Si, and balance Mg. The AZ31 Mg alloy sam-
ples were treated in an electrolyte comprising of 4 g/LL KOH,
2 g/ WO3, and 10 g/L of Na3;PO,4. The particle size and
zeta potential of WO; were measured to be ~300 nm and
~—39 mV, respectively. Both values were determined by Ze-
tapotentiometer(Nano ZS, ZEN360). The obtained inorganic
layer is called IL. The processing parameters, namely oxida-
tion time, current density, and frequency were controlled to
be 600 s, 100 mA/cm?, and 60 Hz, respectively. To form an
OL-IL hybrid composite, the IL samples were functionalized
by immersion them in an ethanolic solution (70% ethanol)
containing a mixture of 3 g/L albumin (ALB) and (2.5 g/L)
hexadecanoic acid (HA) under continuous stirring for 10 and
24 h at 60 °C. The resultant samples were called IL-OL-
10 h and IL-OL-24 h, respectively. Based on the preliminary
experiments, the immersion periods were selected to be 10
and 24 h because the immersion times below 12 h did not
show significant improvement in the corrosion resistance of
IL. Whereas the immersion times higher than 24 h caused
inferior improvements in the corrosion resistance of the IL
sample as compared to the IL sample treated at 24 h. So,
we thought the immersion of the IL sample for 24 h in the
ALB/HA solution was enough to modify its porous structure.
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2.2. Microstructural and compositional analysis

The structural morphologies of the examined samples
were observed with scanning electron microscopy (SEM-
HITACHI, PT-S2800) equipped with dispersive X-ray spec-
troscopy (EDS). The thickness of the obtained coating was
acquired from > 10 different points of at least 5 differ-
ent cross-sectional morphologies of the samples. The phase
compositional analysis of the samples was carried out using
X-ray diffraction (XRD; RIGAKU, D-MAX 2500) and X-
ray photoelectron spectroscopy (XPS, VG Microtech, ESCA
2000). The Scan range during XRD measurements was from
10 ° to 90 °. The functional groups that appeared due to the
post-treatment were analyzed with FTIR-ATR spectroscopy
(PerkinElmer Spectrum 100) from a wave-number range of
400-4000 cm™~'.

2.3. Electrochemical analysis

Electrochemical measurements were conducted in an aer-
ated 3.5 wt.% NaCl solution with a potentiostat (Gamry Inter-
face 1000) in a three-electrode configuration, where platinum
and Ag/AgCl were set as counter and reference electrodes,
respectively. Before potentiodynamic polarization (PDP) mea-
surements, the samples were left in the corrosive solution for
5 h to stabilize the open circuit potential (OCP). PDP curves
were scanned from - 0.2 to + 0.4 V versus the OCP at a
scanning rate of 1 mVes~!. The Electrochemical impedance
spectroscopy (EIS) measurements were performed with AC
amplitude of 10 mV over the OCP in the frequency range
from 100 kHz to 0.01 Hz after immersion periods of 5, 12,
24, 96, 168, and 336 in the same solution. All electrochem-
ical tests were performed at least four times to ensure data
repeatability.

2.4. Theoretical calculations

Calculations were performed under the principles of den-
sity functional theory (DFT) and the geometry of hexade-
canoic acid (HA) and albumin (ALB) molecules was opti-
mized via the B3LYP/6-311G(d,p) basis set using the Gaus-
sian (09) software [32-34]. The reactivity of ALB and HA
molecules was examined by calculations of the energy of the
highest occupied molecular orbital (Egope) as well as the en-
ergy of the highest occupied molecular orbital (Epopme). The
values of energy gap (AEg,,), dipole moment (), ionization
potential (), electron affinity (A), Mulliken’s electronegativ-
ity (x), absolute hardness (1) and absolute softness (S) were
estimated by following equations [31]:
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n

The fraction of emitted electrons (AN) was calculated us-
ing the above formula [31]:

(XMg - Xmol)

AN =
2(77Mg + 77mol>

(6)

Here, xum, and 1y, represent the theoretical value of Mul-
liken’s electronegativity and hardness value of Mg, respec-
tively, while x,,, and n,, are the calculated electronegativ-
ities and hardness values of organic molecule respectively.
The theoretical values of yu, and ny, for Mg are found to
be 3.75 eV mol~! and 3.90 eV mol~!, respectively [35].

