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a corrosion inhibitor in acidic media for the
magnesium AZ31 alloy
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and C. Lale

In the present work, Pr-decorated graphene oxide was synthesized and tested as a corrosion barrier layer

in acidic media for the magnesium AZ31 alloy. The morphology, composition and structure of Pr-

decorated graphene oxide sheets were characterized via HRTEM, FESEM, Raman, XRD, DLS, UV and

FTIR studies. The corrosion inhibition efficiency on the alloy surface was monitored via microstructural

and electrochemical methods. The results indicate that Pr-decorated graphene oxide provides

improved protection for the Mg AZ31 alloy compared to conventional epoxy coatings. The proposed

mechanism arises from a combination of the barrier activities of the composite, GO + Pr, and the

epoxy coating on the Mg alloy in acidic media.
1. Introduction

Magnesium alloys are alternative materials for use in bioma-
terials, hydrogen storage, automobiles, and the airbus
manufacturing industry, due to their prominent properties,
such as light weight and highmetallurgic strength.1Magnesium
alloy native oxide lms are not stable in strongly acidic and salty
environments, and accelerated corrosion occurs due to the poor
stability of the native oxide layer in acidic media. As a result of
this, 14 and 15 block and Zn elements are added to make new
Mg alloys to improve the corrosion resistance of magnesium
alloys in salty media.2 In addition, Cr nanoparticles have been
used as corrosion inhibitors; however, these are carcinogenic
agents, and several countries have banned Cr based coating
materials.3 Other solutions for Mg alloy corrosion inhibition
improvement involve using inhibitors, such as ammonium
ions, phytic acid, amino acids, organic silicates, inorganic Zn,
anionic surfactants, and 2-hydroxy-4-methoxy-acetophenone.
Further, Mg alloy microstructures are protected using tetra-
phenylporphyrin, sodium uoride, and inorganic and organic
inhibitors.4–12 Hence, hydroxyapatite and Ca+ cations are added
to improve corrosion resistance.13,14 Furthermore, the effects of
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NaCl electrolytes in the corrosion medium on Mg alloy disso-
lution in the Mg+ state, and the associated microstructures have
been analysed via SVET methods.15–19 In addition, d, s and f
block elements are used to enhance corrosion resistance in
NaCl environments, such as zirconium, arsenic, phosphates,
germanium, lutetium, neodymium, cerium, La3+, Dy and mis-
chmetal.20–29 Further, cathodic hydrogen evolution is controlled
using inhibitor molecules.30–32 Coatings have been used on
magnesium surfaces as self-healing agents to increase long
term protection.33–35 Hence, rare earth chlorides, carboxylate
complexes, anionic surfactants, and cerium complexes are used
as green corrosion inhibitors. And large-surface areas, high
electron densities and rare earth complexes can also enhance
the corrosion inhibition efficiency.36–47 In recent years, func-
tionalized graphene oxidematerials have been reported, such as
poly(urea-formaldehyde), tin oxide, plasma based, and epoxy +
graphene composite coatings, graphene ink, covalently func-
tionalized N-graphene oxide, and ionic liquids, which are
excellent corrosion barrier layers on alloy surfaces because they
are impermeable to electrolytes and gas molecues.48–58

Furthermore, GO functional groups can also enhance electron
donation and accepting from the alloy surface.59,60 The
predominant properties of functional graphene oxide materials
have a signicant impact on overcoming corrosion failure. We
have created decorated praseodymium based GO sheet mate-
rials as a low cost corrosion inhibition barrier layer. They could
enhance the life span of the coating on the alloy surface, and
overcome conventional epoxy coating failure. Our research aim
is the facile synthesis of praseodymium-decorated graphene
oxide, to study the possible corrosion inhibition effects on Mg
alloys in acidic media, as metallurgy, automobile industry
pickling, and other works take place in strong acidic media.
RSC Adv., 2018, 8, 34275–34286 | 34275
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Further, Mg alloy corrosion mitigation has not yet been ach-
ieved due to traditional epoxy coating failure. We rst investi-
gated a GO + Pr composite coating on Mg alloys as a corrosion
inhibition barrier in acidic media. The novelty of the GO
decorated material is the intercalation of small sized Pr3+

between the graphene oxide layers to enhance corrosion resis-
tance; the coating lifespan increased in acidic media compared
to epoxy coatings.
Fig. 1 Schematic illustration of the GO decoration.
2. Experimental section
2.1. GO synthesis

