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Abstract The aim of this study was to produce
graphene oxide (GO) coatings on biodegradable
AZ31B magnesium (Mg) alloy. GO was synthesized
by improved Hummers’ method, and a suspension was
prepared in deionized water by ultrasonication. GO
coatings were developed on AZ31B Mg alloy by
electrophoretic deposition (EPD). The EPD parame-
ters, such as voltage and time, were optimized to obtain
uniform GO coatings. Characterization was carried out
using Fourier transform infrared spectroscopy, X-ray
diffraction, atomic force microscopy (AFM), and
scanning electron microscopy. GO was found to have
a thickness of approximately 0.7-1 nm as determined
by AFM. Electrochemical behavior of coatings was
evaluated by Tafel analysis and electrochemical
impedance spectroscopy (EIS) in Ringer’s lactate
solution. GO coatings improved the corrosion resis-
tance of the AZ31B Mg alloy by 16x in Ringer’s
lactate solution as compared to bare Mg alloy.

Keywords Magnesium alloys, Improved Hummers’
method, Graphene oxide, Coatings, Atomic force
microscopy, Ringer’s lactate, Corrosion

Introduction

Magnesium (Mg) and its alloys have attained much
attention due to their unique combination of proper-
ties, i.e., low specific gravity, specific strength, high
rigidity, dimensional stability, and good machinabil-
ity.'” Mg and its alloys are suitable materials for
numerous applications in the field of transportation,
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aerospace, electronics, etc.* Moreover, their Young’s
modulus and compression strength are comparable to
natural bone, which make them ];)otentially useful for
biomedical implant applications.” Mg is needed for
many biochemical reactions in the body; therefore, its
biodegradation causes no tissue loss or damage to the
body. Being nontoxic, Mg plays a supporting role in the
growth of tissues, unlike nonbiodegradable permanent
metallic implants that produce physical irritation in the
body and have poor adaptability to tissue growth.®’

A notable disadvantage of Mg metal in many
engineering applications is its high electrochemical
activity (low corrosion resistance) especially in aque-
ous environments. However, this is a significant
advantage for biodegradable medical implants. Cur-
rently, acceptable metallic biomaterials include stain-
less steels, titanium, and cobalt—chromium-based
alloys.® These metallic biomaterials are limited in
their use as body implants due to possible release of
toxic metallic ions and/or particles in the body via
corrosion or wear processes. Mg alloy-based body
implants have an advantage over these alloys as their
in vivo corrosion results in the release of soluble,
nontoxic ions that are not only harmless to the body
but also have a beneficial effect on the growth of new
bone tissues.””

Chaya et al.'' studied in vivo Mg degradation and
found a corrosion rate of 0.40 mm/year after 8 weeks
of immersion. They argued that fractured bone healing
starts by 8 weeks and reaches maturation after
16 weeks. The minimum degradation rate required
for the common metallic implants, i.e., stainless steel
and titanium, is 12 weeks, and this means that the rate
of dissolution of Mg in the presence of chloride,
bromide, and sulfate-containing environments, such as
the human body, needs to be reduced.'?

Biodegradation of Mg alloys can be tuned to the
desired level by controlling the corrosion rate with the
application of suitable coatings such as hydroxyapatite,
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epoxy silane, and graphene. These coatings can be
developed by various available techniques such as
chemical conversion, electrophoretic deposition
(EPD), anodic oxidation, physical vapor deposition
(PVD), and chemical vapor deposition (CVD)."*™'®
The performance of coatings relies on the better
adhesion of coatings on the substrate, absence of
defects, adequate thickness, uniformity, adequate flex-
ibility, and toughness to withstand impacts.

Graphene'? has been applied in various biotechnol-
ogy applications due to its biostability, nontoxicity,
extremely large surface area, and good electrical and
mechanical properties.”’* Graphene derivatives, gra-
phene oxide (GO) with oxygen containing functional
groups such as hydroxyl, epoxide, carboxyl, and
carbonyl groups, enable its dispersion in water to form
stable suspensions.”

