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Abstract

The synthesis of reduced graphene oxide onto magnesium discs by electrochemical and
chemical methods is presented in this work. The surface morphology and atomic
composition were investigated using field emission scanning electron microscopy and
energy dispersive X-ray spectroscopy. The corrosion rate of different samples was
analyzed in physiological saline 0.9 wt % NaCl solution by potentiodynamic
polarization, electrochemical impedance spectroscopy and scanning electrochemical
microscopy. As a result of the different treatments, a progressive decrease in the
corrosion rate of the magnesium disc in the corroding environment was obtained,

reaching up to 80% of reduction for the chemically modified sample.



Keywords: Magnesium; Reduced graphene oxide; Polarization curves; EIS; Corrosion

* Corresponding author. Tel.: +34 96 652 84 12; fax: +34 96 652 84 38.

E-mail address: fjcases@txp.upv.es (F. Cases).

1. Introduction

Different metallic materials have been used as biomaterials for the manufacture of
medical implants. Commonly used metallic biomaterials include stainless steel, pure
titanium,  titanium-aluminum-vanadium-based  alloys and  cobalt-chromium-
molybdenum-based alloys [1-5]. The advantages of biodegradable Mg-based implants
[6-8] lie in their mechanical and electrochemical properties. Mg is a lightweight metal
with a density of 1.74 g cm™ versus 7.9 g cm™ for Al and 4.5 g cm? for Ti. Moreover,
Mg presents an elastic modulus and compressive yield strength closer to those of natural
bone [9]. In addition, Mg is a biocompatible material naturally found in the human body
(approximately half of the total physiological Mg is stored in the bone tissue) [10].
Setbacks when using Mg as metallic material for biomedical applications are related to
its low corrosion resistance under the physiological conditions [9] and the excessively
rapid production of hydrogen gas during the in-vivo corrosion [11]. The first issue could
lead to both a rapid loss of its mechanical properties and severe problems in tissue
regeneration, and the second, to harmful effects during the tissue healing process. One
of the most recent studies dedicated to slowing down the dissolution of magnesium in
saline conditions was performed on samples of magnesium foam manufactured using
the replication method from carbon spheres as a template. The heat treatment in air flow

at 540 °C applied to burn the template particles generated a layer of oxide on the surface
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of the foam which notably slowed down its dissolution at 37 °C in an aqueous solution
containing 3 wt % NaCl that had a pH of 7.4 (a pH closed to that of the human body)
[12]. Other surface modifications that were proved to be successful in slowing the
corrosion rate of magnesium were fluoride conversion coatings, phosphate treatments or
chemical deposition of hydroxyapatite and octacalcium phosphate [13].

Moreover, it has been proved that both graphene oxide (GO) and reduced graphene
oxide (RGO) show anti-corrosion properties when coated onto metal substrates [14—19].
The syntheses of the different graphene-metallic substrate specimens were carried out
following both electrochemical [20—22] and chemical [23,24] methods.

Accordingly, in the present research, the modification of the corrosion rate of a bare
Mg-disc electrode by surface electrochemical/chemical coating of RGO from a GO
solution in alkaline medium at pH = 11 is considered. During the chemical coating,
bovine serum albumin (BSA) was coated onto the passivated Mg-surface to generate
positive charges that enabled the anchoring of GO [25—-28]. To observe the effect of the
different treatments on the corrosion rate of Mg, the samples were analyzed in
physiological saline 0.9 wt % NaCl solution (pH = 6.7) by impedance spectroscopy
(EIS) and potentiodynamic polarization curves measurements. The surface
electroactivity of different specimens at their open circuit potential (OCP) was recorded
by scanning electrochemical microscopy (SECM). The microstructure and atomic
composition were analyzed by field emission scanning electron spectroscopy (FESEM)

and energy dispersive X-ray spectroscopy (EDX), respectively.



