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Abstract: In this work, impermeable and ultrathin surface nanomodifications for joint applications
based on graphene oxide (GO) are assembled on CoCr surfaces via covalent immobilization between
GO nanosheets and silane monolayers. Two silane curing temperatures, 45 °C for 24 h and 75 °C for
30 min, on CoCr surfaces and two incubation times for GO suspension, 12 h and 24 h, on silanized
CoCr surfaces are prepared. Electrochemical characterization is performed using electrochemical
impedance spectroscopy (EIS) in a 3 g/L hyaluronic acid solution. Results show that GO nanosheets
immobilized with silane covalent bonding confer impermeability of sp2 networks on GO and strong
interfacial adhesion of GO sheets anchored to silanized CoCr via organosilane chemistry, which
prevents the permeation of oxidant species at the metal interface. At short GO incubation times (12 h),
the Rs values decrease with the immersion time, indicating that small species, such as metal ions, are
able to diffuse through the interlayer gaps of nanolayers. Longer GO incubation times (24 h) favor
the formation of bonds between the GO and the silane, thus slowing downdiffusion and metal ion
release into the medium. EIS data confirm the impermeability of GO nanocoatings with lengthening
GO incubation time for medical application of metallic implants.

Keywords: 2D assembly; covalent surface immobilization; graphene oxide nanocoatings; EIS; CoCr

1. Introduction

Cobalt chromium (CoCr) alloys are widely used as metal implants in hip and knee
replacements, vascular stents, heart valves, and dental prostheses, mainly due to their
shear and wear resistance [1,2]. In addition, the good corrosion resistance of CoCr depends
on the formation of a highly adherent and stable protective passive film that forms on the
CoCr surface [3], which reduces the corrosion and degradation of the implant [4].

However, concerns have arisen about the associated toxicity of CoCr alloys [5] be-
cause of the release of Co and Cr ions into physiological fluids and biological tissues [6,7],
which are related to local and systemic toxicities, genotoxic and carcinogenic effects, im-
munological and inflammation responses, osteolysis, and other disorders [8-12]. In fact,
Co and Cr blood levels are used for the identification and prediction of complications
with prostheses [13-17]. Novel graphene-based surface modifications could mitigate the
release of metal ions while preserving the required bulk mechanical properties of metal
implants by applying the unique two-dimensional properties of graphene. The 0.064 nm
pore size of sp2 hybridized carbon planes makes graphene, the world’s thinnest material,
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impermeable to all atoms and ions (except H*) in solid, liquid, or gas forms [18-20]. Due
to its excellent ion-diffusion barrier properties, graphene has potential applications in
ultra-high permeation barrier films [21,22], as well as anticorrosion applications [23-26]
via the assembly of graphene monolayers in 2D nanocoatings or the assembly of graphene
multilayers in thicker 3D coatings. However, when assembling nanocoatings of a graphene
monolayer, the interfacial bond energy between graphene and the metal substrate is a key
parameter determining whether pristine graphene can prevent diffusion across its basal
plane [27]. When the metal/graphene interface is produced via chemisorption on strongly
interacting metals Ni, Co, Ru, Pd, and Ti (with bond-formation energies of 0.09-0.4 eV), the
anti-diffusion properties are preserved, as the chemisorbed graphene can prevent water
permeation through its basal plane. On the other hand, in physisorbent metals Ag, Al,
Cu, Cd, Ir, Pt, and Au, with very weak bond formation (0.03-0.05 eV), graphene can be
easily decoupled, and oxidizing species can diffuse through the basal plane of graphene,
permeating into the metal surface. Therefore, the long-term anticorrosion properties of
graphene nanocoatings are only maintained on chemisorbed metals with strong interfacial
bonds at the graphene-metal interface [28-30].

Similarly, a precursor of graphene, graphene oxide (GO), can be used to assemble
impermeable [31] and anticorrosive coatings [32-36]. However, the assembly of a mono-
layer of GO is often hampered by the interaction of GO/metal interfaces via physisorption,
which prevents proper permeation barrier properties at the metallic interface. In these cases,
traditional 3D thick coatings are formed by vertically stacking multiple GO layers, where
the degree of anticorrosion/impermeability of the coatings is based on (1) the lengths of
the tortuous path of molecules diffusing through the interspaces between adjacent GO lay-
ers [37-39] and (2) GO-reduction methods to remove oxygenated groups, which decrease
the interlayer separation and block the tortuous interlayer diffusion between the reduced
GO layers [40,41].

Nevertheless, anticorrosive 2D nanocoatings of GO monolayers might be obtained via
surface engineering by providing a strong interfacial contact between GO and the metal
surface. It has been shown in the literature that it is possible to anchor GO monolayers
to silica via direct Si—O covalent bonds, avoiding the intercalation of oxidizing species at
the interface and oxidation of Si [42,43]. Recently, this strategy has been used with GO
monolayers that were covalently immobilized on CoCr and described by the authors in [44].
For this purpose, the authors used 3-Aminopropyl-triethoxysilane (APTES) as a silane
coupling agent that works as an intermediate for the covalent attachment of self-assembled
silane monolayers (SAMs) on the oxide surface [45] of the CoCr alloy. Further, the covalent
bonding of GO was carried out via reactive organoamine groups of APTES [46,47], thus
promoting the chemical adsorption of GO sheets on the CoCr surface.