Few reports demonstrate that graphene and GO
coatings are useful in protecting metallic substrates
against corrosion.’® Prasai et al.”® presented that a
coating of graphene deposited by CVD process retards
the corrosion rate of copper 7x and for nickel almost
20x. EPD is a versatile and easy technique to develop
GO coatings on metallic substrates and is comparable
to high-temperature CVD grown coatings. An et al.*
reported GO coating developed by EPD on the surface
of the stainless steel. He et al.*” fabricated GO films on
sintered NdFeB magnets uniformly by EPD and
studied their corrosion behavior. They measured
the decrease in corrosion current density and the
positive shift in corrosion potential which suggest that
GO films acted as a corrosion inhibitor. Recently, Raza
et al.”® showed that GO-EPD coatings on Cu lowered
the corrosion rate of Cu by 6x compared to that of
bare Cu. In this study, we used EPD technique to
produce GO coatings on biodegradable AZ31B Mg
alloy, and the corrosion behavior of GO-coated Mg in
Ringer’s lactate solution was studied using Tafel
analysis and electrochemical impedance spectroscopy
(EIS).

Experimental
Materials

Graphite powder (particle size 10 um) was obtained
from Asbury Graphite Mills, USA, and used as a
precursor for the production of GO. Analytical grade
chemicals (KMnO,, H,SO,, H3;PO,, ethanol, and
H,0,) were used in this work. Suspension and
solutions were prepared in deionized (DI) water.

Graphite oxide synthesis
Improved Hummers’ method®”” was used for the

synthesis of graphite oxide. In a round-bottom flask,
a mixture of H3PO,/H,SO,4 (40:360 mL) was mixed
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with 3 g of graphite powder. Then, 18 g of KMnO, was
slowly added to this mixture under continuous stirring.
During the addition of KMnO,, exothermic reaction
occurred which raised the temperature of the mixture
to 35-40°C. The mixture was continuously stirred for
12 h. The stirred solution was left to cool to room
temperature, followed by slow addition of 400 mL
of DI water. Then, 3 mL of 30% H,O, was added to
the final solution. Addition of H,O, resulted in
a bright yellow color of the solution. The developed
solution was filtered using conventional filter papers
(Whatman No. 42). There was continuous washing of
residue left on filter papers with 30% HCI, ethanol,
followed by plenty of DI water, until pH of residue was
neutralized. Finally, powder was dried overnight at
80°C in a vacuum oven.

Sample preparation

Silicon carbide papers (grit size 320-1000) were used to
grind Mg samples having dimensions 5 x 2 x 0.3 cm®
to remove the oxide layer and to roughen the surface.
Samples were ultrasonicated in ethanol for 5 min to
remove any organic contaminants, followed by rinsing
with DL

EPD coating

Graphite oxide was ultrasonicated in DI water (2 mg/
mL) for 2 h at 35°C to form GO suspension for the
coatings. Sonication caused exfoliation of graphite
oxide that resulted in the GO formation. In EPD, cell
platinum was used as cathode and Mg samples as an
anode. Both electrodes were immersed in GO suspen-
sion at 1 cm distance and connected to a DC power
supply. EPD coatings were produced using the cell
shown in Fig. 1. EPD was conducted at different
deposition times, 3 V for 30, 60, and 90 s, to obtain
various GO coatings.

Mechanism of GO deposition

Various research articles reported a mechanism of GO
deposition. GO, being a negatively charged species,
tends to deposit on a positively charged anode (Egs. 1-
2). An et al.?® suggested that GO is partially reduced
during the EPD deposition process. According to
them, negatively charged carboxylate groups on the
periphery of graphene will lose electrons upon reach-
ing the surface of the anode (Eq. 4). Carboxylate
groups oxidize and deposit on the surface of the anode
(Eq. 5). Deposition of GO on the anode continues by
the oxidative decarboxylation process (Eq. 5) until the
whole dipped anode is fully covered with GO. During
this process, due to Kolbe reaction, the graphene
sheets having unpaired electrons as carboxylate groups
reach the anode surface and release CO, (Eq.5).
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Power supply

Mg anode
Pt cathode
GO coating
GO suspension on Mg

Fig. 1: Schematic representation of EPD coating of GO on
Mg

These graphene sheets of unpaired electrons move
freely in the GO framework at the anode surface and
find other sheets with unpaired electrons to form
covalent bonds.”® With increased time or voltage,
coating delamination starts.”® Optimized parameters
for deposition of GO coating on Mg, at which GO was
not delaminated and remained adhered to the surface,
were 3 V and 90 s.