3. Results and discussion
3.1. . Microstructure of hybrid composites

Fig. 1(a—c) shows the surface morphologies of IL, IL-OL-
10 h, and IL-OL-24 h samples before and after the post-
treatment using an organic solution containing HA and ALB.
As shown in Fig. 1a, the surface of IL reveals micropores with
a multi-level layout. The hyper-level pores show an irregular,
pit-like shape, while their hypo-level counterparts show a cir-
cular shape. These multi-level micropores arise due to the
plasma discharge activity during PEO [12, 36-38]. Cracks
highlighted by arrows in Fig. la are attributed to the residual
thermal stress generated within the IL as a result of the rapid
solidification of molten materials by the cold electrolyte [39].
In contrast, multi-level pores observed on the surface of the IL
sample became less dominant on the surface of IL-OL-10 h
and IL-OL-24 h samples. After the post-treatment process in
a solution of HA and ALB, the nucleation of flowery flakes
on top of the IL surface was started as shown in Fig. 1b for
the IL-OL-10 h sample. The large surface area provided by
IL due to the presence of micropores would responsible for
such nucleation of flowery flakes like agglomerates of HA-
ALB (OL) on the surface of IL. Accordingly, the structural
defects that exist on the IL surface before the post-treatment
are sealed due to the growth flowery-flake structure as shown
in Fig. 1 (b—e). Such effective sealing would be attributed
to the unique interactions between the ALB and HA on the
surface of IL which lead to an anisotropic growth of primary
clusters by self-assembly [12,13,21]. The active adsorption
of OL (HA-ALB) operating the growth process is affected
by the porous structure of IL and the bonding compatibility
between IL and OL by electron donor-acceptor reactions, as
we will be approved later by DFT calculations. Thus, ALB
and/or HA molecules would provide electrons to the solution
and the porous IL surface leading to the formation of the
hybrid organic-inorganic film. EDS mappings on the surface
of OL-IL-10 h indicated the existence of Mg, O, P, W, C,
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Fig. 1. (a—e) SEM images showing the surface morphologies of the samples (a) IL, (b and d) IL-OL-10 h, (c and e) IL-OL-24 h. (f-n) EDS mapping analysis
on the surface of IL-OL-24 h sample shown in Fig. Ic where the Mg, O, P, W, C, and N elements were detected.

Table 1
EDS analysis on the surface of IL, IL-OL-10 h, and IL-OL-24 h samples.

Sample Mg (wt.%) O (wt.%) P (wt.%) W (wt.%) C(wt.%) N (wt.%)
L 35.34 40.58 18.79 5.29 - -
IL-OL-10h 27.14 36.16 423 21.53 1.27
IL-OL-24h 25.27 29.01 4.11 30.76 3.29

and N elements which tended to distribute homogeneously
throughout the surface of the hybrid film. The presence of C
and N would confirm the active adsorption of the OL on the
surface of IL. The EDS elemental composition on the surface
of IL, IL-OL-10 h, and IL-OL-24 h samples (Table 1) shows
the contents of the elements that appeared in EDS mappings
shown in Fig. 1(f-n).

Fig. 2 (a—c) displays the corresponding cross-sectional im-
ages of the IL, IL-OL-10 h, and IL-OL-24 h. The thickness of
the hybrid composites was found to be ~ 23.2 and ~24.3 pm
for IL-OL-10 h and IL-OL-24 h samples, respectively while
the thickness of IL was calculated to be ~ 20.1 wm. As in-
dicated by yellow circles, the formation of flowery flakes led
to the sealing of micro-pores in IL-OL-10 h and IL-OL-24 h
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Fig. 2. (a—c) SEM images showing the cross-sectional morphologies of (a) IL, (b) IL-OL-10 h, (c) IL-OL-24 h. (d—j) The corresponding EDS mapping of
the IL-OL-24 h sample showing the presence of Mg, O, P, W, C, and N elements (For interpretation of the references to color in this figure, the reader is

referred to the web version of this article).

samples. The EDS elemental mappings, shown in Fig. 2 (d-
j), confirmed the existence of Mg, O, P, W, N, and C in the
sealed porous structure.

3.2. Compositional analysis of hybrid composites

Fig. 3(a) displays the FT-IR spectra of IL-OL-10 h, and II-
OL-24 h to prove the interaction of PA and ALB with IL. The
peaks evident at ~1520 cm™ and ~ 1573 cm’! are attributed
to —COO~ asymmetric and symmetric stretching vibrations,
respectively; though according to Liu et al. [22], the symmet-

