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computational studies of
a graphene oxide barrier layer covalently
functionalized with amino acids on Mg AZ13 alloy
in salt medium

N. Palaniappan, *a I. S. Cole, *b A. E. Kuznetsov, c Balasubramanian K. d

and K. R. Justin Thomas e

Magnesium alloys are promising materials for the biomedical and automobile industries. The Mg alloy's

light-weight property leads to numerous industrial applications. However, the magnesium alloy oxide

layers are not stable in salt environments. Organic inhibitors and epoxy coatings fail as long term barriers

in such media. Recently, carbon based functionalized materials, graphene oxides, were shown to be

promising materials for improving corrosion resistance in acid and salt environments. Our research

considered graphene oxide covalently functionalized with the amino acid leucine to form anticorrosion

coating materials. The functionalized materials were characterized by XRD, Raman, FESEM, HRTEM, FTIR,

and AFM methods. The corrosion inhibition efficiency was monitored by electrochemical methods. The

novelty of the functionalized graphene oxide materials is that they are water impermeable, and thus

could enhance the anticorrosion resistance in salt environments.
1. Introduction

Magnesium-based alloys are light-weight materials which are
used broadly in the motor industry. The magnesium alloys have
weak corrosion resistance in salt environments. The synthetic
organic inhibitor molecules or inorganic metal complex inhib-
itors are known to fail to have long time inhibition efficiency in
corrosive environments. Also, these synthetic inhibitors are
harmful to the environment as well as to human life. Further-
more, Birbilis et al. showed that La and LaPO4 coated magne-
sium alloy AZ91D has corrosion resistance in a 1 M NaCl
environment. They suggested that pitting corrosion of the La
coated magnesium alloy initiated on alloy surface as compared
to LaPO4 coated magnesium alloy. But in the case of LaPO4

coated magnesium alloy no pitting corrosion on the alloy
developed due to strong phosphate anchoring on alloy surface.1

Wen et al. studied triethanolamine as corrosion inhibitor in salt
environment on magnesium alloy AZ91D. The corrosion inhi-
bition studies revealed that triethanolamine behaves as mixed
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type corrosion inhibitor in salt environment.2 Xi et al. studied
corrosion resistance of phenylalanine polyester amide coated
magnesium alloy in articial human body uids environments
in vitro. The polymer coated magnesium alloy showed
outstanding corrosion resistance in vitro.3 The addition of
neodymium and zinc to magnesium alloy improved corrosion
resistance in vitro and in vivo.4 Liu et al. reported remarkable
corrosion inhibition of plasma method hydroxyapatite coated
AZ91D magnesium alloys in the human osteoblast cell envi-
ronment.5 The authors reported corrosion resistance of the
laser treated magnesium WE43 alloy in 3.5% NaCl environ-
ments. Results suggested that laser treated magnesium alloy
had excellent corrosion resistance in salt environments.6 Xu
et al. reported corrosion resistance of the phosphate coated
AZ13 magnesium alloy in articial human body uid. The
phosphate coated magnesium alloy showed excellent corrosion
resistance due to the phosphate strong physisorption on alloy
surface.7 The authors reported that silane modied coated AZ31
magnesium alloy corrosion resistance increased in articial
body uids due to the silane acting as self-healing agent.
Further, alanine, glycine, and leucine amino acids were shown
to work as corrosion inhibitors on mild steel in the 1 M HCl
medium,8–12 and with increased amount of the inhibitor
corrosion inhibition efficiency increased. Furthermore, the
cerium decorated GO and GO coated Mg alloy were treated in
3.5% NaCl medium.13–15 It was suggested that with the increase
of coating thickness the inhibition efficiency increased for
functionalized graphene oxide materials adsorbed on active Mg
RSC Adv., 2019, 9, 32441–32447 | 32441
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alloy surface. The amino acids are eco-friendly and demonstrate
high electron transfer rates. Leucine functionalized graphene
oxide coated Mg AZ13 alloy has not been studied in the salt
environment so far. We have performed rst investigation of the
green corrosion inhibition barrier layer in salt environment.

2. Experimental
2.1. Reactants

Natural graphite, H2SO4, H2PO4, H2O2, KMnO4, and leucine
amino acid were purchased from Alfa Aser. Mg AZ31 was of
commercial grade, and the GO was synthesized by modied
hummer methods. The 1 g of graphite powder was placed into
the round bottom ask (RB). The RB was kept in ice containing
beaker and 40 ml of H2SO4, 60 ml of H2PO4 and 3 g KMnO4 were
slowly added to the mixture. The mixture was reuxed at 60 �C
for 12 h and aer that the mixture was cooled at room
temperature. The nal product was washed with excess of
deionised water to neutralize the mixture. The black product
was dried at 80 �C in vacuum oven.

