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This paper investigates the effect of graphene oxide (GO) on morphology, microstructure and corrosion behav-
iour of Cu-GO composite coatings. Cu-GO composite coatings were electrodeposited on mild steel substrate by
dispersing chemically synthesised GO into a Cu electrolytic bath. Anionic surfactant (sodium lauryl sulphate)
was used to obtain uniform and compact coating morphology. Incorporation of GO into Cu matrix produced a
finer granular coating morphology with a strong〈220〉 preferred orientation. The analysis of electrochemcial
corrosion test results revealed that steels coatedwith Cu-GOwere invariably more corrosion resistant compared
to both bare steel and pure Cu coated steel. Extent of the reduction in the corrosion rate increasedwith increasing
amount of GO in electrodeposited Cu matrix. Improved corrosion resistance of Cu-GO coatings was related to
〈220〉 texture and high impermeability of GO to Cu+ ions and dissolved O2 in the chloride media.
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1. Introduction

Graphene and graphene oxide (GO) have attracted considerable at-
tention owing to their unique physicochemical properties and ease of
synthesis [1–4]. Corrosion inhibition of metals using graphene [5–8]
and graphene based composite coatings [9–19] is an emerging area of
major practical interest. For instance, ultrathin graphene layers grown
on steel [5,6], Cu [7], Ni [7,8] and metal-graphene composite coatings
such as graphene-Cr [18] and graphene-Sn [19] have been shown to
protect the underlying metals very effectively against corrosive attack.
Between pristine graphene coating and metal-graphene composite
coatings, the former is highly prone to defects upon prolonged use lead-
ing to localised attack of the underlaying substrates [7,20,21]. On the
other hand, graphene or graphene oxide incorporated into a suitable
metal matrix can produce relatively stable composite coatings for
long-term engineering applications. However, limited dispersibility ex-
hibited by graphene in water can severely limit formation of uniform
metal-graphene composite coatings on a large area substrate [22]. Hy-
drophilic graphene oxide which is basically graphene sheet decorated
with several oxygenated functional groups (hydroxyl, epoxy, carbonyl
etc.) exhibit excellent dispersibility in water making them more suited
for uniform large scale coatings [22].

In this paper, nanocrystalline Cu-GO composite coatings electrode-
posited on mild steel were studied with regard to their electrochemical
corrosion behaviour in 3.5% NaCl. Corrosion of steels is a major threat to
Srivastava).
their engineering applications [23,24]. There is therefore a need to ex-
plore new alternatives to conventional zinc based coatings [25,26]. Cu
is well-known for its sea water applications due to its corrosion resis-
tance [27–29] and anti-fouling properties [30]. However, use of Cu coat-
ings on steel is mostly restricted to electronic and decorative
applications [31,32]. Electrodeposition presents a relatively simple and
scalable coating technology for Cu [33]. In this study, the morphology,
texture and corrosion behaviour of electrodeposited Cu coatings were
investigated as a function of GO content.

2. Experimental

2.1. Synthesis of graphene oxide

GOwas prepared usingmodified Hummer's method [34]. A reaction
mixture was prepared by adding 75ml of concentrated H2SO4 to a mix-
ture of graphite powder (200mesh, 99.99% metal base, 2 g) and NaNO3

(2 g). Controlled oxidation of the graphite resulted when KMnO4 (6 g)
was added slowly into the above reaction mixture cooled to a tempera-
ture below 5 °C under constant agitation. After 24 h long stirring, the re-
actionmixturewas heated to andheld at 35 °C and 98 °C for 15min each
before cooling to the room temperature. Compared to the conventional
Hummer's method, the modified approach essentially employed long
stirring times (up to 24 h) in order to promote the oxidation of graphite.
Oxidation of graphite was discontinued by addition of de-ionised (DI)
water and 30% (w/v) H2O2. The reaction mixture was diluted several
times with DI water in order to obtain a stable dispersion of GO in DI
water.
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2.2. Electrodeposition