ric stretching peak of -COO~ should be at ~1468 cm™! which
suggested that a combination of different interactions would
occur on the surface of IL. Similar findings were reported by
Cui et al. [23] who examined the sealing effect of AZ31 Mg
alloy by stearic acid. The peaks at ~1022 cm~! would be
attributed to the ethanol adsorbed on the surface [23]. The
peaks at about 2867 and 2943 cm~! were contributed to the
C-H asymmetric and symmetric stretching vibration, respec-
tively [40]. The position of the N-CO-NH, group in ALB
is commonly used to discover the conformational changes on
the ALB molecule during the adsorption on the metallic sur-
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Fig. 3. (a) FTIR spectra of IL, IL-OL-10 h, and IL-OL-24 h samples. (b) XRD analysis of the IL, IL-OL-10 h, and IL-OL-24 h samples. (c—f) The
high-resolution scan for (c) Mg 1 s, (d) W 4f, (e) C 1 s, and (f) N 1 s for IL-OL-24 h sample.

face [41,42]. In this work, the N-CO-NH, group vibrations
were noticed at 1686 and 1645 cm~! which is slightly differ-
ent from the values of the amide group reported of pure ALB
which usually occurs at 1629-1748 cm~! [41]. This change
in band position suggested that interaction with ALB with IL
and HA surface would induce strong changes in ALB con-
formational state in favor of less-ordered conformations. The
band at 1520 cm~! would be related to an interaction between
NH, and positively charged sites (Mg sites) on the IL surface
[21].

The compositional analyses of IL, IL-OL-10 h, and IL-OL-
24 h samples were investigated by XRD, as shown in Fig. 3b.
MgO, Mg3(POy),, WO3, Wi50y49, and Mg were detected in
the IL sample. MgO can be formed by the Mg>* generated
from AZ31 Mg alloy substrate and O>~ anions produced from
the electrolyte during PEO (Eq. (7)):

Mgt + 0> — MgO (7)

PO,>~ anions produced from the ionization of Na3zPO, are
moved toward the anode under the effect of the high electric
field and react with Mg+ cations in the vicinity of the anode
(Eq. (8)):

3MGt +2P0O)" — Mg3(POy), ®)

The peaks of Mg were detected due to the penetration of
X-rays into the AZ31 Mg alloy substrate through the porous
thin layer. The presence of WO;3; and W;3O49 is ascribed
to the successful incorporation of the WOs3 additive, and its
transformation to W;gO49 under plasma conditions [31]. Since
WOj3 nanoparticles possessed a negative zeta potential, their
electrophoretic movement towards the anode would ensure

the delivery of the particles at the anode-electrolyte inter-
face [11,12]. Thus, the incorporation of these nanoparticles
during the PEO process could occur by the electrophoresis
process, then the high local temperature of plasma discharges
melted and sintered the WO; nanoparticles into the coating
[12]. Here, two assumptions were considered to be important
during the incorporation behavior of WO3 nanoparticles via
the PEO process. First, the extent of oxygen evolution dur-
ing the initial stages of the PEO process could be helpful
to determine the preservation of these particles that are al-
ready embedded in the solution. Second, the breakdown phe-
nomena of the coating and generation micro-pores and cracks
could decide the migration of WO; nanoparticles at the later
stages of the PEO process. The high plasma temperature dur-
ing PEO would facilitate the phase transformation of WO; to
Wis049 [31]. On the other hand, the XRD patterns of OL-IL-
10 h and OL-IL-24 h samples showed the additional peaks at
20.01, 20.76, 21.50, 23.57, and 39.41° along with their ob-
served peaks of IL, suggesting the successful formation of OL
on the top of IL. The complete growth of the flowery flakes
which seal the entire porous structure in the case of the IL-
OL-24 h sample would explain the high intensity of these
peaks in comparison to the case of the IL-OL-10 h sample.
The chemical states of the flowery-flake structures are in-
vestigated in detail by XPS analysis. Fig. 3 (c—f) shows the
high-resolution spectra of Mg 1s, W 4f, C 1s, and N 1s for
the IL-OL-24 h sample. The deconvolution of the Mg 1s spec-
trum led to three peaks at binding energies of ~1303.28 eV,
~1303.88 eV, and ~1304.28 eV corresponded to Mg, MgO,
and Mgz (POy), respectively [31]. The spectrum W 4f was de-
composed into peaks of W 4f7,, and W 4fs), for IL, where the
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binding energy at ~34.38 eV and ~36.5 eV associated with
Wi3049, and the binding energies at 35.48 eV, and 37.75 eV
corresponded to WOs3 [31]. The deconvolution of the N 1s
spectrum shows three deconvoluted peaks at ~398.4 eV rep-
resenting C—N bond, and at ~399.2 eV representing N-C = O
group, and at ~ 399.8 eV describing the N-Mg bond, sug-
gesting the binding of Mg with ALB to form coordinating
complexes [31]. As such, the deconvolution of C 1s spectrum
showed five peaks at ~ 284 eV, ~285.7 eV, ~ 287.3 eV,
~289.4 eV, and ~ 290. 4 eV related to (C-C/C-H), (C-N),
and N-C = O), (O-C = 0O), and m-m respectively [19, 43—
45]. The detection of the C Is and N 1s peaks, arising from
the post-treatment in a solution composed of ALB and HA,
would suggest the adsorption of ALB and HA on the surface
of IL, forming flower-like organic structures.