2.2. Amino acid functionalization

100 mg of GO were placed in the 50 ml of ethanol contained in
the 100 ml RB. The mixture was continuously sonicated for 3 h
to obtain nely dispersed solution by using Multi Ultrasonic
cleaner model SB-300 DTY at 40 W, and 10 mg of leucine were
added to the nely dispersed GO solution. This mixture was
reuxed at 60 �C continuously for 24 h. The mixture was cooled
at room temperature and washed with ethanol and water to
obtain neutral solution. The nal product was dried at 60 �C in
the vacuum oven for 24 h.

2.3. Material characterization

The GO and leucine and graphene oxide (GO + L) functional
groups were analysed by using PerkinElmer 65 FTIR. The carbon
disorder was studied by confocal Raman WITec 532 nm laser
vibration and crystallinity of GO and (GO + L) functional mate-
rials was studied by XRD 8 Advance Bruker. Further, the micro-
structure was studied by using FESEM Merline Carlzeiss, and
TEM FEI Model Tecnai G2 S Twin (200 kV) facility GATAN. The
coated Mg alloy surface wettability was studied by Drop Shape
Analyzer – DSA25. The epoxy and GO + L coated magnesium
alloys were dried at 80� for 24 h, aer that their thickness was
studied at applied voltage ranging from 1.5000 eV to 6.0000 eV,
with the increment of 0.0500 eV by Ellipsometer uvisel-2 model.
The coating tting was analysed by UVisel-2 soware.

2.4. Corrosion inhibition studies

AZ13 mg alloy was cut into 1 cm � 1 cm pieces and polished
with series of silicon paper from 400 to 1200 micron.9 The
polished Mg alloys were washed with acetone and water before
coating. The (GO + L) and epoxy powder were mixed in 2 : 1 ratio
with binder (polyamine), the coating was done by brushmethod
and brush size was 0.2 micron. Aer coating Mg alloy was dried
for 24 h at 80 �C. As prepared Mg alloy was used as a working
electrode, platinum foil was used as counter electrode and Ag/
32442 | RSC Adv., 2019, 9, 32441–32447
AgCl as a reference electrode for electrochemical reaction. The
corrosion inhibition study was carried out in the 3.5% NaCl
medium because electrolyte was used at the same concentra-
tion. The coated alloys were immersed for 48 h continuously in
3.5% NaCl medium. Aer this the corrosion inhibition effi-
ciency was analysed by CHI920D model. Corrosion inhibition
efficiency was calculated following eqn (1) and (2).

h ¼ Io � II

Io
� 100 (1)

Cdl � 1

2pfmax Rct

(2)
2.5. Computational studies

In our calculations we used the C44H16O8 GO model with two
–CO2H groups, two –OH group, and two ]O groups. To this
model the leucine amino acid molecule was covalently bound
through its –NH2 group to the]O group located in the centre of
the GO model, thus the ]N group was formed. All calculations
were done using the Gaussian09 program package,16 imple-
menting the hybrid B3LYP functional17 and split-valence polar-
ized basis set 6-31G*18 with polarization functions on heavier
atoms. The calculations were performed in the gas phase. The
electronic structure of the optimized GO–leucine species was
calculated and using the molecular orbital energies such global
reactivity parameters as electrophilicity, hardness, soness, and
electronegativity were calculated by using eqn (3)–(6). Charge
distribution analysis was performed using the Natural Bonding
Order scheme.19 The structure and molecular orbitals of the
model studies were visualised using the Molden soware.20

c ¼ I � A

2
(3)

s ¼ 1

h
(4)

h ¼ I þ A

2
(5)

u ¼ c2

2h
(6)
3. Result and discussion
3.1. Spectroscopy

In Fig. 1A (FTIR) the functional groups analysis of GO and (GO +
L) composite materials is provided. For the functionalized gra-
phene oxide stretching frequencies are present in Fig. 1A. The
GO hydroxyl stretching frequency appears at 3500 cm�1, and
stretching frequency appearing at 1520 cm�1 is associated with
C]C bond vibration. Furthermore, the carbonyl groups
stretching frequency appears at 1800 cm�1 and peak appearing
at 1150 cm�1 is attributed to C–O bond. The peak appearing at
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (A) FTIR spectroscopy of functionalized materials, (B) and (C)
FESEM images of GO + L composite materials, and (D) and (E) TEM
images of GO + L materials micro crystalline structure.

