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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 3 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. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

In recent years, growing interests have been poured into the
evelopment of magnesium and its alloys in the automobile
nd electronic fields due to their lightweight, high strength,
nd good machinability [ 1 , 2 ]. However, the high corrosion
ate of Mg and its alloys would limit the industrial appli-
ations of these materials [3] . Therefore, alloying [4] and
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urface treatments methods namely chemical conversion coat-
ngs, sol-gel, organic/polymer coatings, chemical/physical va-
or deposition, anodizing, and plasma electrolytic oxidation
PEO) were suggested by several research groups to improve
he protection properties of Mg-based materials in the corro-
ive environments [5–10] . Among them, PEO has been con-
idered as an environmentally friendly treatment method that
eads to form protective oxide layers on the metallic sub-
trates. Briefly, the high voltage applied in an alkaline elec-
rolyte could create numerous micro-sized plasma discharges
hrough a complex process involving thermal, electrochemi-
al, and plasma reactions [11–18] . Since PEO is a surface
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
c-nd/4.0/ ) Peer review under responsibility of Chongqing University 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jma.2021.08.028&domain=pdf
http://www.sciencedirect.com
https://doi.org/10.1016/j.jma.2021.08.028
http://www.elsevier.com/locate/jma
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mosabkaseem@sejong.ac.kr
mailto:younggun@ynu.ac.kr
https://doi.org/10.1016/j.jma.2021.08.028
http://creativecommons.org/licenses/by-nc-nd/4.0/


1312 M. Kaseem, T. Zehra, B. Dikici et al. / Journal of Magnesium and Alloys 10 (2022) 1311–1325 

c  

i  

t  

w  

b  

t  

T  

p  

u  

q  

t
 

a  

i  

c  

t  

t  

a  

b  

c  

p  

[  

e  

t  

w  

o  

t  

i  

l  

f  

t  

a  

[  

n  

A  

f  

i  

w
 

s  

t  

m  

b  

o  

[  

o  

i  

p  

o  

m  

I  

t  

t  

a  

w  

c  

w  

 

w  

b  

(  

c  

r  

t  

h  

l  

c  

l  

a  

a  

fl  

c  

c  

A  

s  

fl  

H  

r  

w  

t

2

2
i

 

m  

i  

0  

p  

2  

z  

∼  

t  

l  

t  

b  

O  

b  

c  

h  

2  

1  

e  

a  

s  

I  

i  

s  

w  

A  
onversion coating technique, the surface of the metallic alloy
s transformed into ceramic via electrochemical plasma reac-
ions without damaging the metal alloys at its core. Structures
ith complex geometries can be coated without distorting the
ulk microstructure because the whole substrate does not go
hrough an elevated temperature during PEO coating [ 4 , 12 ].
he plasma discharge activity during PEO would create a
orous structure allowing the corrosive species to attack the
nderlying substrate. Thus, additional treatment would be re-
uired to delay or suppress the movement of corrosive species
hrough the defective layer (IL) produced via PEO [12] . 

The application of hydrophobic coatings was proven as
n effective approach in inhibiting the corrosion of Mg and
ts alloys [19] . For example, highly protective hydrophobic
oatings can be obtained by using fatty acids that bind to
he metallic oxide surfaces through hard acid-hard base in-
eractions in which the metallic cations from the oxide layer
cts as hard acid while carboxylate anions from fatty acid
ehave like hard base [ 20 , 21 ]. Moreover, the long aliphatic
hain in these acids would help the development of a highly
rotective hydrophobic coating [22] . According to Cui et al.
23] , the immersion of PEO-coated AZ31 Mg alloy in an
thanolic solution of octadecanoic acid for 10 h would lead
o sealing the majority of structural defects of PEO coating
here a hydrophobic layer with a contact angle ∼ 151 ° was
btained through the bonding of CH 3 (CH 2 ) 16 COO 

− anions
o the surface of PEO coating which resulted in significant
mprovements in the protective properties of the metallic al-
oy. However, unwanted side reactions would occur during the
orming of such hydrophobic coatings because the high elec-
rochemical activity of Mg alloys with many acids, alkalis,
nd saline solutions would lead to unwanted side reactions
24] . Therefore, the hydrophobic coatings on Mg alloys are
ot popular when compared to other inert metals, such as Cu,
l, and Ti whose tendency to form passive films on their sur-

aces [25–27] . Moreover, the chemical activity of Mg alloys
s heterogeneous due to the presence of more than two phases
ith the structure of these materials [18] . 
On the other hand, novel hybrid materials with various

tructures could be discovered by hybridization by exploiting
he tendency of proteins to interact with a variety of nano-

aterials [28] . Thanks to its availability and nontoxicity, al-
umin (ALB) was utilized to tailor the surface characteristics
f IL prepared on Mg alloys. For instance, Kaseem and Ko
29] reported the growth of flowers and rods-like structures
n the IL as a result of immersion of IL in solutions contain-
ng different concentrations of albumin (ALB) and sodium
hosphate which led to forming novel protective composites
n the AZ31 Mg alloy. The ALB molecules were used to
odify the layered double hydroxide (LDHs) films grown on