3.3. Electrochemical performance of hybrid composites

Fig. 4a shows PDP curves of the AZ31 Mg alloy substrate,
IL, IL-OL-10 h, and IL-OL-24 h samples with a direct com-
parison with the IL before the post-treatments in a solution
of ALB and HA. The parameters of corrosion current den-
sity (i.o+) and corrosion potential extracted from PDP curves
are plotted in Fig. 4b. As shown in Fig. 4b, the AZ31 Mg
alloy substrate had a higher corrosion susceptibility as com-
pared to other samples which was reflected by the largest
value of i, and the most negative value of E,,. Although
the PEO coating (IL sample) led to improve the corrosion
resistance of the AZ31 Mg alloy, the formation of flowery
structures on the surface of IL-OL-10 h and IL-OL-24 h sam-
ples resulted in significant changes in terms of the E,,, and
icorr Which correlate with the thermodynamics and kinetics
of the corrosion reactions, respectively. As shown in Fig. 4a,
the PDP curve of the IL sample was shifted to the nobler
potential after deposition of the OL layer where the most
positive increase in the potential was observed in the IL-OL-

24 h sample. This is attributed to the sealing of structural
defects of IL by the OL, limiting the activity of the whole
surface. Therefore, its surface becomes less prone to chem-
ical processes, as indicated by the noble shift of E,, The
PDP curves of IL-OL-10 h and IL-OL-24 h samples showed
a shift to the lower region of the i, which indicates slower
anodic reactions. This result suggests that the flowery-flakes
structure is an effective approach to improve the stability of
IL by blocking the porous structure and improving the barrier
properties. In other words, the flowery-like structures can be
considered as a potential candidate to improve the durability
of anti-corrosion layers by sealing the structural defects and
strengthening the barrier properties. This would, in turn, block
the additional inward flow of the corrosive ions (CI7) into the
substrate. Moreover, such structures would provide additional
shielding that prevented the flow of the corrosive ions towards
the multi-level micropores. Therefore, it is believed that the
high stability in the corrosive solution of the IL-OL-24 h
sample is attributed to the complete and uniform sealing of
micro-pores due to the deposition of OL acting as a barrier
film.

Fig. 5(a—c) shows the cross-sectional images of IL, IL-
OL-10 h, and IL-OL-24 h samples after 5 h immersion in a
3.5 wt.% NaCl solution. It can be seen from Fig. 5a that IL
had suffered severe corrosion since many corroded areas were
found on the surface of this sample. In contrast, the flake-like
structure in IL-OL-10 h and IL-OL-24 h samples film pro-
tected the Mg alloy substrate to some extent where some
degraded areas are rarely observed, as shown in Fig. 5 (b and
c). Interestingly, the cross-sectional image of the IL-OL-24 h
sample (Fig. 5¢) was almost unaffected by the corrosion, con-
firming that the effectiveness of the flower-flakes structure in
improving the protection properties of AZ31 Mg alloy sub-
strate.

To approve the effectiveness of the approach proposed in
the present work, the i, and E,, values derived from PDP
tests were compared with data in the literature as displayed
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Fig. 5. (a—c) Morphological features of the samples after 5 h immersion in 3.5 wt.% NaCl solution where (a) IL sample, (b) IL-OL-10 h sample, and (c)
IL-OL-24 h sample. (d) Comparison of Ecorr and icorr values obtained in the present work with the counterparts values collected for Mg alloy substrates treated
by couples of surface treatments [46-59]. The immersion periods in the corrosive solutions were varied from 10 min to 5 h.