In this work, improvements in the interfacial strength via covalent bonding interaction
between GO and the metal surface are characterized via EIS to assess the barrier perfor-
mance of GO. The electrochemical behavior of the modified CoCr surfaces is characterized
at each modification step during the two-dimensional assembly of GO nanocoatings on
silanized CoCr surfaces. The electrochemical properties of the assembled GO nanocoatings
on CoCr are analyzed in depth, contributing to the characterization of physicochemical
properties of strongly interacting GO-metal interfaces.

2. Materials and Methods
2.1. Materials

Biomedical-grade CoCr alloy was supplied by International Edge with the following
nominal chemical composition (wt.%): 27.25% Cr, 5.36% Mo, 0.69% Mn, 0.68% Si, 0.044% C,
0.02% W, 0.15% N, 0.002% Al, 0.001% S, 0.002% P, 0.002% B, 0.001% Ti, and balanced Co.
CoCr surfaces were polished with SiC abrasive papers grit sizes from 600 to 2000 and then
mirror-polished with 3 ym and 1 pm diamond paste and rinsed with distilled water. Bare
polished CoCr surfaces are referred to as CoCr. 3-aminopropyl-triethoxysilane (APTES)
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agent was purchased from Merck, Sigma-Aldrich. The GO was supplied as an aqueous
suspension of concentration 4 g/L by the GRAnPH of Grupo Antolin.

2.2. Preparation of Multilayer Systems

All multilayer surfaces were obtained as previously described [44]. Briefly, the CoCr
surface was hydroxylated through alkalization in NaOH 5 M for 2 h to obtain the surface,
named CoCr-OH. Subsequently, silanization was carried out using APTES. APTES was
pre-mixed at 2% vol in isopropanol-water (200:1 v/v) and stirred for 1 h. After this, the
hydroxylated CoCr surfaces were immersed in the APTES solution at room temperature
for 1 min. The silane-coated samples were kept under curing conditions at 45 °C and
75 °C for 24 h and 30 min, respectively, resulting in covalently bonded silane monolayers,
named CoCr-OH-5i45 and CoCr-OH-Si75, respectively. Finally, GO multilayer surfaces
were assembled by immersing both CoCr-OH-5i45 and CoCr-OH-Si75 surfaces in 4 g/L
GO suspensions at 60 °C for 12 h and 24 h to obtain surfaces named CoCr-OH-5i45-GO12h,
CoCr-OH-Si75-GO12h and CoCr-OH-Si45-GO24h, and CoCr-OH-Si75-GO24h.

2.3. Electrochemical Characterization: Electrochemical Impedance Spectroscopy (EILS)

The electrochemical behavior of each layer deposited on CoCr surfaces was examined
by electrochemical impedance spectroscopy (EIS) for 7 days in 3 g/L hyaluronic acid
(HA) aqueous solution at the same concentration as the physiological content of HA in
synovial fluid from healthy joints [48]. The measured conductivity of HA was 420 uS/cm.
Impedance tests were performed in a three-electrode electrochemical cell with the modified
CoCr surfaces acting as the working electrode, a Pt wire acting as counter electrode, and
Ag/AgCl (3 M KC(l) as a reference electrode. The testing area of the working electrode for
all electrochemical tests was 0.39 cm?. An Autolab32 potentiostat/galvanostat was used to
generate a sinusoidal wave of 10 mV amplitude in the frequency range 100 kHz to 1 mHz,
logarithmically spaced by 5 points/decade, which was applied at the corrosion potential
Ecorr- The electrochemical behavior was analyzed by fitting the experimental impedance
data with equivalent electric circuits. Component values of the equivalent circuit were
estimated by applying a non-linear least-squares (NLLS) program included in the Z-view
software, as previously reported [49,50]. The fitting criteria used for equivalent circuits
were the lowest chi-square value and the lowest absolute errors.

All the tests were performed in duplicate.

3. Results

The electrochemical behavior of the modified CoCr surfaces was analyzed from day 0
to day 7 of immersion in a simulated physiological synovial cavity medium (3 g/L HA
electrolyte) by EIS. Experimental impedance data were fitted to the electric equivalent
circuits (EEC) shown in Figure 1. EEC with one time constant, (a), was used for uncoated
samples, while the circuit with two serial time constants, (b), was chosen as the best
equivalent circuit fitting the experimental impedance data of coated surfaces.

The passive components of EECs were the solution resistance (Rg), the oxide layer
resistance (R ) in parallel with its constant phase element (CPE;), simulating the non-ideal
impedance behavior associated with distributed time constants of the metal surfaces, and
the coating resistance (Rcoar) in parallel with a constant phase element (CPE;) correspond-
ing to thin 2D coatings.
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Figure 1. Equivalent circuits used to adjust the impedance response of the studied uncoated systems
(a) and coated systems (b).

3.1. Bare CoCr and CoCr-OH

Figure 2 shows the Nyquist plots (al and b1l) (imaginary impedance versus real
impedance) and the Bode plots (impedance modulus, a2 and b2, and phase angle, a3 and
b3 versus frequency) of the metal surfaces before alkaline treatment, CoCr (a), and after
alkaline treatment, CoCr-OH (b). Table 1 shows the fitting results for each component of the
equivalent circuit in Figure 1a (single time constant) for CoCr and CoCr-OH. The effective
capacitance values (Ces) were also estimated from CPE under the assumption of a system
with a normal time-constant distribution through a surface layer, in agreement with [51].
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Figure 2. Experimental and fitted data of Nyquist plots (a1,b1) and Bode plots (az,a3,bz,b3) of (a) CoCr

and (b) CoCr-OH surfaces over immersion time in the HA electrolyte.
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Table 1. Fitting values of experimental impedance data from 0 to 7 days of immersion for CoCr
and CoCr-OH surfaces using the electric equivalent circuit of Figure 1a. Rs—electrolyte resistance;
CPE—constant phase element, n exponent; C.—effective capacitance; R —oxide layer resistance;
absolute errors for each element and Chi-square oA).