2. Experimental

2.1. Materials and samples

The original Mg samples were discs of 6 mm of diameter and 2 mm of thickness. The
Mg discs were machined from an original rod of 7.9 mm in diameter purchased from
GoodFellow Metals (Cambridge, United Kingdom). The chemical analysis reveals
nominal major impurities (in ppm) of Fe (<280), Mn (<170), Al (<70) and Si (<50). A
Pt thread was glued to one side of the disc with CircuitWorks® conductive epoxy resin.
The resin was hardened at 85 °C. Afterwards, the sample was sealed into a cone-tip cut
from a 100-1000 pl Eppendorf® tip. The exposed area of the Mg electrode was
successively ground with silicon carbide grinding paper of 320, 600 and 1200 grit,
ultrasonicated in ethanol and dried at room temperature.

2.2. Electrochemical treatments

The electrochemical treatments carried out with a Mg electrode (M0) in an inert N,

atmosphere are described as follows:

e Treatment (a); electrode El: potentiostatic passivation in 6 M KOH solution at
room temperature. A potential of -1.0 V vs. Ag/AgCl (KCI 3.0 M) was fixed for
30 minutes.

e Treatment (b); electrode E2: Mg electrode biased at -1.6 V vs. Ag/AgCl (KCl
3.0 M) for 30 minutes 0.1 M LiClO4 (pH = 11) solution.

e Treatments (c and d); electrodes E3a and E3b: (c) potentiostatic synthesis of
RGO at -1.6 V vs. Ag/AgCl (KCI 3.0 M) for 30 minutes or (d) 1 hour. Both
syntheses were carried out in 3 g L' GO + 0.1 M LiClO4 (pH = 11) solution.
The value of pH was selected according to the research realized by Swarnima
Kashyap et al. [29] to minimize the particle size of GO and to obtain a better

dispersion of GO particles in the solution.



Treatment (e); electrode E4: as in the treatment (c) but from a passivated

electrode according to treatment (a).

2.3. Chemical treatments

The samples chemically modified were obtained according to these methods:

Treatment (f); electrode Q1: A Mg electrode passivated in accordance with the
treatment (a) was immersed in 0.5% (BSA) solution during 15 minutes and after
being rinsed thoroughly with water, it was immersed for 30 minutes in the GO
solution at pH = 11. Finally, the electrode was dried in an oven at 35 °C and
then reduced with dithionite in 50 mM Na,S,0,4 solution at 85 °C for 30
minutes. The steps in the GO and dithionite solutions were repeated twice.
Treatment (g); electrode Q2: The same than above, but in this case, the
electrode was immersed in the GO and dithionite solutions four times.
Treatment (h); electrode Q3: Directly from a bare Mg electrode and without the
immersion in the BSA solution, the sample was treated in the GO and dithionite
solutions four times.

Treatment (i); electrode Q4: The same than in treatment (g) but without BSA.
Treatment (j); electrode Q5: As in the treatment (g), but from a bare Mg

electrode.

2.4. Electrochemical measurements

Electrochemical measurements in physiological saline (0.9 wt % NaCl at pH = 6.7)

were carried out to research the effect of the different treatments on the corrosion

resistance of bare Mg. The experiments were carried out in conventional three-electrode

cell using a Ag/AgCl (KClI 3.0 M) reference electrode and a Pt thread (1 cm?) as counter

electrode. Tafel curves were recorded between -1.75 and -1.2 V at 1 mV s’l. The

electrochemical impedance spectroscopy (EIS) measurements ranged from 10-2 to 103



Hz. The amplitude of the sinusoidal voltage was = 0.01 V from the OCP. The above
measurements were recorded in an Autolab PGSTAT302 potentiostat/galvanostat. The
SECM analyses were performed with a scanning electrochemical microscope of
Sensolytics. The samples were mounted on microscope slices and immersed in 0.5 mM
Fe(CN)g*- + saline 0.9 wt % NaCl solution. Approach curves and SECM images were
obtained with the samples unbiased, that is, at their OCP. All the SECM tests were
carried out with a Pt microelectrode (10 pm diameter) at constant-height mode with the
z-position of the electrode unchanged while scanning. The microelectrode was polarized
at +0.4 V to detect the presence of Fe(CN)s* generated on the surface of the samples

according to the scheme in Fig. 1.

2.5. FESEM and EDX analysis

The surface morphology and the elemental composition of the samples were measured
with a Jeol JSM-6300 scanning electron microscope operating at a potential of 20 kV.

EDX spectra were obtained between 0 and 20 keV.