in Fig. 5d. For the examples shown in Fig. 5d, the immersion
times before PDP tests were varied from 10 min to 4 h. As
it can be seen from Fig. 5d, the formation of flowery flakes
structures on the surface of IL, through the unique interac-
tions between ALB and HA molecules, is an effective method
to improve the protection properties of Mg substrates in com-
parison to different PEO coatings, conversion coatings, LDH
coating, anodizing, hybrid coating, and anodizing+LDH coat-
ings [46-59]. Although the value of E,,,, of the IL-OL-24 h
sample was more negative than the other cases, the smallest
value of ico, (247 x 107" A/cm?) for this sample would
imply a superior corrosion resistance of the AZ31 Mg alloy
in comparison to the literature data. This was attributed to the
stable barrier protection achieved by flowery flakes structures
formed due to the unique interactions between ALB and HA
on the surface of IL. Even a longer immersion period of 5 h
was used in the present work, better corrosion resistance was
obtained in comparison to other studies shown in Fig. 5d in
which the samples were immersed in the corrosive solutions

for shorter periods (from10 min to 4 h). Since all materials
employed in the present works were almost less toxic and
eco-friendly, the present approach can be applied to fabricate
functional hybrid composites with potential biomedical appli-
cations.

3.4. EIS evaluation for long time immersion

For the assessment of the corrosion performance of the
coatings with prolonged exposition to 3.5 wt.% of NaCl so-
lution, EIS measurements were performed at different immer-
sion times up to 336 h. The results obtained for the IL, IL-
OL-10 h, IL-OL-24 h samples are presented in Fig. 6, in the
form of Nyquist and Bode plots. Regardless of the immersion
time, the IL sample showed lower corrosion resistance than
IL-OL-10 h and IL-OL-24 h samples as deduced from the
smaller diameter of the capacitive loops in the Nyquist plots
and the lower values of modulus of impedance at low fre-
quencies. As the immersion time increase, IL exposes to the
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Fig. 6. EIS results obtained for the IL, IL-OL-10 h, and IL-OL-24 h samples at different immersion times, where (a—c) IL sample, (d-f) IL-OL-10 h sample,
and (g—i) IL-OL-24 h sample. The solid lines represent the fitting curves obtained with the equivalent circuits.

corrosive media and form loose Mg(OH), [60], which has no
blocking effect on CI~, thus facilitating a further degradation
during 12-168 h immersion. This degradation became more
pronounced when the immersion time reaches 336 h where
the diameter of the capacitance loop of IL diminished signif-
icantly. The significant shrink of capacitive loops and drop of
the total impedance of IL sample with increasing immersion
time confirm the less protection of the coating and the active
dissolution of the IL sample. The defects in the IL sample
(micropores and microcracks) acted as the active sites, pro-
viding pathways for quick diffusion of corrosive ions to the
substrate with a higher corrosion rate. With increasing immer-
sion time up to 368 h, the large drop of corrosion resistance
would imply that the substrate had been corroded seriously
because of the insufficient protection. Although the diameters
of the capacitive loops in the Nyquist plots for IL-OL-10 h
and IL-OL-24 h samples were reduced with increasing the
immersion times, the corrosion resistance of these samples
was higher than that for the IL sample, which can be con-
sidered as sealing effect, and shows a slow-corrosion process
during long-term immersion.

In general, the EIS spectrum in a broad frequency range
may exhibit one, two, or more time constants depending
on whether the coating has a single-layered or multi-layered

structure, whether it is porous or compact, whether the space-
charge region that puts restrictions on the charge transfer
forms at the potential used, or the charge transfer process
is effected by diffusion [61]. The impedance response for
the three samples at different immersion periods indicates the
presence of several relaxation processes, as revealed by phase
plots in Fig. 6 (c,f,i). At least two-time constants for IL, IL-
OL-10 h, and IL-OL-24 h samples can be identified from the
phase angle plots shown in Fig. 6 (c,f,i). It is also evident that
the IL-OL-10 h and IL-OL-24 h samples had higher phase an-
gle values corresponding to the higher frequency (1 MHz) as
compared to the IL, suggesting higher corrosion protective
ability. Moreover, it can be seen some deviation of the phase
maximum values from 90 © which indicates a non-ideal capac-
itor behavior. Lopez-Ortega et al. [62], attributed this disper-
sion to inhomogeneities in the dielectric material, i.e. passive
layer, such as porosity, mass transport, and the relaxation ef-
fect. The time constants, however, are hardly observed due
to a strong overlying [63,64]. Similar findings were reported
by Zhang et al. [65] and Kaseem et al. [13] for the PEO
coating made on AZ31 Mg alloy followed by several types
of post-treatments. The protective properties can be measured
from the value of |Z|; ¢ in the modulus Bode plots [66,67].
As shown in Fig. 6 (b, e, h), the high values of|Z|g; p, can
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Fig. 7. (a) The equivalent circuit model used for fitting the EIS results of the IL sample at immersion periods up to 96 h. (b) The equivalent circuit model
used for fitting the EIS results of IL sample at immersion periods of 168 and 336 h. (c) The equivalent circuit model used for fitting the EIS results of

IL-OL-10 h, and IL-OL-24 h samples.

clearly present the beneficial effect of immersion in an or-
ganic solution composed of ALB and HA for all immersion
times. Interestingly, the values of |Z|yp; py, for the IL-OL-
24 h sample were significantly higher than other cases which
would confirm that the flowery flake structures could signif-
icantly suppress the movement of corrosion species towards
metallic alloy substrate, which was consistent with the PDP
results.