Time, d I:Eiri:: ]53' ERr?ojrf szsi ];Ir,(]jri pgb;? n £ abs. Error  Cegy, uF Chi?

0 1795 + 21.54 45 + 0.63 11.2 £0.01 0.93 £ 0.0004 2.24 1.34 x 1075

1 1558 + 24.30 98 +2.82 10.3 £ 0.01 0.94 £ 0.0004 2.74 1.55 x 107>

CoCr 2 1359 £ 7.75 138 + 3.48 10.6 £ 0.02 0.95 £ 0.0006 3.69 413 x 107%
3 1174 + 1.76 241 + 10.72 10.6 £ 0.02 0.95 £ 0.0005 3.74 217 x 107°

4 1447 + 2.89 224 4+ 8.18 10.2 £0.01 0.95 4+ 0.0004 3.58 344 x 107°

7 1307 £ 1.96 282 +9.14 10.2 £0.01 0.96 £ 0.0003 4.49 2.01 x 10~°

0 3574 +9.29 1.87 £ 0.13 14.9 +£0.29 0.91 £+ 0.0012 1.35 443 x 1074

1 3495 + 13.98 8.45 £+ 0.14 12.2 +£0.39 0.92 4+ 0.0014 1.65 244 x 1074

CoCr-OH 2 3514 + 19.68 10.5 £ 0.26 11.1 £0.53 0.92 4+ 0.0019 1.52 473 x 1074
3 3224 + 18.38 12.4 +£ 0.33 10.7 £ 0.53 0.93 + 0.0019 1.94 485 x 1074

4 3075 £+ 15.99 155 £+ 0.42 10.3 £ 0.48 0.93 4+ 0.0017 1.86 4.05 x 1074

7 3332 £+ 16.33 28.8 +1.14 9.77 + 0.46 0.94 £ 0.0015 2.40 3.69 x 1074

The Nyquist plots of the CoCr surfaces over 7 days in hyaluronic acid aqueous solution
of Figure 2(a;) show capacitive arcs whose amplitude increases over the immersion time.
The amplitude of each arc is associated with the oxide layer resistance (Ry, in the equivalent
circuit of Figure 1a), whose values increase by one order of magnitude with increasing
immersion time (Table 1).

The increase in Ry, with immersion time reveals that the resistance of the oxide layer,
initially air-formed on the CoCr surface, increases with immersion time in the electrolyte
and improves its corrosion behavior.

The Bode plots in Figure 2(ay) show, at the lowest frequency, a high impedance
modulus and phase angle values around —70°, which approach —90° as the immersion
time in the HA electrolyte increases. This high phase value at the lowest frequencies
provides information on the insulating capacitive behavior of the oxide film. The CPE
and C¢ values associated with quasi-capacitance values (n values close to 1 in Table 1)
are lower than the associated characteristic value of the double layer, thus reflecting the
contribution of the oxide film on the CoCr surface [52].

The improvement in the corrosion resistance of CoCr upon immersion in a simulated
synovial fluid is consistent with an increase in the thickness of the oxide layer and with
changes in the chemical composition of the previously formed passive layer in air. During
the immersion of CoCr surfaces in aqueous solutions, it was observed that chromium
enrichment occurs via the formation of Cr,O3; and Cr(OH); species [53] as a result of the
dissolution of the Co present in the oxide film formed in air [54-56].

The electrolyte resistance, Rg, decreased from day 0 to day 7 upon immersion, which
could be associated with the release of metal ions from the oxide film into the hyaluronic
acid solution. This result is consistent with evidence describing in vitro metal release
from CoCr surfaces [56] and in vivo levels of Co and Cr in the synovial fluid and blood of
patients with CoCr implants [17,57,58].

The Nyquist plots of the CoCr-OH surfaces over 7 days in hyaluronic acid aqueous
solution in Figure 2(b;) show arcs whose amplitude increases over the immersion time,
which results in higher Ry, values of one order of magnitude at the end of the test (Table 1).
Nevertheless, it is remarkable that on just day 0 of immersion, the semicircle amplitude
in the Nyquist plot (Figure 2(by)) decreased with respect to the Nyquist arc of the CoCr
samples on day 0 (Figure 2(a;)), indicating a lower resistance of the oxide layer. The fitting
of the electrochemical response of the CoCr-OH surfaces (Table 1) shown in Figure 2b
reveals that the resistance of the oxide layer, Ry, formed on CoCr-OH was drastically
reduced as a consequence of the applied alkalization treatment. The alkalization treatment
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was initially detrimental regarding the anticorrosive purposes, as it causes the loss of the
air-passivated protective layer on the CoCr (a decrease in Ry ).