Graphite powder, H2SO4, H3PO4, H2O2, NaNO3, KMnO4, and
Pr(NO3)3 were purchased from Alfa Aesar Company and used
without further purication. GO was synthesized via a modied
Hummers' method.61 In brief, 1 g of graphite powder was placed
into a 250 mL round bottom ask (RB), and 40 mL of H2SO4 and
60 mL of H3PO4 were slowly added. The mixture was kept in an
ice bath and 3 g of KMnO4 and 0.1 g of NaNO3 were slowly added
to the mixture, which was then kept under reux at 60 �C for
12 h. Aer the mixture was cooled to room temperature, it was
poured into 1000 mL of ice water, and then 10 mL of 30% H2O2

was added to terminate the reaction. The resultant GO was
washed with plenty of deionized (DI) water until neutrality was
achieved.
2.2. GO-praseodymium decoration

For decoration, 200 mg of GO powder was placed into a round
bottom ask containing 100 mL of DI water. The mixture was
sonicated to nely disperse the GO using an SB-300 DTY multi-
ultrasonic cleaner operating at 40 W and a frequency of 40 Hz.
Aer that, 100 mg of Pr(NO3)3 was added into the GO solution,
followed by 10 mL of 1 M NaOH solution as an activator. The
mixture was continually stirred for 24 h, as shown in Scheme 1.

The resulting product was washed and centrifuged at
5000 rpm 5 times to remove remaining alkali. The GO + Pr
material was dried at 80 �C in a vacuum oven for 24 h and kept
in a desiccator before being used as an anti-corrosion coating
material (Fig. 1).
2.3. Material characterization

Graphite, GO and the GO-Pr material were characterized via
powder X-ray diffraction with a D8 instrument from Bruker,
using Cu Ka radiation (l ¼ 1.5406 Å). The optical absorption
Scheme 1

34276 | RSC Adv., 2018, 8, 34275–34286
was studied by nely dispersing 0.1 mg of graphene oxide ake
in DI water to make a stable, transparent dispersion, and
studying this using a milli-Q A10 TOC spectrometer in the 200–
600 nm range. The molecular structure, i.e. the functional
groups, was studied using an FTIR Spectrum 65 instrument
from PerkinElmer. Thermal behaviour was tested using SII TG/
DTA7300 apparatus. The microstructures of the materials were
studied via confocal Raman spectroscopy, using a 532 nm laser
as the excitation source, with a WITec Raman microscope. The
morphologies and compositions of the materials were studied
using a Carl Zeiss FESEM Marline compact microscope
equipped with an EDX detector. The size distributions and
zeta potentials of aqueous solutions were studied using
a Microtrac Zetatrac U2771. Thin lm analysis was conducted
using Horiba UVi Cell2 apparatus over a range from 1.5000–
6.0000 eV at increments of 0.0500 eV. The GO sheet
morphology and GO + Pr composite material crystallinity were
observed using an FEI Techani F Twin 500 transmission
electron microscope.
2.4. Coating methods

As shown in Fig. 2, before coating, the Mg alloys were polished
with different grades of silicon paper, from 600 to 1200microns.
The epoxy powder was purchased from Mathura chemical Pv.
Ltd. Hence the coating material, the (GO + Pr) composite, and
a hardener, polyamine, were mixed in a 2 : 1 (10 mg : 5 mg)
weight ratio. The mixture was nely dispersed using an SB-300
DTY multi-ultrasonic cleaner operating at 40 W and a frequency
of 40 Hz; the colloids were taken as the coating material. The
epoxy coating material was prepared via the same method. The
coating was carried out using a brush, and the brush size was
0.2 mm. The coated Mg alloy was dried before being used in
corrosion inhibition studies at a temperature of 80 �C in a hot
air oven.
2.5. Corrosion inhibition

The magnesium AZ31 alloy samples were prepared according to
the literature ref. 62. The test Mg alloys were 1 cm � 1 cm
squares of Mg AZ31 alloy, with a 1 mm thickness, polished with
a series of different grade silicon carbide paper, from 600 to
1200 microns. The corrosion medium was 1 M H2SO4 solution,
and the GO-Pr and epoxy-coated Mg alloys were immersed for 3
days in the corrosion medium. The corrosion inhibition effi-
ciency was analysed using CHI 920D electrochemical worksta-
tion soware; the coated Mg alloy was set as the working
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 A schematic illustration of the methods for GO + Pr composite
and epoxy coating.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 4