3. Results and discussion

3.1. Electrochemically modified electrodes

In order to assign the potential ranges for the electrochemical processes occurring on the
Mg-surface, different CV voltammograms have been recorded in the solutions in which
the different electrochemical procedures (electrochemical synthesis of RGO and
pretreatment of Mg samples for the chemical synthesis) were carried out. Fig. 2 shows
the second CV scan obtained at a scan rate of 2.5 mV s! for a Mg electrode in (a) 6 M
KOH and (b) 0.1 M LiCIO,4 (pH = 11) solutions. As could be seen in Fig. 2a, the anodic

sweep shows four processes that according to Lei et al [30] and Cai et al. [31] are: the



active dissolution of Mg (between -1.5 and -0.5 V) and the formation on the electrode
surface of a Mg(OH), layer once the concentration of Mg?* reached its saturation, direct
oxidation of Mg to Mg(OH), in the range from -0.5 to 0.5 V, secondary oxidation of Mg
to form MgO (from 0.5 to 1.0 V) and the transpassive process (between 1.0 and 1.5 V)
overlapped with the oxygen evolution. In Fig. 2b, the scan towards positive potentials
(between -1.7 and -1.3 V) shows the evolution of the current density towards positive
values. From about -1.49 V, the current density takes positive values up to 742 pA cm
due to the corrosion of the electrode surface. The inset in Fig. 2b shows the third CV
scan in which a significant loss in the positive values of current density is observed once
the electrode surface became passivated. The curves of current density vs. time for the
treatments (a), (b) and (c), which were described in the section 2.2, are shown in Fig. 3.
The values of current density are coherent with those in the CV curves of Fig. 2 and,

after about 300 s, show a very stable trend.

Figs. 4a and b show the effect of the electrochemical treatments on the corrosion rate of
Mg in physiological saline 0.9 wt % NaCl by means of Tafel polarization curves and
impedance Nyquist plots, respectively. Their electrochemical parameters, deduced from
those experiences, are summarized in Table 1. To obtain these parameters, the research
carried out by M. Curioni et al. [32] in which the impedance response is correlated to
the corrosion rate by the “apparent” Stern-Geary coefficient (B) was taken into
consideration. Accordingly, the corrosion current (icorr) was estimated by the equation
icorr = B/(Rcp+Rct) where Rct is the charge transfer resistance, Rep is the corrosion
product resistance and B = 253 mV. The term (Rcp+Rct) was calculated from the
Nyquist plot measuring the diameter of the capacitive loop (cutting segment of the
resistance Z’ axe at low and high frequencies). Compared to the Mg electrode (MO), it

can be observed, from the polarization curves (Fig. 4a), that the electrochemical activity



of modified electrodes E1, E3a, E3b and E4 changes since the corrosion potential
(Ecorr) shifts in the positive direction. No difference between MO and E2 sample was
observed. The samples E3a, E3b show a similar value of Ecorr which may indicate that
the increase of half an hour during the treatment (d) has no effect in terms of Ecorr. The
Nyquist plots (Fig. 4b) and Table. 1 show a decrease in the values of corrosion current
density (Icorr) and an increase of the term (Rcp+Rct) with the modification of the

surfaces for E1, E3a, E3b and E4.

Figs. 5a-d show the FESEM micrographs of MO, E1, E2 and E3a electrodes. The
morphology of the E1 shows a honeycomb-like structure due to the dissolution of
magnesium and the formation of Mg(OH), structures [21,33,34] during the treatment in
6 M KOH solution. The surface of E2 sample is characterized by interlocking plate-like
structures of Mg(OH), formed during the treatment in 0.1 M LiClO4 (pH = 11) solution
[21,33,34]. The surface of the E3a electrode appears much less modified than that of the
E2 electrode due to the presence of GO during the electrosynthesis. This result is
coherent with those reported by F. Wu et al. [21] in which the presence of GO into the
solution of Mg?" has a significant influence into deposition process and the
microstructure of the coated GO-Mg(OH), composite. In order to verify the nature of
the coating, in Fig. 6 an EDX analysis for MO and E3a electrodes was performed. An
increase of about 5% in atomic carbon is observed for the E3a electrode (see Figs. 6a
and b) due to the presence of RGO. In addition, the presence of oxygen increased
mainly due to the formation of Mg(OH), during the potentiostatic treatment in 3 g L-!