L for smart corrosion protection of AZ31 Mg alloy [30] . Al-
hough the structural defects of IL can be disadvantages for
he corrosion property, they have potential benefits. For ex-
mple, the large surface area provided by the defect structure
ould facilitate the self-assembly of organic and inorganic

ompounds where the local anchoring of these compounds
ith simple structures around these defects was reported [31] .
Based on the discussion above, an issue can be raised of
hether it is possible to exploit the competitive interactions
etween fatty acids and proteins to fabricate an organic layer
OL) on the top of the defective IL to improve the electro-
hemical stability of the AZ31 Mg alloy substrate. Here, we
eported for the first time the formation of novel organic struc-
ures on top of the porous surface of IL to fabricate a novel
ybrid composite composed of HA-ALB-IL as an individual
ayer on the surface of AZ31 Mg alloy substrate. The hybrid
omposite is fabricated by immersing the IL made on Mg al-
oy via PEO in an ethanolic solution containing ALB and hex-
decanoic acid ( HA). So far, the use of such a defective layer
s an immobilization platform for hybrid organic-inorganic
owery structures remains undocumented when two organic
ompounds were used. The porous surface of IL would play a
ritical role in providing nucleation sites for self-assembly of
LB-HA which will drive the self-assembly of flowery-like

tructure. The primary bonding mechanism responsible for
owery structure is proposed based upon DFT calculations of
A and ALB. The effectiveness of the prepared hybrid mate-

ials in protecting Mg alloy substrate against corrosion attack
as studied and compared with other methods available in

he literature. 

. Experimental procedures 

.1. Fabrication and functionalization of the defective 
norganic layer 

The material used as a substrate in this study was AZ31
agnesium alloy sheets (30 × 25 × 4 mm) with a chem-

cal composition (in wt.%) of 2.89 Al, 0.96 Zn, 0.31 Mn,
.15 Fe, 0.12 Si, and balance Mg. The AZ31 Mg alloy sam-
les were treated in an electrolyte comprising of 4 g/L KOH,
 g/L WO 3 , and 10 g/L of Na 3 PO 4 . The particle size and
eta potential of WO 3 were measured to be ∼300 nm and
−39 mV, respectively. Both values were determined by Ze-

apotentiometer(Nano ZS, ZEN360). The obtained inorganic
ayer is called IL. The processing parameters, namely oxida-
ion time, current density, and frequency were controlled to
e 600 s, 100 mA/cm 

2 , and 60 Hz, respectively. To form an
L-IL hybrid composite, the IL samples were functionalized
y immersion them in an ethanolic solution (70% ethanol)
ontaining a mixture of 3 g/L albumin (ALB) and (2.5 g/L)
exadecanoic acid (HA) under continuous stirring for 10 and
4 h at 60 °C. The resultant samples were called IL-OL-
0 h and IL-OL-24 h, respectively. Based on the preliminary
xperiments, the immersion periods were selected to be 10
nd 24 h because the immersion times below 12 h did not
how significant improvement in the corrosion resistance of
L. Whereas the immersion times higher than 24 h caused
nferior improvements in the corrosion resistance of the IL
ample as compared to the IL sample treated at 24 h. So,
e thought the immersion of the IL sample for 24 h in the
LB/HA solution was enough to modify its porous structure.
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.2. Microstructural and compositional analysis 

The structural morphologies of the examined samples
ere observed with scanning electron microscopy (SEM-
ITACHI, PT-S2800) equipped with dispersive X-ray spec-

roscopy (EDS). The thickness of the obtained coating was
cquired from > 10 different points of at least 5 differ-
nt cross-sectional morphologies of the samples. The phase
ompositional analysis of the samples was carried out using
-ray diffraction (XRD; RIGAKU, D -MAX 2500) and X-

ay photoelectron spectroscopy (XPS, VG Microtech, ESCA
000). The Scan range during XRD measurements was from
0 ° to 90 °. The functional groups that appeared due to the
ost-treatment were analyzed with FTIR-ATR spectroscopy
PerkinElmer Spectrum 100) from a wave-number range of
00–4000 cm 

−1 . 

.3. Electrochemical analysis 

Electrochemical measurements were conducted in an aer-
ted 3.5 wt.% NaCl solution with a potentiostat (Gamry Inter-
ace 1000) in a three-electrode configuration, where platinum
nd Ag/AgCl were set as counter and reference electrodes,
espectively. Before potentiodynamic polarization (PDP) mea-
urements, the samples were left in the corrosive solution for
 h to stabilize the open circuit potential (OCP). PDP curves
ere scanned from - 0.2 to + 0.4 V versus the OCP at a

canning rate of 1 mV • s −1 . The Electrochemical impedance
pectroscopy (EIS) measurements were performed with AC
mplitude of 10 mV over the OCP in the frequency range
rom 100 kHz to 0.01 Hz after immersion periods of 5, 12,
4, 96, 168, and 336 in the same solution. All electrochem-
cal tests were performed at least four times to ensure data
epeatability. 