The lower resistance of the alkali-formed oxide layer is associated with a change in
chemical composition, as alkaline NaOH treatments in CoCr lead to the predominant
formation of Co oxides and inhibit the formation of chromium oxi-hydroxides in the oxide
layer [44,59]. This effect is also observed in CoCr-OH surfaces that indicate improvement
in the corrosion behavior, but the Ry, values are lower than those obtained in CoCr surfaces.

However, as the immersion time in the HA solution increases, the trend of the CoCr-
OH electrochemical parameters evolves similarly to that of the CoCr parameters. After
7 days of immersion, Ry, approaches an oxide layer resistance value similar to the initial Ry,
value of the oxide film of CoCr surfaces at day 0.

The Bode plots in Figure 2(b3) show that phase angles at low frequencies decrease
with increasing immersion time in HA, reaching —60° at day 7 of immersion (Figure 2(bs))
and approaching phase angle levels of —90° as the oxide layer in CoCr in Figure 2(a3). At
day O of immersion, the phase angle value of CoCr-OH shifted toward a more positive
value of —20° at the lowest frequency, compared to phase angle values close to —90° in
the CoCr samples. This reveals a difference in the electrochemical behavior of the oxide
layer formed after the alkalization treatment compared to the passive layer formed in
air. On the other hand, the effective capacitance values (Table 1) take capacitance values
similar to those of CoCr surfaces. Altogether, the impedance data indicate the detrimental
effect in the oxide layer resistance of alkali treatment and the restoration of the insulating
properties on the hydroxylated surface over immersion time. This can be explained by the
development of a chromium-enriched passive layer on the CoCr-OH surface upon contact
with the electrolyte, similarly to the progression of the passive layer in CoCr surfaces.

The dissolution progress of Co ions from the oxide film on CoCr-OH surfaces can
contribute to the observed fluctuation in the solution resistance, Rg, toward lower Rg values
from day 0 to day 7 of immersion.

3.2. Silanized CoCr-OH Samples (CoCr-OH-Si)

Figure 3 shows the Nyquist and Bode diagrams after the silanization of the alkalized
surface CoCr-OH-Si. Two silane-coated surfaces were obtained using the same silane agent
(APTES) but with different curation conditions for the self-assembly of ultrathin silane
monolayers (SAMs). The CoCr-OH-Si45 surfaces were obtained by applying a curing
temperature of 45 °C and a curing time of 24 h, while the CoCr-OH-5i75 surface was
obtained by applying a curing temperature of 75 °C for 30 min.

The most reasonable physical meaning is to take into account two time constants due to
the response of the silane coating and the metal surface. Both time constants are very close
and overlap, so they are difficult to distinguish. The EEC with two serial time constants
(Figure 1b) was used to fit the thin APTES silane monolayers on CoCr-OH surfaces, except
for the CoCr-OH-Si45 surface on day 0 of immersion and CoCr-OH-5i75 surfaces on days 0
and 1 of immersion, which were fitted with the EEC corresponding to a single time constant
(Figure 1a). Table 2 shows the fitting results for each component of the equivalent circuit in
Figure 1 for CoCr-OH-5i45 and CoCr-OH-5i75.

The impedance response of the CoCr-OH-Si surfaces shows a different trend in the
first 24 h of immersion. The Nyquist plots of the CoCr-OH-5i-45 surfaces (Figure 3(aj))
show semicircle arcs whose diameter increases with immersion time. On the other hand,
the CoCr-OH-5i75 surfaces showed a wide arc on the first day of immersion, and after 24 h,
the diameter was reduced by half. After 24 h of immersion, the amplitude of the semicircles
increased progressively with immersion time until the end of the test, following the same
trend as CoCr-OH-Si45 surfaces.
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Figure 3. Experimental and fitted Nyquist plots (a;,b1) and Bode plots (az,a3,bz,b3) of (a) CoCr-OH-
5i45 and (b) CoCr-OH-5i75 surfaces over immersion time in the HA electrolyte.

Table 2. Fitting values of experimental impedance data from 0 to 7 days of immersion for CoCr-
OH-5i45 and CoCr-OH-Si75 surfaces using the electric equivalent circuit of Figure 1b. Rs—solution
resistance; CPE;—constant phase element and Rp —oxide layer resistance related to the metal surface;
CPE,—constant phase element and Rcoar—Tresistance associated with silane layers deposited on the
CoCr-OH surface; absolute errors for each element and Chi-square (x?).

. Rg + abs. Rcoar = abs. CPE,; =+ abs. Ry + abs. CPE; =+ abs. n; £ abs. 2
Time, d Error, ) Error, ) Error, uS s ny & abs. Error Error, MQ) Error, uS s Error Chi
6
0 3385 + 7167 13'? 4XX1?03 834015 0.88 = 0.007 624 x 1073
CoCrOFL 1 3326+£18.14  746.6 + 87.02 2163 + 8.28 0.89 £ 0.08 1554004 1294006  094+£0002 233 x 10~
s 2 3079 £2333 7183 + 1289 2034 £ 10.1 097 £ 0.11 1754007  123+£008  094+0003 543 x 10~
3 21174989 6323 % 56.1 3032 + 8.26 0.81 + 0.05 168+003  126+004  094+0001 134 x 10~*
4 2456 +£7.49 8118 +48.1 33.01 + 5.43 0.79 £ 0.03 247004  125+003  095+£0001 583 x 10-°
7 2827 + 5.53 1008 + 38.8 34.07 + 336 0.78 + 0.02 3704134 1234006  095+0001 246 x 10-5
6
0 3083+ 1360  100x10°+ 14.9 + 0.06 0.92 + 0.002 2.98 x 10~
0.26 x 10
6
CoCr-OH- 1 208141923 69X 10 1526 +0.13 0.91 + 0.003 123 %1073
Si75 2 257 +2155 233247452 2698 +36.18 0.94 + 025 7164019  145+010 09240003  6.66 x 10~
3 2299 +2347 238218096 2566 + 36.62 0.95 + 0.26 633017  142+010  092+0003  7.71 x 10~*
4 231241985 2466+ 6958  30.22 + 3555 091 £ 021 781+018 1394008  093+0002 502 x 10~*
7 2420 £1787 355+ 7935 36.76 + 28.93 0.87 £0.15 9274021  137+007  093+0002 373 x 104