ADC current sourcewas used to electrochemically growpure Cu and
Cu-graphene oxide (Cu-GO) coatings onmild steel (MS) substrates (%C:
0.23, %Mn: 1.2, %S b 0.1, %P b 0.1 & %Fe ≈ 98.4). Initially, MS coupons
were polished with SiC abrasives, pickled in 10% (v/v) HCl solution
and washed using a jet of tap water in order to achieve a clean and me-
tallic surface. Depositions were conducted in a rectangular cell with MS
(20 mm × 20 mm × 0.5 mm) as cathode and platinum foil (25 mm
× 25 mm × 0.53 mm) as anode. Basic electroplating bath consisted of
hydrated copper sulphate as a source of Cu2+ ions and sodium lauryl
sulphate (SLS) as a surfactant. Different Cu-GO composite coatings
were electrodeposited by dispersing different amounts of GO in the
basic electroplating bath. All the coatings including pure Cu were elec-
trodeposited using the same SLS concentration in order that corrosion
behaviour of the coatings can be studied as a function of GO content
alone. The optimized bath chemistry and the plating conditions used
for electrodeposited coatings are summarized in the Table 1.

2.3. Electrochemical corrosion testing and characterisation

As-prepared GO was characterised using Raman spectroscopy
(LabRaman HR system, 532 nm LASER), UV–Vis spectroscopy (Perkin
Elmer Spectrometer, Lambda 35), and X-ray diffraction (PANalytical
JDX-8030 diffractometer, Cu Kα X-ray source and X-ray photoelectron
spectroscopy (Kratos Axis Ultra, monochromatic Al Kα source). Scan-
ning electron microscopy (ESEM QUANTA 200, FEI) was used to obtain
themorphology of as-prepared GO and electrodeposited coatings. A CHI
electrochemical workstation (CHI Instruments, 604E) was employed to
investigate electrochemical corrosion behaviour of the coatings. Electro-
chemical measurements were performed in a conventional three-elec-
trode cell with aerated 3.5% NaCl (pH 7) as the electrolyte. The
electrochemical cell set-up consisted of 1 cm2 area of the as-deposited
coating as the working electrode, platinum foil (30 mm × 25 mm ×
0.4 mm) as the auxiliary electrode and Ag-AgCl (saturated KCl) as the
reference electrode.

3. Results and discussion

3.1. Analysis of as-synthesised GO

TheHummer's protocol yielded stable dispersions of GOwith a char-
acteristic yellow colour indicating successful oxidation of graphite dur-
ing the synthesis reaction [2,4]. This was confirmed by analysis of the
XRD pattern, UV–Vis spectra, Raman Spectra, and XPS spectra obtained
from as-prepared GO samples (Fig. 1a–d). In Fig. 1a, a sharp peak cen-
tered at 2θ = 11.45° was ascribed to the (001) crystal plane [4,5] with
an enlarged d spacing (d spacing) of ≈0.77 nm as compared to the d
spacing in the graphite (≈0.33 nm) [35]. Enlarged d spacing in GO
was due to intercalation of oxygenated functional groups such as hy-
droxyl, epoxy, carbonyl etc. between graphitic layers [4]. The inset
(Fig. 1a) is a SEM micrograph showing chemically exfoliated GO
platelets.
Table 1
Optimized plating conditions.

Plating bath Bath constituents Concentration (g L−1) Co

Primary bath (B) CuSO4·5H2O
SLS (sodium lauryl sulphate)

12
0.2

B1 B + GO 0.1
B2 B + GO 0.2
B3 B + GO 1
In the UV–Vis spectrum in Fig. 1b, an absorption maximum (A) at
235.5 nm and a shoulder peak (B) at 300 nm (Fig. 1b) are attributed
to π-π⁎ transition of aromatic C\\C bonds (of GO) and n-π⁎ transition
of C_O bonds (of GO) respectively [2–4]. The sharp absorption peak
(A) also ascertained that the as-prepared GO was highly dispersible in
polar solvents such as water due to polar oxygen functional groups in
GO [2]. Raman spectra in Fig. 1c and C1s spectra (Fig. 1d) provided
structural information about GO. The Raman spectra showed G band
(≈1608 cm−1), D band (≈1354 cm−1) with large and comparable in-
tensities. Both G and D bands refer to first order phonon vibration of sp2