.4. Theoretical calculations 

Calculations were performed under the principles of den-
ity functional theory (DFT) and the geometry of hexade-
anoic acid (HA) and albumin (ALB) molecules was opti-
ized via the B3LYP/6–311G(d,p) basis set using the Gaus-

ian (09) software [32–34] . The reactivity of ALB and HA
olecules was examined by calculations of the energy of the

ighest occupied molecular orbital (E HOMO 

) as well as the en-
rgy of the highest occupied molecular orbital ( E HOMO 

). The
alues of energy gap ( �E gap ), dipole moment ( μ), ionization
otential ( I ), electron affinity ( A ), Mulliken’s electronegativ-
ty ( χ ), absolute hardness ( η) and absolute softness ( S ) were
stimated by following equations [31] : 

 = −E HOMO 

(1)

 = −E LU MO 

(2)

= 

I + A 

2 

(3)
= 

I − A 

2 

(4) 

 = 

1 

η
(5)

The fraction of emitted electrons ( �N) was calculated us-
ng the above formula [31] : 

N = 

(
χMg − χmol 

)

2 

(
ηMg + ηmol 

) (6) 

Here, χMg and ηMg represent the theoretical value of Mul-
iken’s electronegativity and hardness value of Mg, respec-
ively, while χmol and ηmol are the calculated electronegativ-
ties and hardness values of organic molecule respectively.
he theoretical values of χMg and ηMg for Mg are found to
e 3.75 eV mol −1 and 3.90 eV mol −1 , respectively [35] . 

. Results and discussion 

.1. . Microstructure of hybrid composites 

Fig. 1 (a–c) shows the surface morphologies of IL, IL-OL-
0 h, and IL-OL-24 h samples before and after the post-
reatment using an organic solution containing HA and ALB.
s shown in Fig. 1 a, the surface of IL reveals micropores with
 multi-level layout. The hyper-level pores show an irregular,
it-like shape, while their hypo-level counterparts show a cir-
ular shape. These multi-level micropores arise due to the
lasma discharge activity during PEO [ 12 , 36–38 ]. Cracks
ighlighted by arrows in Fig. 1 a are attributed to the residual
hermal stress generated within the IL as a result of the rapid
olidification of molten materials by the cold electrolyte [39] .
n contrast, multi-level pores observed on the surface of the IL
ample became less dominant on the surface of IL-OL-10 h
nd IL-OL-24 h samples. After the post-treatment process in
 solution of HA and ALB, the nucleation of flowery flakes
n top of the IL surface was started as shown in Fig. 1 b for
he IL-OL-10 h sample. The large surface area provided by
L due to the presence of micropores would responsible for
uch nucleation of flowery flakes like agglomerates of HA-
LB (OL) on the surface of IL. Accordingly, the structural
efects that exist on the IL surface before the post-treatment
re sealed due to the growth flowery-flake structure as shown
n Fig. 1 (b–e). Such effective sealing would be attributed
o the unique interactions between the ALB and HA on the
urface of IL which lead to an anisotropic growth of primary
lusters by self-assembly [ 12 , 13 , 21 ]. The active adsorption
f OL (HA-ALB) operating the growth process is affected
y the porous structure of IL and the bonding compatibility
etween IL and OL by electron donor-acceptor reactions, as
e will be approved later by DFT calculations. Thus, ALB

nd/or HA molecules would provide electrons to the solution
nd the porous IL surface leading to the formation of the
ybrid organic-inorganic film. EDS mappings on the surface
f 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. 1 c 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.%) 

IL 35.34 40.58 18.79 5.29 – –
IL-OL-10h 27.14 36.16 9.67 4.23 21.53 1.27 
IL-OL-24h 25.27 29.01 7.56 4.11 30.76 3.29 
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nd N elements which tended to distribute homogeneously
hroughout the surface of the hybrid film. The presence of C
nd N would confirm the active adsorption of the OL on the
urface of IL. The EDS elemental composition on the surface
f IL, IL-OL-10 h, and IL-OL-24 h samples ( Table 1 ) shows
he contents of the elements that appeared in EDS mappings
hown in Fig. 1 (f–n). 
Fig. 2 (a–c) displays the corresponding cross-sectional im-
ges of the IL, IL-OL-10 h, and IL-OL-24 h. The thickness of
he hybrid composites was found to be ∼ 23.2 and ∼24.3 μm
or IL-OL-10 h and IL-OL-24 h samples, respectively while
he thickness of IL was calculated to be ∼ 20.1 μm. As in-
icated by yellow circles, the formation of flowery flakes led
o 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). 
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amples. The EDS elemental mappings, shown in Fig. 2 (d–
), confirmed the existence of Mg, O, P, W, N, and C in the
ealed porous structure. 

.2. Compositional analysis of hybrid composites 

Fig. 3 (a) displays the FT-IR spectra of IL-OL-10 h, and Il-
L-24 h to prove the interaction of PA and ALB with IL. The
eaks evident at ∼1520 cm 

-1 and ∼ 1573 cm 

-1 are attributed
o –COO 

− asymmetric and symmetric stretching vibrations,
espectively; though according to Liu et al. [22] , the symmet-
ic stretching peak of –COO 

− should be at ∼1468 cm 

-1 which
uggested that a combination of different interactions would
ccur on the surface of IL. Similar findings were reported by
ui et al. [23] who examined the sealing effect of AZ31 Mg
lloy by stearic acid. The peaks at ∼1022 cm 

−1 would be
ttributed to the ethanol adsorbed on the surface [23] . The
eaks at about 2867 and 2943 cm 

−1 were contributed to the
–H asymmetric and symmetric stretching vibration, respec-

ively [40] . The position of the N–CO 

–NH 2 group in ALB
s commonly used to discover the conformational changes on
he 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. 
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ace [ 41 , 42 ]. In this work, the N–CO 