/1
1/

20
26

 9
:3

4:
07

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
electrode, platinum foil was the counter electrode and Ag/AgCl
(KCl Sat) was reference electrode. The electrochemical reaction
was carried out with respect to an open circuit potential of �
250 mV at a 0.1 mV scan rate. The corrosion inhibition effi-
ciency (hIE), double layer capacitance (Cdl), quantum chemical
calculation of electronegativity (c), global hardness (h), soness
(s), and electrophilicity (u) were calculated via the following
equations:

hIE ¼ Io � Ii

Io
� 100 (1)

Cdl ¼ 1

2pfmaxRct

(2)

h ¼ I � A

2
(3)

c ¼ I þ A

2
(4)

s ¼ 1

h
(5)

u ¼ c2

2h
(6)

where fmax is the maximum frequency, Rct is charge transfer
resistance, Io is the current density of the epoxy coating and Ii is
the current density of the GO + Pr coating.
Fig. 3 FESEM images of GO (A) and GO (B and C) of HRTEM micro-
graph (D) SAED pattern and EDX of GO and (E) of GO nano sheet size.
(a) Elemental mapping of GO.
3. Results and discussion
3.1. Morphology and GO and GO + Pr composition

Graphene oxide (GO) microstructures are presented in Fig. 3.
In Fig. 3A, an FESEM image of GO63–65 shows few layer gra-
phene oxide sheets and continuing sheet form, due to
oxidation. Fig. 3B and C provide HRTEM images of GO,
showing few interlayers and an average sheet size of 100 nm
to 200 nm. Further conrmation, as shown in Fig. 3D,
through selected area electron diffraction (SAED) studies of
This journal is © The Royal Society of Chemistry 2018
GO indicates polycrystalline sheets and elements analysis by
EDX. And the GO sheet size is analysed via Gatan microscope
soware; the GO nanosheet sizes are presented in Fig. 3E and
a elemental mapping of GO. Further, praseodymium deco-
rated graphene oxide (GO-Pr) FESEM images are presented in
Fig. 4A and B. The Pr decorated GO sheets appear bright due
to Pr nanoparticles being incorporated in the graphene oxide
sheets, and in addition, a HRTEM micrograph and selected
area electron diffraction (SAED) pattern of polycrystalline
GO-Pr are presented in Fig. 4C. A GO nanosheet with corre-
sponding Pr nanoparticles spread all over the GO sheets is
presented in Fig. 4D. This suggests that well dened Pr
nanoparticles are incorporated into the graphene oxide
sheet. It also attributes polycrystallinity to the graphene
oxide sheets.

Further, the Pr particles are analyzed using Gatan digital
microscope soware, and the sizes are shown in Fig. 4E.
Element mapping of GO + Pr is presented in Fig. 5. It suggests
that praseodymium nanoparticles interact with the graphene
oxide sheets, and the C, O, and Pr elements are uniformly
distributed on the graphene oxide surface. The microscopy
results suggest that GO and the composite GO + Pr material
have similar microstructures. The X-ray diffraction spectrum of
GO powder is presented in Fig. 6A; the characteristic graphene
oxide (002) reection at 2q¼ 11.6� and the graphite related (002)
reection at 2q¼ 25.7� show that GO is partially reduced during
the synthesis.66 However, GO with well exfoliated sheets (GO
RSC Adv., 2018, 8, 34275–34286 | 34277
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Fig. 4 FESEM images of GO+ Pr (A and B), HRTEM images of (Pr + GO)
(C and D), and (E) GO + Pr particle size data.

Fig. 6 XRD of GO and (GO + Pr) decorated GO sheet.
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(002) ¼ 0.76 nm) is attained with this preparation, as observed
in the HRTEM images. A GO-Pr diffraction spectrum is pre-
sented in Fig. 6B, where several diffraction peaks assigned to
elemental Pr (beta and hexagonal phases), Pr4O7 and Pr-
Fig. 5 Composite elemental mapping of GO + Pr.