Fig. 3 (A) Raman studies of GO functional materials, (B) and (C) Raman
image of with and without amino acids GO, (D) epoxy coated, and (E)
GO + L coated magnesium surface wettabilities.
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1430 cm�1 is related to C–O–C vibration. The secondary amine
NH stretching frequency appears at 3300 cm�1.21
3.2. Microscopy studies

The GO + L composite material microstructures are shown in
Fig. 1B, the (GO + L) FESEM image suggested that bilayer gra-
phene oxide sheet is formed due to harsh oxidation environ-
ments.22,23 GO exfoliation was uniform and did not form any
defects on the sheet. As shown in Fig. 1C FESEM image of (GO +
L), ribbon shapes are formed, and layer shrinks due to the
secondary nitrogen atom interconnected with p-electrons of
GO. The microscopy results suggested that few layer graphene
oxides exfoliate uniformly from graphite multilayer structure.
Furthermore, we analysed the crystallinity of the functionalized
graphene oxide materials by TEM, as shown in Fig. 1D, the
analysis results suggested the size of the continuous graphene
oxide layer around 1m, and this could improve the long-time
stability of the structure. Fig. 1E allows to suggest that few
layers 4,5-diphenyl graphene oxide, with the thickness around
Fig. 2 Leucine functionalized graphene oxide elemental mapping.

This journal is © The Royal Society of Chemistry 2019
20m and continuous sheet, was uniformly exfoliated by ultra-
sonication. Analysis of the functionalized materials, along
with the polycrystalline index shown in the Fig. 1E, reveals that
imidazole derivative functionalized on GO 002 phase is regu-
larly arranged in hexagonal structure.

As shown in Fig. 2, in the functionalized GO the amino acid
attached via N-atom connection to p-bond is regularly distrib-
uted over the graphene oxide sheet. The other elements
concentrations are high due to the graphene oxide edge func-
tional groups, whereas the N percentage is lower because the
amino acid guest molecules are chemisorbed on the p–p plane
of graphene oxide.

Fig. 3 presents the results of the Raman spectroscopy studies
of GO and GO + L functional material carbon disorder.24 The
peak appearing at 1230 cm�1 is associated with D and peak at
1540 cm�1 is associated with G bond characteristic, and it is
suggested that GO and functional GO materials are regularly
Fig. 4 AFM studies of leucine functionalized graphene oxide (A) 100
micron area analysis, (B) single GO + L sheet analysed, (C) and (D) GO
+ L few layer.

RSC Adv., 2019, 9, 32441–32447 | 32443
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Fig. 5 XRD of GO and GO + L functionalized materials.

Table 1 Epoxy and GO + L composite coated magnesium alloy
corrosion inhibition values

S. no. Coating �Ecorr mV �ICorr mA Rct U Cdl mF c2 �A

1 Epoxy 1.420 6.260 24 9.2228 1.0167 182
2 GO + L 1.900 2.420 38 2.7192 1.9719 186
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formed without any defects due to mild oxidation agent used. In
Fig. 3B Raman image of without amino acid functionalizations
GO is not bright due to absence of active nitrogen. In Fig. 3C
image of amino acid functionalized GO sheet is bright due to
presence of active nitrogen groups. However, in Fig. 3D epoxy
coated magnesium alloy shows the surface wettability around
25� due to the epoxy coating peel off from alloy surface. In
Fig. 3E presence of amino acid functionalized graphene oxide
coated magnesium alloy surface is showing high wettability of
83� degrees.25 It helps to avoid aggressive solution interaction
with coated surface. The wettability results reveal that amino
acid functionalized graphene oxide has excellent hydropho-
bicity due to the active nitrogen interactions through p-bonds
with GO sheet, and thus prevents the aggressive ions penetra-
tion to the coated surface.

As shown in Fig. 4, AFM leucine functionalized graphene
oxide looks like regularly exfoliated from bulk graphite layers by
oxidation agent. Fig. 4A of the (GO + L) composite indicates few-
layer graphene oxide. And the GO + L composite microstructure
shown in Fig. 4B suggests that sheets are less the 10 microns
due to the high-pressure hydrothermal reaction.26 Fig. 4C
indicates that few layer graphene oxide sheets are uniformly
Fig. 6 (A) polarization, (B) impedance and corrosion inhibition studies
and (C)–(E) GO + L coated magnesium alloy and E indicates pitting on
surface, and (D)–(F) epoxy coated alloy surface, (F) indicates pitting on
surface and (G) impedance curve fitting equivalent circuit.