Mg — Mg*™" + ne” (Eq.1)
RCOO™" +Mg™ — (RCOO) Mg (Eq.2)
ROH ™ + Mg™ — (ROH) Mg (Eq.3)
2RCOO~ — RCOO* + 2¢~ (Eq.4)
RCOO" — R* + CO, (Eq.5)
2R* - R-R (Eq.6)

where “R” refers to graphene sheets.

Characterization

The thickness of GO sheets was measured by atomic
force microscopy (AFM) (Nano-Solver, NT-MDT).
One to two drops of diluted GO/water suspension were
evaporated on a mica sheet, and AFM images were
obtained using semicontact mode. The roughness of
bare Mg and GO-coated Mg samples was measured on
small samples using semicontact mode of AFM. Scan-
ning electron microscopy [(SEM), (TESCAN Vega

LMU)] of bare Mg and EPD-GO-coated samples was
performed to study the morphology and uniformity of
GO coating.

X-ray diffraction [(XRD) (Equinox 2000, Thermo
Fisher Scientific)] analysis of graphite oxide, bare Mg,
and EPD-GO-coated Mg samples was performed using
a powder diffractometer equipped with curved posi-
tion sensitive detector. Diffraction patterns were
obtained using CuK,; radiation (produced with Ge
monochromator) in the range of 20° from 5 to 80° in
real time for a total acquisition time of 10 min. Fourier
transform infrared [(FTIR) (Agilent Cary 630)] spec-
trum of graphite oxide was obtained using attenuated
total reflectance (ATR) mode to analyze the presence
of functional groups.

Corrosion study

To evaluate the corrosion behavior of GO coating,
electrochemical tests were carried out in a three-
electrode system using potentiostat/galvanostat/ZRA
(Reference 3000, Gamry Instruments, USA). Bare and
coated samples were designated as working electrode,
graphite as a counter electrode, and saturated calomel
electrode (SCE) as a reference electrode. Tests were
performed in Ringer’s lactate solution. To measure
corrosion rate, Tafel scan tests were performed in a
potential range of — 0.5 to + 0.5 V versus open-circuit
potential (OCP) at a scan rate of 3 mV/sec. To further
evaluate the electrochemical behavior of Mg and EPD-
GO-coated Mg, electrochemical impedance spec-
troscopy (EIS) was performed in the frequency range
of 10 mHz-100 kHz with a potential perturbation
of £ 10 mV.

Results and discussion
XRD

XRD pattern of graphite oxide is shown in Fig. 2.
Diffraction peak of graphite oxide present at 11.67°
corresponds to (001) plane, having d-spacing of ca.
0.85 nm as compared to d-spacing 0.32 nm of natural
graphite, which shows successful oxidation of gra-
phite.?” XRD pattern of bare Mg and EPD-GO-coated
samples is shown in Fig. 3. There were no (002) or
(001) peaks of graphite or graphite oxide. The reduc-
tion in intensities of peaks due to GO coating was
observed in EPD-GO-coated samples, which suggests
GO deposition on Mg substrate.

FTIR
FTIR analysis of GO is shown in Fig. 4. FTIR

spectrum of GO has transmittance peaks at
3382 cm ™', 1726 cm™!, and 1621 cm™!, which corre-
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Fig. 2: XRD pattern of synthesized graphite oxide by
improved Hummers’ method
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Fig. 3: XRD patterns of bare Mg and EPD-GO (3 V, 90 s)-
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Fig. 4: FTIR spectrum of GO with its functional groups
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spond to -OH, -COOH, and -C(=0O) functional
groups, respectively.’” The presence of oxygen func-
tional groups is evidence of successful oxidation of
graphite.

AFM

Semicontact mode AFM image of GO sheets with
height profile is presented in Fig. 5a. GO sheets have a
thickness of 0.7-1 nm and lateral dimensions of ~ 500
nm, although some smaller sheets were also observed.
To evaluate surface coverage of the coatings,” surface
roughness of bare Mg and EPD-GO-coated Mg (3 V,
90 s) samples was measured by AFM.