The CoCr-OH-5i45 (at day 0 of immersion) and CoCr-OH-Si75 (at days 0 and 1 of
immersion) surfaces could only be fitted considering one time constant, where the resistance
and CPE values were associated with Rcoat and CPE; due to the response of the silane
coating. After 24 h of immersion of CoCr-OH-5i45 and after 48 h of immersion of CoCr-
OH-5i75, electrolyte ingress into the coating/metal interface occurred, and the second time
constant, associated with the metal surface, appeared.

The EEC with two time constants in series (Figure 1b) fits with the thin nature
of APTES silane monolayers on CoCr-OH surfaces with Rcoat values in the range of
100-1000 ) (Table 2). A better anticorrosive silane coating was obtained in CoCr-OH-Si45
(Rcoar values =~ 700 (), after 24 h) with respect to CoCr-OH-5i75 (Rcoar values =~ 200 ),
after 48 h). The different evolution of the electrochemical parameters in the coated surfaces
can be directly associated with the different chemical structures formed in the curing con-
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ditions of the silane films. This can be directly related to condensation reactions between
Si—OH groups forming Si—O—Si bonds, which occurred over a longer curing time in CoCr-
OH-5i45, forming a highly dense, crosslinked, and hydrophobic siloxane network [60]. The
hydrolytic stability and crosslinking of silane SAMs are of great concern for the coating of
metals [45,61,62], and it has been observed that 5i—O—Si bonds provide hydrolytic stability
to the silane layer while metal —O—Si bonds provide poor hydrolytic stability [61].

The CoCr-OH-Si75 surfaces suffer an ingress of electrolytes through the network
of the silane coating, with a low degree of crosslinking, which forms a more permeable
silane layer. Non-condensed silanol groups also form a more hydrophilic silane polymeric
network, allowing a high degree of water absorption.

The highest Rcoat values in CoCr-OH-Si-45 surfaces are accompanied by higher Ry,
values (Table 2), denoting a better corrosion behavior of CoCr-OH-5i samples cured at
45 °C for 24 h.

Finally, the Bode plots of the phase angle versus frequency in the CoCr-OH-5i75
surfaces show more positive phase angles at low frequencies (—50° or —40°) compared to
the initial phase angle (—55°) on the first day of immersion. This is in contrast to CoCr-OH-
5i45, which revealed a better insulating evolution with more negative phase differences at
low frequencies (—60°) throughout the immersion tests.

In conclusion, the electrochemical analysis performed through the comparative
impedance data on silane SAMs allows us to distinguish between the two applied
silanization treatments, in which the denser and crosslinked siloxane layer formed on
CoCr-OH-5i45 provides higher protection against corrosion in the HA solution.

3.3. Graphene Oxide on Silanized CoCr-OH Samples (CoCr-OH-Si-GO)

Figure 4 shows the Nyquist and Bode plots of GO-based ultrathin nanocoatings on
CoCr-OH-Si samples over 7 days of immersion in HA solution. The self-assembly of GO
nanosheets on silane-coated CoCr-OH surfaces was obtained by incubating CoCr-OH-
Si45 and CoCr-OH-5i75 with GO suspensions for 12 h or 24 h. GO-silane multilayer
systems were obtained under four different conditions, namely, CoCr-OH-5i45-GO12h,
CoCr-OH-5i45-GO24h, CoCr-OH-5i75-GO12h, and CoCr-OH-5i75-GO24h (Figure 4a—d).

The thin 2D assemblies of GO nanosheets on the silanized CoCr surfaces also show
proper fitting with EEC with two time constants in series (Figure 1b). RcoaT comprises
layered GO/silane coating. The fitting values for each EEC element are shown in Table 3.

The impedance data of Figure 4 show that, upon deposition of GO on silanized CoCer,
the corrosion behavior is largely stabilized on these surfaces. All the impedance results
reveal the same diagrams independently of the immersion time, revealing a high stability,
with minor differences. The barrier properties provided by the GO/silane coating also
correlate with the steadiness of capacitive Nyquist arcs of unchanged amplitudes through
immersion (Figure 4(a1,by,c1,d1)) and stabilized Bode phases (Figure 4(a3,bs,c3,d3)). This
stabilization is associated with the barrier effect provided by the GO anchorage in the silane
layer, leading to the formation of protective and ultrathin GO-based modifications on CoCr,
which can be explained by two features of these nanocoatings: firstly, the sp2 hybridized
carbon networks of the adsorbed GO nanosheets, which work as an effective physical
barrier preventing the diffusion of molecules through sp2 planes, and secondly, the strong
interfacial adhesion of the chemisorbed GO nanosheets on the silanized surfaces, impeding
the desorption of the anchored GO and the intercalation of molecules from the aqueous
medium at the metal interface, such as water and oxygen, which limits the progress of the
passivation of the metal substrate upon immersion in the HA solution.
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Table 3. Fitting values of experimental impedance data from day 0 to day 7 of immersion of CoCr-
OH-Si45-GO12h, CoCr-OH-Si45-GO24h, CoCr-OH-5i75-GO12h, and CoCr-OH-5i75-GO24h using
the electric equivalent circuit in Figure 1b. Rg—electrolyte resistance; CPE;—constant phase element
and Rp—oxide layer resistance related to the metal surface; CPEy—constant phase element and
Rcoar—resistance associated with the GO/silane coating on CoCr-OH surfaces; absolute errors for
each element and Chi-square oA).