32444 | RSC Adv., 2019, 9, 32441–32447
exfoliated by ultrasonic energy. The AFM results thus are sup-
ported by microscopy studies. As shown in Fig. 5 (XRD of GO
and (GO + L)), peak appearing at 2q ¼ 10� is associated with
graphene oxide few layer (002), and peak for GO and GO + L
phase is changed which indicates that the GO material is crys-
talline. The small peak at 2q¼ 28� and 2q¼ 30� is characteristic
peak of -N- functionalized graphene oxide sheet.27 The XRD
studies reveal that amino acid functionalized GO sheet has
crystalline structure, coherent with microscopy studies.

3.3. Corrosion inhibition studies

The results of potentiodynamic polarization studies of the
epoxy coated Mg alloy and (GO + L) composite coated Mg alloys
studied aer 48 h immersed in 3.5% NaCl salt medium are
presented in Fig. 6A. The conventional epoxy coated Mg alloy
has corrosion inhibition decreased due to the epoxy coating
poor stability in salt environments. Epoxy coated Mg alloy
surface was badly affected due to the chloride attack. Further,
corrosion current density value is increased up to 6.260 mA and
corrosion potential value is decreased down to 1.420 mV
because Mg alloy surface was affected by corrosive ions pene-
trating to the epoxy coated alloy surface. In the case of (GO + L)
coated Mg alloy has strong adsorption on the alloy surface.
Hence anodic alloy dissolution and cathodic hydrogen gas
evolution have been controlled by (GO + L) composite coating.
Although, the corrosion potential is increased as compared with
epoxy coating, and corrosion current has also decreased as
compared with epoxy coating Mg alloy. Further, the alloy active
sites are passivated by the GO functionalized materials.28–32

Fig. 6B shows that impedance of epoxy coating Mg alloy Rct

value is decreased to 24U and Cdl value is increased to 9.2228 mF
which may indicate that Mg alloy undergoes corrosion due to
epoxy coating peel off from alloy surface. Meanwhile, for the GO
+ L coated Mg alloy Rct value is increased up to 38 U and Cdl
Fig. 7 The dry coating thickness of epoxy and GO + L coated
magnesium alloy.

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 AFM images of (A) GO + L coated magnesium alloy, (B) epoxy
coated magnesium alloy; roughness plots for (C) GO + L coated
magnesium alloy and (D) epoxy coated magnesium alloy.
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value is decreased to 2.7192 mF due to GO + L materials strong
adsorption barrier lm on Mg alloy. The corrosion inhibition
values are presented in Table 1. As shown in Fig. 6C, GO + L
composite coated Mg alloy microstructure is smooth, and
localised corrosion is controlled by the composite materials
physisorption onMg alloy surface.33–35 In Fig. 6D it is shown that
epoxy coated Mg alloy has pitting on alloy surface, it leads to
hydrogen evolution. This is the reason why for the Mg alloy
surface localised corrosion was initiated on alloy surface.
Fig. 9 (a) Optimized structure and (b) several unoccupied and occupied
leucine. Energies of MOs given in A.U.

This journal is © The Royal Society of Chemistry 2019
Fig. 6D shows that epoxy coated Mg alloy microstructure is
harshly affected, several cracks appeared on the alloy surface
due to the epoxy coating failure.36,37 In Fig. 7 coating thicknesses
of epoxy and GO + L coated Mg alloy are shown. Coating tting
c2 values less than 1 indicate that coating is uniform, and there
is no un-uniform surface. The coating values are given in Table
1, the epoxy coating thickness and GO + L coating are almost the
same. The coating results support electrochemical studies. As
shown in Fig. 8, AFM surface roughness of magnesium alloy,
the epoxy coated alloy was corroded and roughness was
increased around 2m due to the chloride ions attack on the alloy
surface (Fig. 8B). In Fig. 8A for the GO + L coated Mg alloy no
pitting corrosion on surface is shown due to strong barrier layer
formed on surface.38,39 In Fig. 8D, epoxy coated Mg alloy shows
high surface roughness due to the poor physisorption of epoxy
lm on alloy surface. Whereas, results shown in Fig. 8C sug-
gested that pitting propagation is controlled by functionalized
materials and roughness values are reduced to around 1m by the
GO + L functionalized materials adsorbed on active alloy
surface. Further in Fig. 8D it can be seen that pitting propaga-
tion is increased due to the absence of active functional group
in the epoxy coating and pitting corrosion is increased to
around 5m by attack of chloride ions on alloy surface.
3.4. Quantum chemical studies