To explore the different electrochemical processes that the
hybrid composite films undergo, the impedance responses are
fitted to equivalent circuit (EC) models shown in Fig. 7 by
considering the physical and chemical features. Due to the
dual-layered structure of the IL sample, two constant phase
elements, such as CPE, and CPE; corresponded to the outer
layer and the inner layer, respectively were used. Here, R,
describes the resistance of the outer layer while R; indicates
the resistance of the inner layer. Therefore, the EC model
shown in Fig. 7a was used for fitting EIS results of the IL
sample at immersion times up to 96 h while the EC model in
Fig. 7b was used for fitting the results at longer immersion
periods of 168 and 336 h. Here, CPE; and R, describe the
double-layer capacitance and charge transfer resistance at the
Mg alloy/solution interface. As for IL-OL-10 h and IL-OL-
24 h samples, the EC model in Fig. 7c was used for fitting the
EIS results. In this model, CPE; and Ry represented the con-
stant phase element and the resistance of the flowery flakes
grown on the surface of IL. The pure capacitor was replaced
with a CPE owing to the inhomogeneous surface of the coat-
ings obtained via PEO [68]. The chi-squared (x?) error value
was 1073 order of magnitude for all cases, implying that the
EC models in Fig. 7 were adequate for fitting Fig. 6. The
parameter values drawn from these equivalent circuit models
are available in Tables 2—4. In all samples, the values of R;

were higher than values of R, due to the compact structure of
the coatings produced via PEO [12]. In addition to the high
values of R, and R; in comparison to that of the IL sam-
ple, the higher protective ability provided by IL-OL-10 h and
IL-OL-24 h samples would be reflected by the presence of
Ry. It can be noted that the IL-OL-24 h samples showed the
highest values of the Ry and R, for all times of immersion.
The evolution of the R; for the three samples after different
immersion periods in a 3.5 wt.% NaCl solution revealed that
the values of R; were almost identical for samples at short
immersion periods (5 and 12 h) in a 3.5 wt.% NaCl solu-
tion. Although the values of R; showed a sharp decrease with
increasing immersion times, the values of R; for IL-OL-24 h
were almost unchanged by increasing the immersion time, in-
dicating considerable corrosion protection of the inner layer
of the IL sample was obtained by the deposition of OL which
has flowery flake structure.

The physical meaning of CPE’s parameters would be cor-
related with the morphology of the IL, IL-OL-10 h, and IL-
OL-24 h samples. The high value of CPE-Y value for the IL
sample would suggest that a larger surface area would be ex-
posed to the 3.5 wt.% NaCl solution, facilitating the charge
transfer of Cl~ species towards the AZ31Mg alloy substrate
[69]. In contrast, the low values of the CPE; for the IL-OL-
24 h sample would be an indicator of the effective suppression
of the infiltration of corrosive ions due to the formation of
flowery flakes structure, covering the entire porous surface
of IL. On the other hand, the values of CPE-n would de-
scribe the uniformity of each sample where the high values
of CPE-ns in the IL-OL-24 h sample would reflect the high
uniformity of this sample which led to reduce the exposed
interfacial surface, impeding anodic dissolution of AZ31 Mg
alloy [12,70].
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Table 2
Electrochemical parameters obtained from fitting IL sample. The unit of Y is (S- s" cm~2) while the unit of R is (€2 cm?).
Period CPE, Ro CPE; R; CPEy Re X2 (x 1073)
(h)

Yo no Y n; Yer Her
5 1.38 x 10~ 0.92 4.88 x 10° 1.44 x 10710 0.72 6.53 x 107 - - - 1.69
12 7.19 x 107! 0.89 1.60 x 10° 5.88 x 10710 0.90 497 x 107 - - - 2.81
24 3.90 x 10711 0.88 8.15 x 10° 6.83 x 1078 0.27 1.84 x 10° - - - 1.89
96 6.42 x 107! 0.73 2.12 x 10° 9.27 x 1078 0.23 1.05 x 10° - - - 1.31
168 1.09 x 10~10 0.71 7.33 x 10* 1.66 x 1077 0.23 5.56 x 10° 6.13 x 1077 0.53 3.26 x 107 1.79
336 7.98 x 10710 0.67 1.60 x 102 7.10 x 1077 0.87 3.55 x 103 292 x 107° 0.77 420 x 10* 1.58
Table 3
Electrochemical parameters obtained from fitting IL-OL-10 h sample. The unit of Y is (S- s”- cm~2) while the unit of R is (Q2+cm?).
Period CPE; CPE, CPE; x2 (x 1079)
(h) Ry R, R;