34278 | RSC Adv., 2018, 8, 34275–34286
carbonate phases are observed, due to the effects of 1 M
NaOH strong basic conditions, and a possible mechanism is
shown in Fig. 7 for how different phase Pr particles formed,67

which is conrmed by the SAED pattern. There are other peaks
that could not be indexed, which probably correspond to Pr-
aromatic phases from Pr reactions within GO basal sheets.68–70

The presence of the different observed phases suggests that the
decoration process could involve partial reduction by nascent
oxygen moieties, with possible reactions proceeding as follows:

4Pr3+ / 3Pr4+ + Pr/OHx

KMnO4/Kþ þMnO4
�

S aq

G/C]OþOx
x�

��!K2CO3
Gþ CO2

G/C�OþOx
x�/G� C]O

KMnO4 dissociation leads to K+ cations and MnO4
� anions:

the cations co-ordinate with GO carbonyl groups to form
carbonates. The carbonate nascent oxygen eliminates carbonyl
groups as carbon dioxide, leaving defects on the GO surface,
indicating reduced graphene oxide.
3.2. Molecular and microstructural characterization

Infrared spectra of GO and GO-Pr samples are shown in Fig. 8.
The wide band at 3500 cm�1 is due to O–H stretching of
adsorbed water, and the small peaks at ca. 2800 cm�1 are
attributed to alkyl stretching. The GO spectrum displays char-
acteristic bands at 1740 cm�1 (carboxyl groups), 1630 cm�1

(aromatic C]C), and 1570 cm�1 (C]O in phenols), as well as
hydroxyl and epoxy bands below 1500 cm�1.71–74 On the other
hand, the GO-Pr spectrum displays GO, C]C and hydroxyl
bands related to the GO matrix, and new bands at 1300–
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 The proposed reduction mechanism for GO.

Fig. 9 The proposed mechanism for GO reduction.
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1500 cm�1 and 1041 cm�1, attributed to carbonates, are
observed, as well as another peak at around 550 cm�1 related to
Pr–O bonding.75 The FTIR results are consistent with the phases
observed from XRD studies.

Raman spectra of GO and Pr + GO samples are presented in
Fig. 10. D, G and 2D bands attributed to sp3 and carbon-vacancy
defects in the graphitic structure, sp2 carbon symmetric vibra-
tions, and high order vibrations of the carbon skeleton,
respectively, are observed in both spectra. Evident reduction
due to hydride anions is shown in the proposed mechanism in
Fig. 9,76 related to the reduction degree of subjacent GO sheets
upon Pr nanoparticle incorporation. The inset in Fig. 10 pres-
ents deconvolution of the spectra with regards to the D and G
peaks, as well as secondary G0 and D0 bands related to structural
defects in the crystalline regions. The AD/AG ratios were calcu-
lated to determine the relative crystalline ordering of the GO
sample; AD/AG is 1.42 for GO and 1.03 for GO-Pr respectively,
which accounts for the higher degree of crystallinity in the
graphitic structure of the GO-Pr sample.77
3.3. Thermal, optical and hydrodynamic characterization

The thermal studies were conducted under an inert atmosphere
to conrm the praseodymium oxide stable decomposition
temperature. GO and GO-Pr thermal decomposition data are
Fig. 8 FTIR spectra of GO and GO-Pr samples.

This journal is © The Royal Society of Chemistry 2018
shown in Fig. 11, measured as relative weight loss percentages.
The initial weight loss at 200 �C (ref. 78) is due to water moisture
in the GO sheets. This weight loss in GO is shown to be 50%,
and it constantly increases up to 500 �C. This is attributed to
carboxylate and carbonyl group decomposition. The further
stability of GO is due to the presence of strong sp2 carbon
conjugated bonds, up to 600 �C.79 On the other hand, Pr + GO
sheet weight loss was initiated at 350 �C, with gradual weight
loss up to 450 �C; it is suggested that thermal decomposition of
Pr oxide species suggests that Pr2(CO3)3$xH2O decomposition is
the most probable feature observed in Fig. 11. For GO, the
maximum decomposition rate occurs at 425 �C, while that of
GO-Pr shis to 444 �C; as mentioned before, GO-Pr is thermally
more stable because of the refractory nature of Pr oxides, which
are formed at a temperature of 480 �C.80 Optical absorption
spectra of GO and GO-Pr solutions are shown in Fig. 12. High
absorbance and the typical p to p* transition is observed at
230 nm in the GO suspension, as well as an abrupt decrease in
absorbance at around 250 nm, due to partial GO reduction.81

Correspondingly, the GO-Pr suspension absorption increases as
the concentration increases. GO + Pr absorbance peaks from
Fig. 10 Raman spectra of GO and GO-Pr samples showing spectral
deconvolution to identify peaks.