R =+ abs.

RCOAT =+ abs.

CPE; =+ abs.

n, + abs.

Ry + abs.

CPE; =+ abs.

n; + abs.

Time, d Error, Q) Error, Q) Error, uS s" Error Error, MQ) Error, uS s" Error Chi®

0 3638 + 10.89 1124 + 1259 404 + 8.12 0.84 + 0.04 54.1 +£0.20 9.4 +0.03 0.92 £+ 0.001 7.48 x 1075

1 3845 + 5.32 2396 + 81.56 30.1 £ 1.55 0.81 £ 0.01 53.2 +£0.96 10.5 + 0.01 0.93 £ 0.001 1.64 x 107°

CoCr-OH- 2 3776 + 5.44 2427 + 75.26 28.6 £ 1.40 0.81 + 0.01 454 +0.75 11.2 +£0.02 0.93 + 0.003 1.77 x 1075
Si45-GO12h 3 3458 + 5.12 2381 + 73.04 29.2 +1.41 0.80 + 0.01 47.2 £0.80 11.2 +0.06 0.94 + 0.002 1.80 x 105
4 3190 + 4.82 2250 + 70.36 31.3 £ 154 0.79 + 0.01 48.1 £ 0.81 11.2 +0.02 0.94 £ 0.001 1.78 x 107°

7 3139 + 4.06 2302 + 60.35 31.5+1.29 0.78 + 0.01 57.9 £ 0.96 12.3 +£0.04 0.95 + 0.001 1.28 x 107>

0 3328 +7.78 3532 +281.44 73.3 +4.49 0.68 + 0.02 66.5 + 0.35 16.0 £+ 0.05 0.94 £ 0.001 402 x 1075

1 3808 + 8.48 5017 + 360.36 61.5 +2.98 0.68 £ 0.01 73.0 £ 043 15.8 + 0.06 0.93 £ 0.001 3.83 x 107°

CoCr-OH- 2 3860 + 9.49 4822 + 369.67 58.9 + 3.25 0.69 + 0.01 73.4 + 0.46 15.37 + 0.06 0.93 £+ 0.001 4.69 x 1075
Si45-GO24h 3 3825 + 8.94 4822 + 344.78 59.0 £+ 3.08 0.68 + 0.01 81.9 + 0.52 15.30 + 0.06 0.94 + 0.001 413 x 1075
4 3751 £+ 8.79 4756 + 341.84 59.7 + 3.13 0.68 + 0.01 84.4 + 0.54 15.15 + 0.05 0.94 £+ 0.001 411 x 1075

7 3449 + 8.63 4549 + 346.76 61.6 + 3.42 0.67 + 0.01 81.9 + 0.52 14.96 + 0.05 0.94 + 0.001 4.49 x 107°

0 1668 + 7.57 1127 + 370.87 229.3 £51.3 0.59 + 0.05 448 £0.24 14.3 £+ 0.06 0.91 £ 0.002 8.65 x 1075

1 2647 + 8.73 262.5 + 63.68 1289 + 76.4 0.77 +£0.12 423 +0.14 12.0 +0.03 0.93 £+ 0.001 6.74 x 107>

CoCr-OH- 2 1687 £+ 6.97 255 4+ 74.24 159.8 + 92.6 0.75 + 0.11 37.0 £0.12 11.5 +0.03 0.93 £+ 0.001 9.74 x 107°
Si75-GO12h 3 1592 + 5.95 270.9 + 68.66 167.2 +80.4 0.73 + 0.09 447 £0.14 11.2 +0.03 0.94 + 0.001 7.47 x 107°
4 1502 + 5.29 268.5 + 61.80 170.5 + 74.2 0.72 + 0.08 449 +0.13 11.1 +£0.03 0.94 £+ 0.001 6.31 x 1075

7 1397 £+ 6.31 276.7 +77.17 176.2 +90.5 0.70 + 0.09 36.9 £+ 0.10 10.8 +0.03 0.94 £ 0.001 9.47 x 1075

0 3250 + 5.42 377.1 + 81.07 289.2 + 88.3 0.66 + 0.06 109.8 + 0.38 11.3 £ 0.02 0.94 + 0.002 151 x 107°

1 3504 + 11.15 122.3 +53.94 1949 + 2715 0.77 £ 0.26 64.0 £0.24 10.7 + 0.02 0.93 £ 0.002 5.64 x 1075