C, and are a common feature in Raman spectra of GO. While G refers to
in-plane stretching of sp2 C pairs in rings and chains, D band corre-
sponds to a breathing mode vibration of aromatic rings activated by
structural defects in graphitic structure [2,4]. Various functional groups
attached to the basal planes and edges in graphene produce lattice dis-
tortions leading to a pronounced D band [2]. Additionally, a weak and
broad 2D band at 2656 cm−1 is overtone of D band and is caused by sec-
ond order two-phononmode lattice vibration [2]. Chemically exfoliated
GO is typically characterised by pronounced D band and a broad 2D
band [2]. A weak D + G band at 2915 cm−1 is again believed to be
due to defects in GO [2]. C1s spectrum (Fig. 1d) of GOwas deconvoluted
into three component peaks corresponding to characteristic carbon
bonds, namely C in aromatic ring (C_C, 284.4 eV), epoxy/alkoxy
(C\\O, 286.4 eV) and carbony (C_O, 287.8 eV) [4,22]. The peak intensi-
ty values of C_C and C\\O bonds were found to be 50.7% and 49.3% re-
spectively. This demonstrated successful oxidation of graphite during
synthesis.
3.2. Morphology and microstructure of pure Cu and Cu-GO coatings

Addition of GO into the Cu plating bath produced Cu-GO composite
coatings on MS substrate. Cu-GO1, Cu-GO2 and Cu-GO3 were the com-
posite coatings deposited from bath B1, B2 and B2 respectively. SLS (so-
dium lauryl sulphate) bath concentration, cathodic current density and
pHwere optimized to obtain coatingswith highly compact and granular
morphology (Fig. 2). From the SEM micrographs of substrate-coating
cross section, the average coating thickness of pure Cu and Cu-GO com-
posite coatings was found to be 25 ± 3 μm.

Cu plating from sulphate bath is usually limited to a narrow pH
range, i.e. 1–3 [36]. Compactness and uniformity of the electrodeposited
coatings can bemainly attributed to presence of SLS in the plating bath.
Being an anionic surfactant, SLS is known to, (a) improve thewettability
of substrate to be coated [37], and (ii) prevent the agglomeration of
nanoparticles in the bath (GO in the present case) by adsorbing prefer-
entially to the nanoparticles [38,39]. From Fig. 2, it can be inferred that
GO in electrodeposited Cu led to amild refinement in the granularmor-
phology compared to the morphology of the pure Cu coatings. Cu and
Cu-GO coatings showed no significant difference with respect to XRD
peak positions (Fig. 3a). The XRD peaks at 43.4°, 50.5° and 74.2°
matched with (111), (200) and (220) crystal planes of fcc Cu. The
peaks at 44.7° and 65.1° matched with (110) and (200) crystal planes
of bcc ferrite (MS). Crystallite size of Cu was about 45, 41, 41, and
40 nm for Cu, Cu-GO1, Cu-GO2 and Cu-GO3 respectively as determined
ating Operating parameters

0
88

Cu Anode: Platinum foil (25 mm × 25 mm × 0.53 mm)
Cathode: Mild steel
Cathodic current density: 25 mA cm−2

Deposition time: 10 min
25 Cu-GO1 Cl− content (using HCl): 35 ppm
5 Cu-GO2 pH: 2.4

Cu-GO3 Bath temperature: 25 ± 2 °C



Fig. 1. (a) XRD pattern, (b) UV–Vis spectra, (c) Raman spectra, and (d) C1s XPS spectra recorded from as-prepared GO. Inset in (a) is a representative SEMmicrograph of GO platelets.
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by the Scherrer analysis [40] of the (111) peak of Cu. Texture co-efficient
(Tc) was calculated from XRD peak intensity as described below [23].

Tc hklð Þ ¼ Ihkl
∑Ihkl

�∑I0hkl
I0hkl

ð1Þ

where, Ihkl and I0(hkl) refer to the (hkl) peak intensity from the coating
and a standard reference pattern respectively. From Fig. 3b, it is evident
that GO strongly favoured crystal growth along 〈220〉 directions and
suppressed growth along〈111〉 and〈200〉 directions. It can be due
to amodification of cathodic surface energy caused byGO adsorption on
to MS cathode during electroplating [23]. Modified surface morphology
of Cu-GO coatings may be related to change in the growth tendencies of
different atomic planes caused by GO [41].