GO + 0.1 M LiClO, (pH = 11) solution.



3.2. Chemically modified electrodes

In the section 2.3, the procedures performed to coat RGO chemically on the Mg
electrode surface were described. The different electrodes were named using the letter
Q. As with the electrochemically modified electrodes, potentiodynamic polarization
curves and EIS (Nyquist) plots were obtained in physiological saline 0.9 wt % NaCl
(see Figs. 7a and b). Fitting results of the EIS measurements and the values of corrosion
current density (Icorr) are summarized in Table 2. Compared to the results obtained for
the electrochemical (E) samples, a shift towards more positive potentials is also
observed. The Ecorr potential remains in both cases between -1.45 and -1.42 V. The
values of Icorr are particular low for the samples Q1 and Q2. In comparison with the
results for the sample Q4, it is noteworthy the role of BSA at neutralizing the negative
charge on the passivated Mg and to promote the anchoring of GO to its surface. On the
other hand, the result obtained for the sample Q5 would indicate that BSA acts on the
passivated Mg(OH), surface but not on the bare Mg surface. From the EIS spectra, the
high increment of the (Rcp+Rct) term for the samples Q1, Q2 can be noted, and, to a
lesser extent, for the sample Q4 which is passivated but has not undergone the treatment
with BSA. From the potentiodynamic polarization curves in Fig. 7a, it is noticeable to
observe that once the Ecorr potential is exceeded, the Icorr for the samples Q1, Q2, Q3
and Q4 takes negative values in the range up to -1.2 V which indicates a significant
protection of Mg surface by the presence of RGO. Fig. 8 depicts the morphology of the
RGO chemically synthesized on the Q2 sample and its EDX spectrum. The typical
corrugated structure of RGO is clearly visible and by 47.2% of atomic carbon was
measured. The average values of carbon atomic content (obtained from the EDX spectra
recorded at different points on the surface of the samples) for Q2, Q3 and Q4 were

44.1%, 13.6% and 4.3%, respectively. The increase in the atomic percentage of carbon



for the sample Q2 is indicative of the effect of BSA at promoting the anchorage of GO

onto the passivated Mg surface.
3.3. SECM analysis

Fig. 9a shows the z-approach towards the surface of different samples in 5 mM
Fe(CN)g*- and physiological saline 0.9 wt % NaCl solution with the microelectrode at
+0.4 V. I and L are the normalized current tip and distance between microelectrode and
sample, respectively. For a disc-shaped tip, the terms I and L are given by the equations

[35]:

I = ip/izyy where iz, = 4naFD,Cy, n is the number of electrons exchanged in the
redox reaction, a is the radius of the microelectrode, F is the Faraday constant, D, is the

diffusion coefficient of 4 and C, the concentration of 4 in the bulk solution.

L = d/a where d is the separation between sample and microelectrode and a is the radius

of the microelectrode.

A clear “positive feedback™ [35] is observed for MO sample which indicates a very
active surface as a consequence of the Mg surface corrosion. The sample E2 also shows
a “positive feedback™ situation but to a lesser extent. It is for the passivated sample
(according to treatment (a)) E1, and the samples with RGO (E3a and Q2) for which a
significant loss of activity is observed. This fact indicates the protection of the surfaces
from the corrosion but no a complete electrochemical isolation since a “negative
feedback” was not observed. Figs. 9b-f show the electrochemical and chemical maps for
MO, E1, E2, E3a and Q2 samples. In the 3D-Array image of MO (see Fig. 9b), higher
current values correspond to anodic zones with corrosion and lower current values mean
lower activity. Therefore, the encircled area in the image of Fig. 9b suggests a pit

corrosion zone on the Mg surface [36]. In Fig. 9c, the SECM image for E1 sample is



homogeneous and featureless, which reveals that the treatment (a) creates a passivated
surface with higher corrosion resistance. Fig. 9d shows the array scan for the sample E2,
in this case the surface shows the characteristic of MO but with lesser intensity. The E3a
sample shows better corrosion resistance than E2 but the SECM image is not so
homogeneous as E1. That is, E3a surface is more active than this for E1. Finally, the
SECM image for Q2 recovers the characteristics of E1 sample showing a very low
activity during the time (about 1 hour) that takes to obtain of the line scans and 3D-

maps.