–NH 2 group vibrations
ere noticed at 1686 and 1645 cm 

−1 which is slightly differ-
nt from the values of the amide group reported of pure ALB
hich usually occurs at 1629–1748 cm 

−1 [41] . This change
n band position suggested that interaction with ALB with IL
nd HA surface would induce strong changes in ALB con-
ormational state in favor of less-ordered conformations. The
and at 1520 cm 

−1 would be related to an interaction between
H 2 and positively charged sites (Mg sites) on the IL surface

21] . 
The compositional analyses of IL, IL-OL-10 h, and IL-OL-

4 h samples were investigated by XRD, as shown in Fig. 3 b.
gO, Mg 3 (PO 4 ) 2 , WO 3 , W 18 O 49 , and Mg were detected in

he IL sample. MgO can be formed by the Mg 

2 + generated
rom AZ31 Mg alloy substrate and O 

2– anions produced from
he electrolyte during PEO (Eq. (7) ): 

 g 

2+ + O 

2− → MgO (7)

PO 4 
3 − anions produced from the ionization of Na 3 PO 4 are

oved toward the anode under the effect of the high electric
eld and react with Mg 

2 + cations in the vicinity of the anode
Eq. (8) ): 

 M g 

2+ + 2P O 

3 −
4 → M g 3 (P O 4 ) 2 (8)

The peaks of Mg were detected due to the penetration of
-rays into the AZ31 Mg alloy substrate through the porous

hin layer. The presence of WO 3 and W 18 O 49 is ascribed
o the successful incorporation of the WO 3 additive, and its
ransformation to W 18 O 49 under plasma conditions [31] . Since

O 3 nanoparticles possessed a negative zeta potential, their
lectrophoretic movement towards the anode would ensure
he delivery of the particles at the anode-electrolyte inter-
ace [ 11 , 12 ]. Thus, the incorporation of these nanoparticles
uring the PEO process could occur by the electrophoresis
rocess, then the high local temperature of plasma discharges
elted and sintered the WO 3 nanoparticles into the coating

12] . Here, two assumptions were considered to be important
uring the incorporation behavior of WO 3 nanoparticles via
he PEO process. First, the extent of oxygen evolution dur-
ng the initial stages of the PEO process could be helpful
o determine the preservation of these particles that are al-
eady embedded in the solution. Second, the breakdown phe-
omena of the coating and generation micro-pores and cracks
ould decide the migration of WO 3 nanoparticles at the later
tages of the PEO process. The high plasma temperature dur-
ng PEO would facilitate the phase transformation of WO 3 to
 18 O 49 [31] . On the other hand, the XRD patterns of OL-IL-

0 h and OL-IL-24 h samples showed the additional peaks at
0.01, 20.76, 21.50, 23.57, and 39.41 ° along with their ob-
erved peaks of IL, suggesting the successful formation of OL
n the top of IL. The complete growth of the flowery flakes
hich seal the entire porous structure in the case of the IL-
L-24 h sample would explain the high intensity of these
eaks in comparison to the case of the IL-OL-10 h sample. 

The chemical states of the flowery-flake structures are in-
estigated in detail by XPS analysis. Fig. 3 (c–f) shows the
igh-resolution spectra of Mg 1s, W 4f, C 1s, and N 1s for
he IL-OL-24 h sample. The deconvolution of the Mg 1s spec-
rum led to three peaks at binding energies of ∼1303.28 eV,

1303.88 eV, and ∼1304.28 eV corresponded to Mg, MgO,
nd Mg 3 (PO 4 ) 2 respectively [31] . The spectrum W 4f was de-
omposed into peaks of W 4f 7/2 , and W 4f 5/2 for IL, where the
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Fig. 4. (a) PDP curves scanned from - 0.25 to + 0.40 V concerning the OCP at a scan rate of 1 mV/s for AZ31 Mg alloy, IL, IL-OL-10 h, and IL-OL-24 h 
samples. (b) E corr vs. i corr for AZ31 Mg alloy, IL, IL-OL-10 h, and IL-OL-24 h samples. 
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inding energy at ∼34.38 eV and ∼36.5 eV associated with
 18 O 49 , and the binding energies at 35.48 eV, and 37.75 eV

orresponded to WO 3 [31] . The deconvolution of the N 1s
pectrum shows three deconvoluted peaks at ∼398.4 eV rep-
esenting C 

–N bond, and at ∼399.2 eV representing N 

–C = O
roup, and at ∼ 399.8 eV describing the N-Mg bond, sug-
esting the binding of Mg with ALB to form coordinating
omplexes [31] . As such, the deconvolution of C 1s spectrum
howed 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),
nd (N 

–C = O), (O 

–C = O), and π - π respectively [ 19 , 43–
5 ]. The detection of the C 1s and N 1s peaks, arising from
he post-treatment in a solution composed of ALB and HA,
ould suggest the adsorption of ALB and HA on the surface
f IL, forming flower-like organic structures. 