RSC Adv., 2018, 8, 34275–34286 | 34279
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Fig. 11 TGA analyses of GO and GO + Pr.

Fig. 13 Zeta potential data for GO and GO + Pr.
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300 nm to 450 nm, and at 470 nm are closely related to those
reported for Pr6O11.82,83

Hydrodynamic light scattering techniques (DLS) have been
used to study the hydrodynamic particle sizes of GO + Pr and GO
samples, as shown in Fig. 13. The size distribution of the GO
sample has a bimodal shape, with one maximum centred at
500 nm with a maximum frequency of 10%, and the other one
centred at 100 nm with a maximum of 70%. This behaviour
suggests agglomeration between the GO sheets, mostly due to
hydrogen bonding within adjacent sheets.84 Correspondingly,
the GO-Pr sample has three maxima in its size distribution at
40 nm, 100 nm and 200 nm. The smallest sizes would corre-
spond to Pr3+ adhered nanoparticles, as imaged in the HRTEM
micrographs, while the 100 nm and 200 nm maxima would
correspond to Pr-decorated sheets and agglomerated sheets,
respectively.85

The colloid mobility increases with Pr incorporation, as well
as the surface charge, because Pr GO sheet decoration produced
smaller agglomerates on one side andmore exfoliated sheets on
the other, as described before. On the other hand, the Z
Fig. 12 UV-vis absorbance spectra of GO and GO + Pr suspensions.

34280 | RSC Adv., 2018, 8, 34275–34286
potential and conductivity are reduced upon decoration, due to
disruption of the aromaticity within the graphene oxide basal
sheet. The positive charge is related to GO reduction (Table 1).
3.4. Ellipsometry studies

The epoxy and GO + Pr coating thicknesses are shown in Fig. 14.
The solid lines are from experimental data and the dotted lines
are frommodel tting.86 A c2 value of less than 5 is attributed to
a close t between model and experimental results. Our tting
results are less than 5, suggesting that the epoxy coating and GO
+ Pr coating are uniform, and the coating thickness c2 values
are shown in Table 2. The epoxy coating and GO + Pr coating are
uniformly coated on the Mg alloy surfaces.87
3.5. Electrochemical characterization

Epoxy and GO + Pr coated magnesium (Mg) alloys were
continuously immersed for 3 days in 1 M H2SO4 solution.
Aerwards, potentiodynamic polarization test were carried out,
as shown in Fig. 15. The epoxy coatedMg alloy corrosion current
increased and the corrosion potential values decreased. This
indicates that the epoxy coating showed poor physisorption and
chemisorption on Mg alloys in the acidic medium, and the Mg
alloy initiated cathodic hydrogen evolution88–90 and anodic alloy
dissolution. In the case of the GO + Pr composite coated Mg
alloy, the corrosion current decreased and the corrosion
Table 1 A summary of the Z-potential data

S. no. Mobility Z Charge Polarity s

GO 1.92 24.55 0.272 + 37
GO-Pr 11.10 14.90 0.414 + 26

This journal is © The Royal Society of Chemistry 2018
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Fig. 14 GO + Pr coating and epoxy coating model and experimental
data.

Table 2 Coating layer thickness values

Sample c2 tting model Å coating thickness

Epoxy 0.293564 1026.7331
GO 0.254214 733.9902

Table 3 Magnesium alloy potentiodynamic and impedance values
after 3 days of immersion in 1 M H2SO4

Sample �Ecorr mV �Icorr mA hIE % Rct U Cdl mF

Epoxy 1.13 3.540 — 489 6.58
E + GO-Pr 1.60 1.978 72.3 890 2.52
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potential increased due to strong physisorption and chemi-
sorption. The potentiodynamic values are shown in Table 3.
Further, GO + Pr coatedMg alloy hydrogen evolution and anodic
alloy dissolution were controlled by the GO + Pr composite
coating in the acidic medium.

EIS spectra of epoxy and GO + Pr coated Mg alloys are pre-
sented in Fig. 16A; the Nyquist spectra indicates that the epoxy
coated Mg alloy semicircle is suppressed, and this is attributed
to pitting corrosion on the surface following attack by Cl ions.
Hence, as shown in Fig. 16B and C, the epoxy coating Bode and
frequency plots are also suppressed, due to localised corrosion
initiated on the alloy surface due to epoxy coating failure in the
Fig. 15 The potentiodynamic polarization of the coated Mg alloys
after 3 days of immersion in 1 M H2SO4.