4. Conclusions

The electrochemical properties of a bare Mg surface have been successfully modified by
electrochemical and chemical methods. The best results were obtained with the
chemical treatment for Q2 sample. BSA improves the anchoring of GO on the Mg
passivated surface by the neutralization of the negative charges. The corrosion rate was
modulated progressively between 1.13 and 0.21 mA cm? which would allow the choice
of a certain sample depending on the requirements of the biomedical application. SECM
images confirm the increment of the corrosion resistance of the samples coated with

RGO.
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Figure Captions

Fig. 1. Scheme of the SECM tip collection/substrate generation mode for a Mg

corroding surface.

Fig. 2. CV second scans for a Mg electrode in (a) 6 M KOH solution at 2.5 mV s*! and
(b) 0.1 M LiClO4 (pH = 11) solution at 10 mV s°!. The inset in Fig. 1b shows the third

CV scan.

Fig. 3. Curves for the electrochemical treatments: (a) potentiostatic passivation in 6 M
KOH at -1.0 V for 30 minutes, (b) Mg electrode at -1.6 V for 30 minutes in 0.1 M
LiClO4 (pH=11) solution and (c) potentiostatic synthesis on a Mg electrode of RGO at

-1.6 V for 30 minutes in 3 g L' GO + 0.1 M LiCl04 (pH = 11) solution.

Fig. 4. (a) Potentiodynamic polarization curves at a scan rate of 1 mV s and (b)
Nyquist plots recorded in the frequency range from 10° to 102 Hz for bare Mg and
electrochemically modified electrodes in physiological saline 0.9 wt % NaCl. The

frequencies values f1 and f2 were obtained for —Z” maximum and —Z” = 0, respectively.

Fig. 5. FESEM micrographs of samples (a) MO (bare Mg), (b) E1, (c) E2 and (d) E3a.

The micrographs were obtained at a magnification of 15.00 Kx.

Fig. 6. EDX spectra of samples M0 and E3a.

Fig. 7. (a) Potentiodynamic polarization curves obtained at a scan rate of 1 mV s and
(b) Nyquist plots recorded at the frequency range from 103 to 102 Hz for bare Mg and
chemically modified samples in physiological saline 0.9 wt % NaCl. The frequencies

values f1 and 2 were obtained for —Z” maximum and —Z” = 0, respectively.

Fig. 8. Magnified micrograph (Mag. = 15.00 Kx) of the structure of chemically

synthetized RGO on Q2 sample and its EDX analysis.



Fig. 9. (a) Approach curves obtained with a Pt microelectrode (diameter 10 pm) at +0.4
V in 0.5 mM Fe(CN)4* + saline solution. The approach curves were recorded at an
approach rate of 10 um s!. (b-f) SECM images of MO0, E1, E2, E3a and Q2 samples.

The arrays were obtained at a scan rate of 20 um s*! and Ax = Ay= 10 um.

Tables

Table. 1. Fitting results for the EIS measurements and corrosion current densities

obtained in physiological saline 0.9 wt % NaCl for the samples electrochemically

modified.
Ecorr (V) Icorr (mA cm?)  Rcp+Rct (2 cm?)  Treatment
Mo -1.52 1.13 223.0 14
E1 -1.43 0.82 308.4 a
E2 -1.53 1.15 219.6 b
E3a -1.45 1.01 238.5 c
E3b -1.45 0.93 271.4 d
E4 -1.47 1.06 250.7 e

Table. 2. Fitting results for the EIS measurements and corrosion current densities

obtained in physiological saline 0.9 wt % NaCl for the samples chemically synthesized.

Ecorr (V) Icorr (mA cm?)  Rcp+Ret (Q cm?) Treatment
MO0 -1.52 1.13 223.0 o
Q1 -1.42 0.29 861.9 f
Q2 -1.44 0.21 1213.1 g
Q3 -1.42 1.29 195.9 h
Q4 -1.45 0.76 331.9 i
Q5 -1.41 3.44 73.5 i
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