.3. Electrochemical performance of hybrid composites 

Fig. 4 a shows PDP curves of the AZ31 Mg alloy substrate,
L, IL-OL-10 h, and IL-OL-24 h samples with a direct com-
arison with the IL before the post-treatments in a solution
f ALB and HA. The parameters of corrosion current den-
ity ( i corr ) and corrosion potential extracted from PDP curves
re plotted in Fig. 4 b. As shown in Fig. 4 b, the AZ31 Mg
lloy substrate had a higher corrosion susceptibility as com-
ared to other samples which was reflected by the largest
alue of i corr and the most negative value of E corr . Although
he PEO coating (IL sample) led to improve the corrosion
esistance of the AZ31 Mg alloy, the formation of flowery
tructures on the surface of IL-OL-10 h and IL-OL-24 h sam-
les resulted in significant changes in terms of the E corr and
 corr which correlate with the thermodynamics and kinetics
f the corrosion reactions, respectively. As shown in Fig. 4 a,
he PDP curve of the IL sample was shifted to the nobler
otential after deposition of the OL layer where the most
ositive increase in the potential was observed in the IL-OL-
4 h sample. This is attributed to the sealing of structural
efects of IL by the OL, limiting the activity of the whole
urface. Therefore, its surface becomes less prone to chem-
cal processes, as indicated by the noble shift of E corr . The
DP curves of IL-OL-10 h and IL-OL-24 h samples showed
 shift to the lower region of the i corr , which indicates slower
nodic reactions. This result suggests that the flowery-flakes
tructure is an effective approach to improve the stability of
L by blocking the porous structure and improving the barrier
roperties. In other words, the flowery-like structures can be
onsidered as a potential candidate to improve the durability
f anti-corrosion layers by sealing the structural defects and
trengthening the barrier properties. This would, in turn, block
he additional inward flow of the corrosive ions (Cl −) into the
ubstrate. Moreover, such structures would provide additional
hielding that prevented the flow of the corrosive ions towards
he multi-level micropores. Therefore, it is believed that the
igh stability in the corrosive solution of the IL-OL-24 h
ample is attributed to the complete and uniform sealing of
icro-pores due to the deposition of OL acting as a barrier
lm. 

Fig. 5 (a–c) shows the cross-sectional images of IL, IL-
L-10 h, and IL-OL-24 h samples after 5 h immersion in a
.5 wt.% NaCl solution. It can be seen from Fig. 5 a that IL
ad suffered severe corrosion since many corroded areas were
ound on the surface of this sample. In contrast, the flake-like
tructure in IL-OL-10 h and IL-OL-24 h samples film pro-
ected the Mg alloy substrate to some extent where some
egraded areas are rarely observed, as shown in Fig. 5 (b and
). Interestingly, the cross-sectional image of the IL-OL-24 h
ample ( Fig. 5 c) was almost unaffected by the corrosion, con-
rming that the effectiveness of the flower-flakes structure in

mproving the protection properties of AZ31 Mg alloy sub-
trate. 

To approve the effectiveness of the approach proposed in
he present work, the i corr and E corr values derived from PDP
ests 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 E corr and i corr 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. 
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n Fig. 5 d. For the examples shown in Fig. 5 d, the immersion
imes before PDP tests were varied from 10 min to 4 h. As
t can be seen from Fig. 5 d, the formation of flowery flakes
tructures on the surface of IL, through the unique interac-
ions between ALB and HA molecules, is an effective method
o improve the protection properties of Mg substrates in com-
arison to different PEO coatings, conversion coatings, LDH
oating, anodizing, hybrid coating, and anodizing + LDH coat-
ngs [46–59] . Although the value of E corr of the IL-OL-24 h
ample was more negative than the other cases, the smallest
alue of i corr (2.47 × 10 

−11 A/cm 

2 ) for this sample would
mply a superior corrosion resistance of the AZ31 Mg alloy
n comparison to the literature data. This was attributed to the
table barrier protection achieved by flowery flakes structures
ormed due to the unique interactions between ALB and HA
n the surface of IL. Even a longer immersion period of 5 h
as used in the present work, better corrosion resistance was
btained in comparison to other studies shown in Fig. 5 d in
hich the samples were immersed in the corrosive solutions
or shorter periods (from10 min to 4 h). Since all materials
mployed in the present works were almost less toxic and
co-friendly, the present approach can be applied to fabricate
unctional hybrid composites with potential biomedical appli-
ations. 

.4. EIS evaluation for long time immersion 

For the assessment of the corrosion performance of the
oatings with prolonged exposition to 3.5 wt.% of NaCl so-
ution, EIS measurements were performed at different immer-
ion times up to 336 h. The results obtained for the IL, IL-
L-10 h, IL-OL-24 h samples are presented in Fig. 6 , in the

orm of Nyquist and Bode plots. Regardless of the immersion
ime, the IL sample showed lower corrosion resistance than
L-OL-10 h and IL-OL-24 h samples as deduced from the
maller diameter of the capacitive loops in the Nyquist plots
nd the lower values of modulus of impedance at low fre-
uencies. 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. 
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orrosive media and form loose Mg(OH) 2 [60] , which has no
locking effect on Cl −, thus facilitating a further degradation
uring 12–168 h immersion. This degradation became more
ronounced when the immersion time reaches 336 h where
he diameter of the capacitance loop of IL diminished signif-
cantly. The significant shrink of capacitive loops and drop of
he total impedance of IL sample with increasing immersion
ime confirm the less protection of the coating and the active
issolution of the IL sample. The defects in the IL sample
micropores and microcracks) acted as the active sites, pro-
iding pathways for quick diffusion of corrosive ions to the
ubstrate with a higher corrosion rate. With increasing immer-
ion time up to 368 h, the large drop of corrosion resistance
ould imply that the substrate had been corroded seriously
ecause of the insufficient protection. Although the diameters
f the capacitive loops in the Nyquist plots for IL-OL-10 h
nd IL-OL-24 h samples were reduced with increasing the
mmersion times, the corrosion resistance of these samples
as higher than that for the IL sample, which can be con-

idered as sealing effect, and shows a slow-corrosion process
uring long-term immersion. 