Figure 5b-e shows bare Mg sample has a roughness
of ca. Ra = 29 nm, which is higher than that of EPD-
GO-coated Mg (3V, 90s) that has roughness of
Ra =9 nm. The smoother GO-coated Mg suggests
GO coating is uniform and has provided better
coverage to the underlying Mg substrate.

SEM

To analyze the topography of the coatings, SEM
images of bare Mg and EPD-GO-coated Mg (3 V,
90 s) samples are presented in Fig. 6. A bare sample
had grinding marks due to roughness created deliber-
ately to improve adhesion of GO coating with Mg
substrate (Fig. 6a, b). On the other hand, EPD-GO
3V, 90s) sample had no cracks and GO fairly
covered the grinding marks (Fig. 6c, d).

Corrosion study
Tafel scan

To determine corrosion rate of coatings in Ringer’s
lactate solution, Tafel analysis was conducted. Figure 7
shows the Tafel curves of bare Mg and EPD-GO-
coated Mg samples at 3 V for different coating times
(30, 60, and 90 s). The Echem Analyst version 7.2
(Gamry Instruments) was used to calculate corrosion
rates from the regions of the curves that conform to
Butler—Volmer equation.

Corrosion potential E.,,, tells about the corrosion
susceptibility of the material under investigation. Tafel
analysis revealed a positive shift in E.,,, for coatings.
However, larger (270 mV) shift in E.,, for EPD-GO
(3V, 90s) demonstrates its decreased tendency
toward corrosion compared to the bare Mg and
EPD-GO (3 V for 30 and 60 s coating times). This
positive shift is attributed to more uniformity and
coverage of GO as determined by AFM and SEM
analyses (Figs. 5, 6). The kinetic parameters along with
their standard deviation obtained after Tafel fitting are
presented in Table 1. EPD-GO (3 V, 90 s) coating
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Fig. 5: a AFM image of GO along with height profile, b 2D profile of bare Mg, ¢ 3-D profile of bare Mg 3-D along with
roughness value, d 2D profile of EPD-GO-coated Mg (3 V, 90 s), and e 3-D profile of EPD-GO-coated Mg (3 V, 90 s) along
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Fig. 6: SEM images (a and b)bare Mg and (¢ and d) EPD-GO (3 V, 90 s)-coated Mg

reduced corrosion rate of Mg alloy by ca. 16x com-
pared to bare Mg. The GO coating acted as a physical
barrier by creating a tortuous path in front of aggres-
sive electrolyte ions and stopped them from reaching
the metal surface.”>* The reduction in the corrosion
rate of AZ31B Mg alloy reported here is comparable

with the previous studies.***> To validate corrosion
inhibition ability of EPD-GO determined by Tafel
analysis, EIS was carried out to explain how corrosion
inhibition improved due to GO coating.
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EIS

EIS is a nondestructive technique used to determine
impedance of the conductive samples that are in direct
contact with the electrolyte. Figure 8a shows Nyquist
curves of bare Mg and EPD-GO-coated Mg samples in
Ringer’s lactate. The curves display capacitive loops at
high- and medium-frequency regimes, indicating dou-
ble-layer phenomena due to the formation of a loosely
bonded oxide layer on the surface of the samples.”” On
the other hand, inductive behavior in low-frequency
regime is attributed to the relaxation mechanism of the
adsorbed species when metal comes in contact with
Ringer’s lactate solution containing many aggressive
ion species such as chloride, fluoride, and sulfite.
Nyquist plots of all samples represent similar
capacitive loops with different diameters, suggesting
that a similar corrosion mechanism occurred for all
samples but with different corrosion rates (as obtained
in Tafel analysis).”® EPD-GO (3 V, 90 s) has a larger
diameter of capacitive loop due to adherent GO
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Fig. 7: Tafel curves of bare Mg and EPD-GO (3 V at 30, 60,
and 90 s) obtained in Ringer’s lactate

Table 1: Kinetic parameters obtained from Tafel fit

coating which resisted the formation of nonadherent
Mg(OH), layer. To better understand the electro-
chemical response of the EPD-GO (3V, 90s), a
simple electrochemical equivalent 01rcu1t (ECC) model
was fitted (goodness of fit < 107°) on experimental
data to obtain circuit values® as shown in Fig. 8c. The
obtained circuit values from fitted curves are presented
in Table 2, where Rj is the solution resistance, R is the
resistance to charge transfer, R,q is the resistance of
adsorbed species, L is the inductance, and Y, is the
admittance.