CoCr-OH- 2 3573 + 12.79 91.58 + 51.24 191.9 +387.7 0.78 £0.37 59.0 £ 0.22 10.3 +£0.02 0.94 £+ 0.003 6.89 x 1075
Si75-GO24h 3 3690 + 12.17 92.76 + 50.83 180.2 + 348.5 0.81 + 0.36 60.7 + 0.22 10.2 +0.02 0.94 + 0.002 6.69 x 107°
4 3683 + 12.55 92.5 £+ 50.85 170.1 +337.7 0.82 +0.37 58.5 £ 0.21 10.1 £+ 0.02 0.94 £ 0.001 7.12 x 1075

7 3459 + 12.08 73.1 +43.26 157.5 4+ 370.6 0.84 +0.43 50.8 + 0.16 10.0 £ 0.02 0.94 £ 0.001 7.42 x 107°

Nevertheless, some differences can be observed from the fitted Rcoat values (Table 3)
for each condition. An increase in Rcoar is induced on CoCr-OH-Si45-GO12h and CoCr-
5i45-GO24h in comparison with CoCr-OH-5i45, as can be seen from the comparison of
Tables 2 and 3. More importantly, RcoaT remains almost constant from day 1 of immer-
sion in CoCr-OH-Si45-GO12h (Rcoat = 2500 3) and CoCr-Si45-GO24h (Rcoar ~ 5000 Q)
throughout the immersion time (Table 3), being the highest stabilized Rcoat values ob-
tained for CoCr-OH-5i45-GO24h surfaces. The CPE, associated with the Si-GO coating
reveals n values close to 0.5, indicating that diffusion becomes important in the corrosion
process of the system.

The Bode plots of the phase angle versus frequency (Figure 4(a3,bs,c3,d3)) show an
interesting fact in the variation in phase angle at the lowest frequencies. In the decade of
low frequencies (10_2—10_3 Hz), a decrease in the 0 values is observed on surfaces CoCr-
OH-5i45-GO12h, CoCr-5i75-GO12h, and CoCr-5i75-GO24h. In CoCr-OH-5i45-GO24h,
this decrease is not observed (Figure 4(b3)) suggesting an improvement in the insulating
properties of this surface modification with the longer GO incubation time.

In addition, the CoCr-OH-5i45-GO24h surface seems to provide the most stationary
electrochemical response of the four GO-silane multilayer systems studied. Together with
enhanced electrochemical stability of Nyquist and Bode plots (Figure 4(by,by,b3)), the fitted
values for EEC elements (Table 3) followed the same trend, where Rg Rcoar, CPEy, ny,
Ry, CPE;, and n; were stabilized to the greatest extent in CoCr-OH-5i45-GO24h compared
to the rest of the GO-based multilayer systems, which showed larger oscillations in their
values throughout the immersion period from day 0 to day 7.

4. Discussion

The mechanisms involved in blocking the interlayer diffusion in GO-silane assembled
nanofilms are proposed herein. The strong interfacial adhesion of the chemisorbed GO on
the four surfaces of the silane/GO multilayer system permitted the assembly of interlayer
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spaces small enough to slow down the inward diffusion of large electrolyte molecules, such
as water, as the high Rcoat reveals, overall, in CoCr-OH-5i45-GO24h. This is the reason for
the high stability of the impedance data over the immersion time.

The oxygen-containing groups of GO nanolayers are removed during the covalent
immobilization of GO through two mechanisms: nucleophilic substitution reactions, which
take place between the GO basal plane epoxy groups and APTES primary amines, and
through additional reaction pathways, via the removal of -OH from the GO carboxyl groups
upon reaction with APTES primary amines [44]. The two-dimensional physical-barrier
properties of GO were maximized in the horizontal plane of the CoCr surface through the
attachment of epoxy groups located in the GO basal plane through nucleophilic reaction
with the primary amines located on top of silane SAMs. Additional silane/GO bonding at
the GO edges further contributed to the covalent immobilization of GO on CoCr [44].

The oxygen-containing groups of GO are known to act as interlayer spacers [63-65],
and their reduction leads to a controlled decrease in the size of the interspacing channels in
stacked GO layers [66]. In GO-based nanocoatings with the largest extent of GO/silane
covalent bonding, the release of metallic ions into the electrolyte medium can be minimized
by separation mechanisms (size exclusion and/or electrostatic repulsion), which control
mass transport through GO membranes [66,67].

The reduced interlayer distances resulting from these assemblies of GO with silane can
obstruct the diffusion of metal ions via size exclusion when the interlayer channels reach
a size smaller than that of the hydrated metal ions. Reduced interlayer distances in GO
membranes are applied for precise molecular sieving of salts and mono/multi-valent metal
ions [68-72]. In particular, interlayer distances smaller than 8 A provide accurate sieving of
multi-valent metal ions through a steric effect [72]. Although hydrated ion diameters can
be rejected due to the size-exclusion effect, partial ion dehydration permits the permeation
of dehydrated ions in GO interlayer nanochannels with similar d-spacing dimensions [73].
However, divalent and trivalent ions such as Cr** and Co?" exhibit strongly interacting
water shells due to their high ionic charge, which limits their dehydrated permeation
through GO membranes with d-spacing <10 A, in contrast to the permeation of dehydrated
monovalent ions with lower dehydration energy barriers [71,73,74]. Thus, the dehydrated
permeation of Cr** and Co?" through these interspace nanofilms is limited by the high
dehydration energy barriers of these ions.