In general, the EIS spectrum in a broad frequency range
ay exhibit one, two, or more time constants depending

n whether the coating has a single-layered or multi-layered
tructure, whether it is porous or compact, whether the space-
harge region that puts restrictions on the charge transfer
orms at the potential used, or the charge transfer process
s effected by diffusion [61] . The impedance response for
he three samples at different immersion periods indicates the
resence of several relaxation processes, as revealed by phase
lots in Fig. 6 (c,f,i). At least two-time constants for IL, IL-
L-10 h, and IL-OL-24 h samples can be identified from the
hase angle plots shown in Fig. 6 (c,f,i). It is also evident that
he IL-OL-10 h and IL-OL-24 h samples had higher phase an-
le values corresponding to the higher frequency (1 MHz) as
ompared to the IL, suggesting higher corrosion protective
bility. Moreover, it can be seen some deviation of the phase
aximum values from 90 

o which indicates a non-ideal capac-
tor behavior. Lopez-Ortega et al. [62] , attributed this disper-
ion to inhomogeneities in the dielectric material, i.e. passive
ayer, such as porosity, mass transport, and the relaxation ef-
ect. The time constants, however, are hardly observed due
o a strong overlying [ 63 , 64 ]. Similar findings were reported
y Zhang et al. [65] and Kaseem et al. [13] for the PEO
oating made on AZ31 Mg alloy followed by several types
f post-treatments. The protective properties can be measured
rom the value of |Z| f → 0 in the modulus Bode plots [ 66 , 67 ].
s shown in Fig. 6 (b, e, h), the high values of | Z | 0.1 Hz 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. 
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learly present the beneficial effect of immersion in an or-
anic solution composed of ALB and HA for all immersion
imes. Interestingly, the values of | Z | 0.1 Hz for the IL-OL-
4 h sample were significantly higher than other cases which
ould confirm that the flowery flake structures could signif-

cantly suppress the movement of corrosion species towards
etallic alloy substrate, which was consistent with the PDP

esults. 
To explore the different electrochemical processes that the

ybrid composite films undergo, the impedance responses are
tted to equivalent circuit (EC) models shown in Fig. 7 by
onsidering the physical and chemical features. Due to the
ual-layered structure of the IL sample, two constant phase
lements, such as CPE o and CPE i corresponded to the outer
ayer and the inner layer, respectively were used. Here, R o 

escribes the resistance of the outer layer while R i indicates
he resistance of the inner layer. Therefore, the EC model
hown in Fig. 7 a was used for fitting EIS results of the IL
ample at immersion times up to 96 h while the EC model in
ig. 7 b was used for fitting the results at longer immersion
eriods of 168 and 336 h. Here, CPE dl and R ct describe the
ouble-layer capacitance and charge transfer resistance at the
g alloy/solution interface. As for IL-OL-10 h and IL-OL-

4 h samples, the EC model in Fig. 7 c was used for fitting the
IS results. In this model, CPE f and R f represented the con-
tant phase element and the resistance of the flowery flakes
rown on the surface of IL. The pure capacitor was replaced
ith a CPE owing to the inhomogeneous surface of the coat-

ngs obtained via PEO [68] . The chi-squared ( χ2 ) error value
as 10 

−3 order of magnitude for all cases, implying that the
C models in Fig. 7 were adequate for fitting Fig. 6 . The
arameter values drawn from these equivalent circuit models
re available in Tables 2–4 . In all samples, the values of R i 
ere higher than values of R o due to the compact structure of
he coatings produced via PEO [12] . In addition to the high
alues of R o and R i in comparison to that of the IL sam-
le, the higher protective ability provided by IL-OL-10 h and
L-OL-24 h samples would be reflected by the presence of
 f . It can be noted that the IL-OL-24 h samples showed the
ighest values of the R f and R o for all times of immersion.
he evolution of the R i for the three samples after different

mmersion periods in a 3.5 wt.% NaCl solution revealed that
he values of R i were almost identical for samples at short
mmersion periods (5 and 12 h) in a 3.5 wt.% NaCl solu-
ion. Although the values of R i showed a sharp decrease with
ncreasing immersion times, the values of R i for IL-OL-24 h
ere almost unchanged by increasing the immersion time, in-
icating considerable corrosion protection of the inner layer
f the IL sample was obtained by the deposition of OL which
as flowery flake structure. 

The physical meaning of CPE’s parameters would be cor-
elated with the morphology of the IL, IL-OL-10 h, and IL-
L-24 h samples. The high value of CPE-Y value for the IL

ample would suggest that a larger surface area would be ex-
osed to the 3.5 wt.% NaCl solution, facilitating the charge
ransfer of Cl − species towards the AZ31Mg alloy substrate
69] . In contrast, the low values of the CPE f for the IL-OL-
4 h sample would be an indicator of the effective suppression
f the infiltration of corrosive ions due to the formation of
owery flakes structure, covering the entire porous surface
f IL. On the other hand, the values of CPE-n would de-
cribe the uniformity of each sample where the high values
f CPE-n f in the IL-OL-24 h sample would reflect the high
niformity of this sample which led to reduce the exposed
nterfacial surface, impeding anodic dissolution of AZ31 Mg
lloy [ 12 , 70 ]. 
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Table 2 
Electrochemical parameters obtained from fitting IL sample. The unit of Y is (S · s n · cm 

−2 ) while the unit of R is ( � cm 

2 ). 