EPD GO 3V, 90s) had ~ 6x higher R2c (873.5
Q.cm?®) than that of bare Mg (151.3 Q.cm®) which
validated Tafel results. EPD GO (3V, 90 s) has the
highest R,q (299.3 Q.cm?) (resmtance by adsorbed
species), indicating compactness of the coating and
possibility of electrolyte to form an adherent double
layer that would resist further corrosion. Peng et al.**
reported an improvement of ~ 6x R in the case of the
hydroxyapatite/graphene oxide bilayer coatings over
the bare AZ31 Mg alloy. The low Y, admittance values
of EPD-GO samples compared to bare Mg may be due
to a swelling effect of the coating as partially reduced
GO still has hydrophilic nature.'® The equivalent
inductive behavior observed for EPD-GO (3 V, 90 s)
and bare Mg in the low frequency shows that the GO
coatings are beneficial for tailoring the degradation rate
of the Mg alloys without damaging underlying metal
inherent properties.

Bode plots of bare Mg and EPD-GO-coated Mg
samples at various coating parameters are shown in
Fig. 8b. Bode plot shows impedance at various fre-
quency ranges. At lower frequency, EPD-GO (3 V
90 s) has the highest impedance of about 300 Q.cm?,
Wthh is about 4x higher than that of bare Mg (80
Q.cm?). This indicates higher corrosion resistance of
EPD-GO (3V, 90 s) sample among other EPD-GO-
coated samples that have relatively lower impedance at
lower frequency, though greater than bare Mg.

It can be deduced from the corrosion tests that GO
coatings on biodegradable Mg alloys can provide
reasonable corrosion protection, which is desirable
for the bioimplants to maintain their inherent proper-
ties during the bone healing stage. After deterioration
of the coating, Mg alloys biodegrade as usual. Thus,
GO coating can be an effective choice for the implants
that require protection for certain time against corro-
sion caused by body fluids.

Sample Ba(mV/decade) B.(mV/decade) leorr (LA/CM?) Ecorr (V) Avg. Corrosion rate (mpy)
Bare Mg 101.5 315.9 36.40 + 0.63 —1.48 32.39

EPD-GO (3V, 30 s) 81.00 147.0 4.290 £ 0.057 —1.40 4.056
EPD-GO (3 V, 60 s) 51.00 167.7 4.580 + 0.039 - 1.34 3.707
EPD-GO (3V, 90 s) 128.4 209.4 2.260 £ 0.021 - 1.21 2.004
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Fig. 8: a Nyquist plot, b Bode plot of bare Mg and EPD-GO (3 V, 30, 60, and 90 s)-coated Mg samples obtained in Ringer’s
lactate, and ¢ ECC model used for bare Mg and EPD-GO samples

Table 2: Impedance values obtained from the fitting of Nyquist curves

Sample R (Q*cm?) Rt (Q*cm?) R.q (Q*cm?) L (H*cm?) Yo (uS*sha/cm?) n

Bare Mg 17.36 151.3 94.34 64.20 33.50 0.92
EPD-GO (3V, 30 s) 21.87 378.3 174.2 243.5 16.80 0.85
EPD-GO (3 V, 60 s) 33.72 436.5 210.1 306.9 11.8 0.86
EPD-GO (3V, 90 s) 28.96 873.5 299.2 708.3 10.41 0.93
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Conclusions

GO was successfully produced by improved Hummers’
method and was found to have a thickness of 0.7-1 nm

as

determined by AFM analysis. GO coatings were

successfully deposited on Mg alloys from an ultrason-
icated GO-water suspension through EPD technique.
XRD curves of the Mg-coated sample confirm the
presence of GO on Mg samples after EPD coating.
SEM analysis revealed GO coating provided good
coverage to Mg. Tafel analysis in Ringer’s lactate
solution showed ~ 16x drop in corrosion rate of
EPD-GO (3 V, 90 s) than the bare alloy. Tafel results
were well validated by EIS analysis. GO coatings
produced in this work have a potential in maneuvering
the degradation rate of AZ31B Mg alloys for biomed-
ical application.
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