Yf l’lf Yo Ny Y,‘ n;
5 2.06 x 10712 0.90 1.18 x 107 1.64 x 10~11 0.84 5.56 x 107 2.57 x 1078 0.36 9.39 x 107 1.72
12 1.64 x 10712 0.91 6.16 x 10° 8.03 x 107! 0.75 1.18 x 107 5.40 x 1078 0.41 3.16 x 107 2.14
24 3.73 x 10711 0.93 3.64 x 10° 7.69 x 1077 0.31 9.87 x 10° 2.09 x 1077 0.44 2.79 x 107 2.54
96 478 x 1071 0.89 9.07 x 10° 1.09 x 1078 0.42 4.19 x 10° 143 x 1077 0.45 1.75 x 107 3.87
168 1.51 x 1071 0.85 3.24 x 10° 1.87 x 1077 0.27 1.29 x 10° 8.36 x 107° 0.41 448 x 10° 3.09
336 6.28 x 10710 0.81 1.25 x 10° 1.37 x 1077 0.31 7.61 x 10° 2.81 x 107° 0.47 1.40 x 100 237
Table 4
Electrochemical parameters obtained from fitting IL-OL-24 h sample. The unit of Y is (S- s"- cm~2) while the unit of R is (Q-cm?).
Period CPEf CPE, CPE; X% (x 1073)
(h) Ry R, R;

Yr ny Y, o Y; n;
5 5.56 x 10712 0.91 3.49 x 107 591 x 10710 0.82 6.85 x 107 1.96 x 1077 0.42 8.99 x 107 2.29
12 5.66 x 10712 0.91 3.38 x 107 7.98 x 10711 0.77 4.16 x 107 2.46 x 1077 0.32 7.38 x 107 3.13
24 454 x 10712 0.93 1.52 x 107 6.03 x 10710 0.76 3.50 x 107 3.52 x 1077 0.36 6.95 x 107 1.69
96 490 x 1071 0.92 1.15 x 107 440 x 10710 0.21 2.68 x 107 227 x 1077 0.57 428 x 107 2.25
168 221 x 10711 0.89 7.89 x 10° 7.81 x 107 0.47 8.45 x 10° 5.53 x 1077 0.41 1.86 x 107 0.87
336 1.09 x 10710 0.88 6.24 x 10° 1.66 x 1078 0.23 3.55 x 100 6.13 x 1077 0.53 1.26 x 107 1.79
Table 5
Calculated descriptors of ALB and HA molecules using the DFT method.
Molecule EHOMO (eV) ELUMO (eV) AE (eV) 1 A X n AN S
ALB -7.5094 -1.0216 6.4878 7.5094 1.0216 4.2655 3.2439 -0.03612 0.3082
HA -7.6511 0.1336 7.7847 7.6511 -0.1336 3.7587 3.8923 -0.00056 0.2569

3.5. Formation mechanism of hybrid films

DFT was utilized to evaluate the active sites responsible
for the adsorption of ALB and HA molecules on the sur-
face of IL. Figs. 8 and 9 show the computed FMO structures
of both ALB and HA molecules. The chemical reactivity of
a reacting molecule would be described by the interaction
between its HOMO and LUMO levels [71-74]. The ability
of the molecule to donate electrons to electrophilic metal or-
bitals is described by the high values of Epppo while the low
value of Ejyyo implies the tendency of a molecule to accept
electrons from stronger donating molecules [21]. Accordingly,
the high binding ability of the molecule and ions to the metal
surface would be described by the higher values of Epopmo
and lower values of Eryyo [13,31,39]. Based on the DFT re-
sults listed in Table 5, the ALB molecule is more reactive
than the HA molecule as it possesses a higher Egopo value