Period 
(h) 

CPE o R o CPE i R i CPE dl R ct χ2 ( × 10 −3 ) 

Y 0 n o Y i n i Y ct n ct 

5 1.38 × 10 −11 0.92 4.88 × 10 6 1.44 × 10 −10 0.72 6.53 × 10 7 – – – 1.69 
12 7.19 × 10 −11 0.89 1.60 × 10 6 5.88 × 10 −10 0.90 4.97 × 10 7 – – – 2.81 
24 3.90 × 10 −11 0.88 8.15 × 10 5 6.83 × 10 −8 0.27 1.84 × 10 6 – – – 1.89 
96 6.42 × 10 −11 0.73 2.12 × 10 5 9.27 × 10 −8 0.23 1.05 × 10 6 – – – 1.31 
168 1.09 × 10 −10 0.71 7.33 × 10 4 1.66 × 10 −7 0.23 5.56 × 10 5 6.13 × 10 −7 0.53 3.26 × 10 7 1.79 
336 7.98 × 10 −10 0.67 1.60 × 10 2 7.10 × 10 −7 0.87 3.55 × 10 3 2.92 × 10 −6 0.77 4.20 × 10 4 1.58 

Table 3 
Electrochemical parameters obtained from fitting IL-OL-10 h sample. The unit of Y is (S · s n · cm 

−2 ) while the unit of R is ( �• cm 

2 ). 

Period 
(h) 

CPE f 

R f 

CPE o 

R o 

CPE i 

R i 

χ2 ( × 10 −3 ) 

Y f n f Y o n o Y i n i 

5 2.06 × 10 −12 0.90 1.18 × 10 7 1.64 × 10 −11 0.84 5.56 × 10 7 2.57 × 10 −8 0.36 9.39 × 10 7 1.72 
12 1.64 × 10 −12 0.91 6.16 × 10 6 8.03 × 10 −11 0.75 1.18 × 10 7 5.40 × 10 −8 0.41 3.16 × 10 7 2.14 
24 3.73 × 10 −11 0.93 3.64 × 10 6 7.69 × 10 −9 0.31 9.87 × 10 6 2.09 × 10 −7 0.44 2.79 × 10 7 2.54 
96 4.78 × 10 −11 0.89 9.07 × 10 5 1.09 × 10 −8 0.42 4.19 × 10 6 1.43 × 10 −7 0.45 1.75 × 10 7 3.87 
168 1.51 × 10 −11 0.85 3.24 × 10 5 1.87 × 10 −7 0.27 1.29 × 10 6 8.36 × 10 −6 0.41 4.48 × 10 6 3.09 
336 6.28 × 10 −10 0.81 1.25 × 10 5 1.37 × 10 −7 0.31 7.61 × 10 5 2.81 × 10 −6 0.47 1.40 × 10 6 2.37 

Table 4 
Electrochemical parameters obtained from fitting IL-OL-24 h sample. The unit of Y is (S · s n · cm 

−2 ) while the unit of R is ( �·cm 

2 ). 

Period 
(h) 

CPE f 

R f 

CPE o 

R o 

CPE i 

R i 

χ2 ( × 10 −3 ) 

Y f n f Y o n o Y i n i 

5 5.56 × 10 −12 0.91 3.49 × 10 7 5.91 × 10 −10 0.82 6.85 × 10 7 1.96 × 10 −7 0.42 8.99 × 10 7 2.29 
12 5.66 × 10 −12 0.91 3.38 × 10 7 7.98 × 10 −11 0.77 4.16 × 10 7 2.46 × 10 −7 0.32 7.38 × 10 7 3.13 
24 4.54 × 10 −12 0.93 1.52 × 10 7 6.03 × 10 −10 0.76 3.50 × 10 7 3.52 × 10 −7 0.36 6.95 × 10 7 1.69 
96 4.90 × 10 −11 0.92 1.15 × 10 7 4.40 × 10 −10 0.21 2.68 × 10 7 2.27 × 10 −7 0.57 4.28 × 10 7 2.25 
168 2.21 × 10 −11 0.89 7.89 × 10 6 7.81 × 10 −9 0.47 8.45 × 10 6 5.53 × 10 −7 0.41 1.86 × 10 7 0.87 
336 1.09 × 10 −10 0.88 6.24 × 10 6 1.66 × 10 −8 0.23 3.55 × 10 6 6.13 × 10 −7 0.53 1.26 × 10 7 1.79 

Table 5 
Calculated descriptors of ALB and HA molecules using the DFT method. 