This journal is © The Royal Society of Chemistry 2018
acidic medium. On the other hand, charge transfer is
decreased, and the double layer capacitance value is increased
due to the poor physisorption of the epoxy coating on the alloy
surface. This is attributed to the epoxy coating not being suit-
able as a long term coating material in acidic media. In the case
of the GO + Pr coated Mg alloy, the Nyquist semicircle increased
and the Bode and frequency plots are also increased due to the
strong physisorption of the GO + Pr composite on the Mg alloy.
Further, the charge transfer resistance Rct value is increased and
the double layer capacitance value is decreased due to GO + Pr
chemisorption on the alloy surface and the uniform surface.91–93

The charge transfer resistance and double layer capacitance
values are shown in Table 3. Furthermore, the GO + Pr
composite material shows excellent anticorrosion resistance in
acidic environments due the Pr nanoparticle diffusing to the
basal plane of the GO internal layer; this enhances passivation
on the Mg alloy surface and controls H2 evolution. In the pre-
sented research, in decorated GO + Pr, the Pr nanoparticles
provide synergetic effects due to their sub-nanometre size, and
graphene oxide should act as diffusion barrier layer. Decorated
GO-Pr, with sizes of around 200 nm, would provide mixed
barrier inhibition, while free nonbonding electrons in Pr-GO
sheet functional groups interacting with the alloy
surface would act directly as inhibitors of hydrogen evolution
Fig. 17 shows the equivalent circuit for tting the electro-
chemical impedance values. The tting values are presented in
Table 3.
3.6. Surface protection studies using the magnesium alloy
AZ31

Fig. 18A shows an FESEM micrograph before the coating of the
Mg alloy. Fig. 18B shows the epoxy coated Mg alloy aer 3 days
of immersion in 1 M H2SO4 medium, and Fig. 18C shows EDX
data from the epoxy coated Mg alloy. These results indicate that
the epoxy coating is not stable in an acidic environment.
Further, at the epoxy coated Mg alloy grain boundary, localised
corrosion is initiated on the alloy surface due to hydrogen
evolution.94,95 In the case of the GO + Pr composite coated Mg
alloy, results aer 3 days of immersion in 1 M H2SO4 are pre-
sented in Fig. 18D–F. Here, the Mg alloy surface is homogenous
and, at the grain boundary, pitting corrosion does not appear on
the alloy surface. This is attributed to the Pr + GO coating
showing strong physisorption on the alloy surface.96,97 Accord-
ing to the EDX results relating to the composition of the epoxy
coated Mg alloy, the Zn element dissolved in the aggressive
medium. In the case of the Pr + GO coated Mg alloy, the
composition of elements is not changed due to the strong
RSC Adv., 2018, 8, 34275–34286 | 34281
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Fig. 16 (A) Nyquist, (B) Bode and (C) frequency plots of Mg alloys
coated with epoxy and GO + Pr, after 3 days of immersion in 1 M
H2SO4 medium.

Fig. 17 The equivalent circuit.

Fig. 18 SEM micrographs of the epoxy coated AZ31 alloy (A) before
immersion and (B) after immersion in the acidic medium, and (C) EDX
data. (D), (E), and (F) shows corresponding data for the GO + Pr coated
alloy.
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physisorption of the Pr + GO material. Furthermore, FESEM
element mapping results suggesting that, from the element
composition, Zn dissolution is high in the epoxy coated Mg
alloy, compared with the Pr + GO Mg alloy, are presented in
Fig. 19. Further, the Pr + GO composite coated Mg alloy element
composition, showing uniform distribution, is presented in
Fig. 20. From the microstructural results, it is suggested that Pr
+ GO shows strong physisorption and chemisorption compared
with the epoxy coating. The GO + Pr composite coating is
signicantly corrosion resistant in acidic environments.

The Mg alloy microstructural results suggest that the Pr + GO
coating exhibits excellent corrosion resistance compared with
the epoxy coating on the Mg alloy in the acidic medium.

3.6.1 Quantum chemical graphene oxide model and func-
tional groups. According to a literature reported model,98 we
have investigated 30 atom graphene oxide models and their
functional groups for possible electron donation and accepting
involving the alloy and the surface, as shown in Fig. 21. The
highest occupied molecular orbital (HOMO) values are assigned
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra05118f


Fig. 19 Elemental mapping of the epoxy coated Mg alloy.