Apart from size-sieving effects, the modification of the charges of GO nanosheets can
also contribute to the rejection of metal ions in these nanocoatings. Initially, GO nanosheets
are negatively charged by oxygen-containing groups, which allow for the interspatial
diffusion of oppositely charged Cr and Co cations. After functionalizing the GO nanosheets
with APTES amino-terminal groups during covalent immobilization, the positively charged
GO nanosheets can reject Cr** and Co?* interlayer diffusion through the Donnan exclusion
effect. Through this mechanism, the charged film tends to reject cations by electrostatic
repulsions [68]. This effect is exploited in positively charged GO membranes that reject the
permeation of divalent cations [75] and in negatively charged GO sheets that impede the
permeation of negatively charged organic dyes [76].

The larger abundance of GO covalent bonds on the CoCr-OH-5i45-GO24h surface
provided the strongest GO-metal interaction. This enhanced adhesion strength of GO in this
GO/silane multilayer system optimized the shielding of oxidizing molecules toward the
metallic interface (Figure 4b). The CoCr-OH-5i45-GO24h surfaces seem to effectively shield
the CoCr surface from the surrounding hyaluronic acid solution over 7 days of immersion.
The physicochemical changes in GO/silane interspaces that occur in CoCr-OH-5i45-GO24h
through covalent reactions at the GO/silane interface can alter the permeability of the
GO-based nanofilms by (1) reducing the height dimensions of the interlayer nanochannels
during the removal of oxygen-containing GO groups, exerting a size-exclusion effect on
the diffusion of hydrated and dehydrated Cr** and Co?* ions, and (2) modifying the basal
planes of GO with positive amine charges, which can exert an electrostatic repulsion effect
on the diffusion of metal cations. The previous characterization of the surface chemistry



Metals 2023, 13, 1331

12 of 16

of the ultrathin/nanolayered surface modifications, performed using X-ray photoelectron
spectroscopy (XPS) [44], permitted the analysis of the covalent anchoring mechanisms of
the GO nanosheets to the metal substrate in the condition of the CoCr-OH-5i45-GO24h
multilayer system, through the previously described mechanisms that could reduce the
interlayer spatial distance, d, in these assembled GO-based nanocoatings.

The retention of GO impermeability properties appears to be directly associated with
the longer incubation time of the GO suspensions on the CoCr-OH-Si surfaces. At longer
incubation times, more nucleophilic reactions can take place in the free and suspended GO
nanosheets, promoting a higher conversion of primary to secondary amines on the silanized
surfaces [44]. In this way, a higher efficiency of GO/silane covalent bond formation is
achieved through the chemical route of nucleophilic substitution, generating a strong
interfacial adhesion between the GO and the metal substrate. Small enough interlayer
space distances can exclude diffusion of metal cations by size. In GO-based nanocoatings,
this interlayer distance can be reduced in a large proportion of covalent reactions between
the self-assembled GO nanosheets and the silane layer. Electrostatic repulsion between
chemically modified GO with APTES positively charged amines can also repel the diffusion
of metal cations. However, the outward diffusion of smaller components, mainly Co?* and
Cr®*, with hydrated diameters of 0.6 nm and 0.9 nm, respectively [77], could be possible
through the interlayer channels in the basal plane of GO immobilized on silane, especially
for shorter incubation times (CoCr-OH-5i45-GO12h and CoCr-OH-Si75-GO12h).

The evaluation of how the electrolyte resistance progresses over the immersion time
for each surface modification also reveals additional information about the multilayer
network structure formed through the covalent bonding of GO to the metal substrates.
The electrolyte resistance values, Rg, for the CoCr-OH-Si samples incubated for longer
immersion times (24 h) in the graphene oxide solution (CoCr-OH-5i45-GO24h and CoCr-
OH-5i75-GO24h) remained almost constant from day 0 to day 7, which could be related to
the minimal lixiviation of metal ions in the hyaluronic acid solution.

The sealing effect of this ultrathin and high-adherent surface modification could
be applied on CoCr implants used for biomedical applications, such as joint and dental
prostheses, vascular stents, and components of heart valves, by mitigating the leakage of
metal ions in physiological fluids. These results are consistent with the decreased toxicities
of graphene-encapsulated Ti and Cu implants, in which graphene nanocoatings prevent
the leaching of metal ions from the implant surfaces [78-80]. In contrast to graphene-based
encapsulation strategies, this encapsulation methodology is easily scalable to industrial
applications through the self-assembly of inexpensive GO foils, compared to the chemical
vapor deposition of graphene monolayers, where the barrier properties lie in tailoring a
strong interfacial GO-metal adhesion.

5. Conclusions

The electrochemical impedance spectroscopy has proven to be extremely sensitive
in the analysis of the barrier properties of GO-based nanocoatings that are chemically
anchored to CoCr via organosilane interlayer chemistry.

The GO nanocoating with the strongest GO-metal interaction was obtained in CoCr-
OH-5i45-GO24h by applying long reaction times between the self-assembled GO/silane
layers, allowing the formation of a higher number of interfacial covalent bonds. Among the
obtained nanocoatings, this system provides the most stabilized electrochemical surface
response with the highest Rcoar when immersed for 7 days in the oxidizing electrolyte,
isolating the metal surface and minimizing CoCr corrosion.

The immobilization by covalent bonding of GO to the silane interlayer is an effective
method to obtain an ultra-barrier surface nanomodification on CoCr.
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