Molecule E HOMO (eV) E LUMO (eV) �E (eV) I A χ η �N 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 
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.5. Formation mechanism of hybrid films 

DFT was utilized to evaluate the active sites responsible
or the adsorption of ALB and HA molecules on the sur-
ace of IL. Figs. 8 and 9 show the computed FMO structures
f both ALB and HA molecules. The chemical reactivity of
 reacting molecule would be described by the interaction
etween its HOMO and LUMO levels [71–74] . The ability
f the molecule to donate electrons to electrophilic metal or-
itals is described by the high values of E HOMO 

while the low
alue of E LUMO 

implies the tendency of a molecule to accept
lectrons from stronger donating molecules [21] . Accordingly,
he high binding ability of the molecule and ions to the metal
urface would be described by the higher values of E HOMO 

nd lower values of E LUMO 

[ 13 , 31 , 39 ]. Based on the DFT re-
ults listed in Table 5 , the ALB molecule is more reactive
han the HA molecule as it possesses a higher E HOMO 

value
f (-7.5094 eV) and a lower E LUMO 

value of (-1.0216 eV).
his would also be described by the low value of the en-
rgy gap �E = ( E LUMO 

− E HOMO 

) for the ALB molecule ( ∼
.49 eV) in comparison to that for HA molecule ( ∼7.78 eV)
31] . Besides, it is well known that the higher reactivity of
 molecule would also be described by increasing the soft-
ess value ( S ) or by decreasing the hardness η value [75] .
ccording to the results tabulated in Table 5 , ALB would
e rigorously reactive than HA. In addition, the interaction
f the system metal-surface/organic molecules is subjected to
he variation of their electronegativity [33] . This difference
n electronegativity trains generally the electron transfer from
he organic molecules to the metal surface. The obtained ab-
olute electronegativity values for both tested molecules show
hat χ of ALB is greater than that of HA. Such a result has
 significant impact on-trend to attract electrons in the bond-
ng 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. 
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his suggestion is in good agreement with the experimen-
al results obtained above. As the high values of �N would
escribe the stability of donor-acceptor, respecting the con-
ition that �N is less than 3.6, both molecules show a high
lectron-donating ability, which leads to good coverage of
he metal surface, confirming thus, the electron transfer from
he tested organic molecules to the surface. Moreover, from
able 5 , the ALB molecule had a higher electron-donating
bility than HA which was attributed to the higher number of
one 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. 
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eptide group. On the other hand, it is well-known that the ad-
orption capacity of organic molecules over the metal surface
ould affect the corrosion inhibition property of the organic
olecules [ 76 , 77 ]. In general, the adsorption phenomenon of

rganic molecules would rely on their physical and chemical
haracteristics due to several factors related to the functional
roups, molecular structure, and electron density, present at
he donor atom [78] . First, the –COOH group present in HA
ould form a secondary bond with the IL surface in a pro-

ess of physisorption [79] . Second, chemisorption may also
e involved for the better adsorption capacity where the dis-
ociated –COO 

− anions form bonds with Mg atoms of the
etal surface, leading to the formation of the magnesium car-

oxylate complex [79] . ALB is involved in the anticorrosion
ctivity as it carries more lone pairs which impede the dis-
olution of Mg and creating a uniform barrier layer on the
L surface. Here, competitive adsorption between ALB and

A molecules would occur on the surface of IL. Since ALB o  
olecules have higher reactivity than the HA molecules, as
pproved by DFT calculations, the surface of IL would be
ccupied by ALB molecules which hindered to some extent
he adsorption of HA molecules. ALB contains more func-
ional groups than that in HA which indicates its strong ca-
ability to form a stable barrier monolayer on the IL surface
hrough physical and chemical interactions. This would be
ccurred by directing the ALB molecules to be adsorbed via
he lone pairs of electrons of the nitrogen atom of the peptide
roup (CONH 2 ), and the oxygen atom of the carbonyl group
-COO), which would form coordinate bonds with IL surface,
rotecting it from the corrosion [80] . Moreover, with the pres-
nce of ALB and HA together, a strong barrier layer could
e formed, and the corrosion protection increased because of
he uniform, deposition of the OL, which may prevent water
olecules and corrosive anions (Cl −) from penetrating the IL

urface through its hydrophobic nature due to the presence
f hydrophobic long-chain in HA. The possible bonding be-
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ween ALB and HA molecules would also contribute to form
 stable OL on the IL, leading to form a stable barrier layer
ffectively protecting the AZ31 Mg alloy substrate from cor-
osion. It is interesting to recognize that the better protective
roperties observed in the case of OL-IL-24 h sample were
scribed to their polarity and the adsorption of OL on the
L through a lone pair of electrons of the (CONH 2 ), and the
xygen atom of the carbonyl group (-CO) present in solution
n higher amounts. 

. Conclusions 

In summary, a flowery-like multidimensional structured
LB-HA nanocomposite was successfully made on the defec-

ive surface of IL by the chemical doping in the mixed solvent
f ethanol and water containing ALB and HA molecules. The
owery flake structures sealed the entire surface of IL helped

o suppress the corrosion rate of AZ31 Mg alloy which was
scribed not only to reducing the porosity of IL but also to
he strong orbital interactions between ALB and HA which
esulted in the formation of a stable organic barrier layer on
he surface of IL. Theoretical calculation shows efficient in-
eractions between tested molecules (ALB & HA) and the

etal surface thanks to the free-electrons pairs of functional
roups existing in these molecules. The results of the theo-
etical study are in good agreement with those obtained ex-
erimentally. The current inexpensive method of producing
owery flakes like organic compounds with a large surface
rea could find potential catalytic and photocatalytic applica-
ions. 
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