The optimized structure of the GO-leucine model and its several
MOs are presented in Fig. 9a and b respectively. As can be seen
in Fig. 9a, upon optimization the graphene model layer
becomes quite noticeably distorted. However, the leucine
molecule keeps its structure and is coordinated to the GOmodel
surface only through the N-atom. Analysis of the several MOs of
the GO-leucine model shows that from the HOMO and down to
molecular orbitals of the graphene oxide model with covalently bound

RSC Adv., 2019, 9, 32441–32447 | 32445
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Table 2 Global reactivity parameters computed for the graphene
oxide model with covalently bound leucine. Values in A.U. A ¼ HOMO
& LUMO, B ¼ HOMO�1 & LUMO�1

I A DE c s h u

A 0.18978 0.08321 0.10657 0.053285 18.767 0.136495 0.0104
B 0.20080 0.07484 0.12596 0.06298 15.878 0.13782 0.01439
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HOMO�4 dominating contributions in the MOs are from the
GO moiety, and the leucine molecule contributions are smaller,
mainly coming from its ]N group and –CH2CHCO2H part
attached to the ]N group. The HOMO�4 has very signicant
contributions from both the GO moiety and leucine. The LUMO
has relatively small contributions from the leucine part and
dominating contributions from the GO moiety, whereas the
LUMO+1 has even smaller leucine contributions. Also, as can be
noticed, the HOMO has noticeable contributions from the
–CO2H groups, too, which might suggest that the leucine
functionalized GO material would be able to absorb on metal
surface. Table 2 presents the global reactivity parameters
computed using energies of two couples of MOs of the system
studied, HOMO & LUMO and HOMO�1 & LUMO�1. As can be
seen, the global hardness (h) values of the inhibitor molecule
model are quite small and global soness (s) values are very
noticeable, being ca. 115–138 times greater than the global
hardness (h) values, which suggests that this inhibitor system
would be highly reactive towards oxidizing agents attacking the
surface. This is also supported by relatively small energy gap
value (DE) for the GO–leucine composite material. This narrow
gap along with the Frontier orbitals composition suggests that
in the amino acid functionalized material electron transfer
would occur between graphene surface and leucine molecule
acting as inhibitor. Small global electronegativity (c) and elec-
trophilicity (u) values suggest that no charge transfer between
Fig. 10 Proposedmechanism: (A) suggested physisorption of negative
charged functionalized GOmaterials on Mg alloy surface, (B) depiction
of Mg2+ state–alloy surface electrostatic interaction, (C) total elec-
trostatic interaction of functionalized graphene oxide materials on Mg
alloy.

32446 | RSC Adv., 2019, 9, 32441–32447
the metal alloy surface and the GO–leucine system would occur,
thus preventing from possible destruction of the metal alloy
surface.40–42 The possible reactivity of the leucine molecule is
also supported by the results of NBO analysis which showed
quite noticeable negative charge accumulation on the atoms of
the leucine.
3.5. Corrosion inhibition mechanism

For the inhibition mechanism, we proposed that graphene
oxide functionalized by leucine behaves as negatively charged
surface. The active magnesium alloy surface is positively
charged which is attributed to physisorption on alloy surface as
shown in Fig. 10A and B. The physisorption could be improved
by blocking active magnesium alloy surface. Hence, as shown in
Fig. 8B, alloy surface Mg2+ ions could interact via electrostatic
forces with graphene oxide active functional groups, which
blocks the corrosive ions diffusion as shown in Fig. 8C.
Furthermore, the functionalizedmaterials have multifunctional
groups which can improve chemisorption on positively charged
magnesium alloy. According to our experimental and DFT
studies, amino acid functionalized graphene oxide acts as
excellent corrosion barrier layer on magnesium AZ13 alloy.
4. Conclusions

The results of the studies of morphology and corrosion inhibi-
tion efficiency of the amino acid functionalized graphene oxide
materials are presented. The spectroscopy results reveal that
respective functional groups are present in the materials. The
Raman results suggest that carbon defect contents noticeably
decrease. The functionalized materials crystalline structure is
conrmed by the XRD. Microscopy studies indicate that GO and
GO + L microstructure have nanometer range. The electro-
chemical results reveal that amino acid functionalized gra-
phene oxide acts as an excellent barrier layer in salt
environments. The alloy roughness results suggest that epoxy
coating is rougher as compared with GO amino acid composited
coated Mg alloy. Furthermore, the amino acid functionalized
GO sheet slowed down anodic and cathodic reaction. The
computational results corroborate with the experimental
studies.
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