Fig. 20 Elemental mapping of the GO + Pr coated Mg alloy.

Fig. 21 GO functional group HOMO and LUMO levels.
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for electron donation to the vacant d-orbital of the alloy. The
lowest unoccupied molecular orbital (LUMO) accepts electrons
from the alloy surface. The model quantum chemical values are
This journal is © The Royal Society of Chemistry 2018
favourable for electron accepting and donating capabilities. The
GO model global soness value increased; this indicates that
graphene oxide could be adsorbed on the alloy surface. The
global hardness value also decreased; this indicates that with
graphene oxide functional groups, lone pair electrons tend to
give partially lled vacant d orbitals in Mg alloys. Another
parameter, dipole movement, is a signicant factor for inhibitor
molecules to increase the reactivity. The GO functional group
dipole movements are gradually increased; this leads to
increased adsorption on Mg alloy surfaces. Further, the total
density values also support enhanced adsorption on the alloy
surface. Hence, the GO sheet negative charge could repel elec-
trolytes and water molecules from the alloy surface. The total
density value gradually increases; this leads to protecting the
surface from corrosive ion attacks. The quantum chemical 30
atom GO model and functional group results are in good
agreement with the experimental results (Table 4).

3.6.2 The possible mechanism. The 30 atom model of the
graphene oxide sheet total density and the sulphate ion
repulsion model are presented in Fig. 22. Graphene oxide has
been studied as an excellent impermeable barrier layer on iron
and SS alloys;98–101 in the graphene oxide edge functional
groups, such as carbonyl, hydroxyl and carboxylate, free elec-
trons increase the chemisorption on the alloy surface. This
attributed negative charge on the graphene oxide could repel
electrolyte ions. Further, the quantum chemical calculation
values, such as global soness and hardness, HOMO and
LUMO levels, and electrophility, are favourable for electron
donation and accepting from the vacant d orbitals of the alloy.
These results indicate that Pr + GO sheets are strongly adsor-
bed on the alloy surface. For that reason, the Pr–graphene
oxide composite coating acts as an impermeable barrier layer.
In the case of epoxy coatings, electrolytes can easily move
through micropores towards the coating, initiating localised
corrosion on the alloy surface.
RSC Adv., 2018, 8, 34275–34286 | 34283
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Table 4 Quantum chemical GO functional group values

S. No �HOMO eV �LUMO eV h c u s D.M (m) T.D

Model 6.9644 2.1320 2.4162 7.4240 3.7119 0.4138 2.3010 906.1210
Hydroxy 6.5454 0.0054 3.2700 0.0176 0.0084 0.3058 1.7610 305.7674
Epoxy 6.0801 0.3044 2.8878 0.9253 0.4626 0.3462 2.4099 304.4123
Ketone 6.1260 0.2163 5.9009 0.6625 0.3306 0.1694 2.8162 308.1669
Lactone 6.5130 1.6775 2.4177 5.4627 2.7313 0.4136 4.4600 341.4320
Carboxylate 7.1685 1.2536 2.9574 4.4932 2.2465 0.3381 1.6361 418.5017

Fig. 22 A proposed scheme for the repulsion of corrosive ions.
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4. Conclusions

Praseodymium decorated graphene oxide was prepared and
tested for corrosion inhibition with Mg alloys. The praseo-
dymium decorated graphene oxide coated AZ31 Mg alloy was
immersed for 3 days in 1MH2SO4. The results indicates that GO
is partially reduced upon Pr-decoration and Pr carbonates and
oxides are present, as well as some metallic Pr due to the
disproportionation of Pr3+. Strongly adhered nanoparticles were
observed via HRTEM and measured using DLS, where events
related to decorated and agglomerated sheets were also recor-
ded. From TGA analysis, it was found that decorated graphene
oxide is thermally more stable than pristine GO. The Pr + GO
composite coating was a signicant barrier in acidic media
compared to the epoxy coating, which was conrmed via elec-
trochemical and microscopy methods. The GO + Pr composite
coating corrosion potential is increased compared with the
epoxy coating. And GO 30 atommodel DFT study results suggest
that electron accepting and donation occurs from the alloy
surface. The experimental values and theoretical data suggest
that the GO + Pr coating shows higher corrosion resistance in
acidic media.
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