of (-7.5094 eV) and a lower E;yyo value of (-1.0216 eV).
This would also be described by the low value of the en-
ergy gap AE = (ELymo — Enomo) for the ALB molecule (~
6.49 eV) in comparison to that for HA molecule (~7.78 eV)
[31]. Besides, it is well known that the higher reactivity of
a molecule would also be described by increasing the soft-
ness value (S) or by decreasing the hardness n value [75].
According to the results tabulated in Table 5, ALB would
be rigorously reactive than HA. In addition, the interaction
of the system metal-surface/organic molecules is subjected to
the variation of their electronegativity [33]. This difference
in electronegativity trains generally the electron transfer from
the organic molecules to the metal surface. The obtained ab-
solute electronegativity values for both tested molecules show
that x of ALB is greater than that of HA. Such a result has
a significant impact on-trend to attract electrons in the bond-
ing formed between these molecules and the metal surface.
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Fig. 8. Optimized structure, the electron density distribution of the HOMO and LUMO orbitals, and Mulliken atomic charge distribution of ALB.

This suggestion is in good agreement with the experimen-
tal results obtained above. As the high values of AN would
describe the stability of donor-acceptor, respecting the con-
dition that AN is less than 3.6, both molecules show a high
electron-donating ability, which leads to good coverage of

the metal surface, confirming thus, the electron transfer from
the tested organic molecules to the surface. Moreover, from
Table 5, the ALB molecule had a higher electron-donating
ability than HA which was attributed to the higher number of
lone pairs and denticity in ALB due to the presence of the
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Fig. 9. Optimized structure, the electron density distribution of the HOMO and LUMO orbitals, and Mulliken atomic charge distribution of HA.

peptide group. On the other hand, it is well-known that the ad-
sorption capacity of organic molecules over the metal surface
would affect the corrosion inhibition property of the organic
molecules [76,77]. In general, the adsorption phenomenon of
organic molecules would rely on their physical and chemical
characteristics due to several factors related to the functional
groups, molecular structure, and electron density, present at
the donor atom [78]. First, the —-COOH group present in HA
would form a secondary bond with the IL surface in a pro-
cess of physisorption [79]. Second, chemisorption may also
be involved for the better adsorption capacity where the dis-
sociated —COO™ anions form bonds with Mg atoms of the
metal surface, leading to the formation of the magnesium car-
boxylate complex [79]. ALB is involved in the anticorrosion
activity as it carries more lone pairs which impede the dis-
solution of Mg and creating a uniform barrier layer on the
IL surface. Here, competitive adsorption between ALB and
HA molecules would occur on the surface of IL. Since ALB

molecules have higher reactivity than the HA molecules, as
approved by DFT calculations, the surface of IL would be
occupied by ALB molecules which hindered to some extent
the adsorption of HA molecules. ALB contains more func-
tional groups than that in HA which indicates its strong ca-
pability to form a stable barrier monolayer on the IL surface
through physical and chemical interactions. This would be
occurred by directing the ALB molecules to be adsorbed via
the lone pairs of electrons of the nitrogen atom of the peptide
group (CONH,), and the oxygen atom of the carbonyl group
(-COO0), which would form coordinate bonds with IL surface,
protecting it from the corrosion [80]. Moreover, with the pres-
ence of ALB and HA together, a strong barrier layer could
be formed, and the corrosion protection increased because of
the uniform, deposition of the OL, which may prevent water
molecules and corrosive anions (C17) from penetrating the IL
surface through its hydrophobic nature due to the presence
of hydrophobic long-chain in HA. The possible bonding be-
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tween ALB and HA molecules would also contribute to form
a stable OL on the IL, leading to form a stable barrier layer
effectively protecting the AZ31 Mg alloy substrate from cor-
rosion. It is interesting to recognize that the better protective
properties observed in the case of OL-IL-24 h sample were
ascribed to their polarity and the adsorption of OL on the
IL through a lone pair of electrons of the (CONH,), and the
oxygen atom of the carbonyl group (-CO) present in solution
in higher amounts.

4. Conclusions

In summary, a flowery-like multidimensional structured
ALB-HA nanocomposite was successfully made on the defec-
tive surface of IL by the chemical doping in the mixed solvent
of ethanol and water containing ALB and HA molecules. The
flowery flake structures sealed the entire surface of IL helped
to suppress the corrosion rate of AZ31 Mg alloy which was
ascribed not only to reducing the porosity of IL but also to
the strong orbital interactions between ALB and HA which
resulted in the formation of a stable organic barrier layer on
the surface of IL. Theoretical calculation shows efficient in-
teractions between tested molecules (ALB & HA) and the
metal surface thanks to the free-electrons pairs of functional
groups existing in these molecules. The results of the theo-
retical study are in good agreement with those obtained ex-
perimentally. The current inexpensive method of producing
flowery flakes like organic compounds with a large surface
area could find potential catalytic and photocatalytic applica-
tions.
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