3.3. Electrochemical corrosion behaviour of coatings

Electrochemical corrosion behaviour of bare steel and coated steels
was determined using Tafel polarization studies in 3.5% NaCl medium.
Tafel tests were performed by polarizing the working electrode
±200 mV from the respective open circuit potential values. Each mea-
surement was performed thrice in order to verify the reproducibility
of results. Tafel polarization curves obtained from bareMS andMS coat-
ed with Cu and Cu-GO are shown in Fig. 4. Electrochemical parameters
derived from the corrosion tests are given in Table 2. Bare MS, Cu/MS
(i.e. Cu coated on MS), Cu-GO1/MS, Cu-GO2/MS and Cu-GO3/MS pro-
duced corrosion potential (Ecorr) values of −0.648 V, −0.579 V,
−0.537 V, −0.505 V and −0.321 V respectively. It can be easily seen
that, when compared to bare MS, the coated MS samples consistently
yielded greater corrosion potential (Ecorr). Additionally, Ecorr was
found to increase with increasing GO content. The corrosion current
density (icorr) values obtained from bare MS, Cu/MS, Cu-GO1/MS, Cu-
GO2/MS and Cu-GO3/MS were 295.3, 62.89, 21.28, 11.13 and 7.24
μA cm−2 respectively. Reduction in icorr with increasing GO content
was consistent with increase in Ecorr. The results clearly showed that
both Cu and GO were effective in inhibiting the extent of corrosion in
Cl− environment. Whenever a decrease in the extent of corrosion is as-
sociated with an increase in Ecorr, the overall corrosion process (which
comprises oxidation and reduction reactions) is said to be controlled
by rate of anodic oxidation reaction [42–44]. Cu corrosion in aerated
Cl− media can be described as follows [45,46].

Cucoating þ 2Cl−aq↔CuCl−2 aqð Þ þ e… ð3:1Þ

Cucoating↔Cuþ
aq þ e… ð3:2Þ

Cuþ
aq þ 2Cl−aq↔CuCl−2 aqð Þ… ð3:3Þ

The above reaction given in Eq. (3.1) can be divided up into its con-
stituent reactions (3.2) and (3.3). Reaction (3.2) is the main oxidation
reaction of Cu in Cl− media. Cu, when exposed to an aqueous system
of Cl− ions, is known to dissolve as Cu+ ions due to the formation of
thermodynamically stable complex ions, i.e. CuCl2− in water.



Fig. 2. Surface morphology of electrodeposited Cu and Cu-GO coatings.
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For Cu in aerated Cl− solution at neutral pH, oxygen reduction is the
primary cathodic reaction as described below [27].

O2 þ 2H2Oþ 4e↔4OH−… ð3:4Þ

The corrosion rate (CR) was calculated using the following equation
[44].

CR mpyð Þ ¼ 0:129� icorr �M
z� ρ

… ð2Þ
Fig. 3. (a) XRD patterns of the coatings, (b) texture co-effic
whereM is the atomicweight ofmetal, z the number of electrons that is
lost permetal atomduring anodic dissolution ofmetal, and ρ the density
of the metal undergoing corrosion.

CR values of bare MS, Cu/MS, Cu-GO1/MS, Cu-GO2/MS and Cu-GO3/
MS were found to be 135.15, 57.53, 19.46, 10.18 and 6.62 mpy respec-
tively. Reduction in the susceptibility of the coated steels to Cl− attack
indicated the protective nature of electrodeposited Cu and Cu-Go coat-
ings. Furthermore, the evaluated corrosion rate numbers showed that
the reduction in the corrosion rate of Cu due to addition of GO1, GO2
and GO3 was about 66%, 82% and 88% respectively. These results dem-
onstrated that addition of small amounts of GO in Cu matrix can be
ient of coatings calculated from XRD peak intensities.



Fig. 4. Tafel polarization curves obtained from bareMS andMS coatedwith Cu and Cu-GO.
Fig. 5. Tafel polarization curves obtained from bare MS, pure Cu, and Cu-GO coatings after
their 5 day exposure to 3.5% NaCl.
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used to improve the corrosion resistance of Cu significantly. The obtain-
ed results on corrosion can be further discussed based on the surface
passive films on nanocrystalline coatings and entrapped GO within
coating microstructure. It is already well established that Cu and Cu
based materials are invariably characterised by thin surface passive
films whose structure, composition, and thickness depend mainly on
material's microstructure in a given environment [27,47]. Formation
of such passive films on Cu is further promoted by nanocrystalline mi-
crostructure [48,49]. These films are generally known to protect the un-
derlying Cu metal from corrosion [27,50,51]. A large body of literature
suggests that, for Cu exposed to neutral and aerated Cl−media, the pas-
sive layer is comprised primarily of Cu2O [27,46–51]. Presence of pas-
sive films on Cu and Cu-GO coatings was indicated by the anodic Tafel
slopes (Table 2) which were appreciably larger than 60 mV/decade
which is average value of anodic slope for freshly polished Cu, namely
Cu surface with no passive film [27,52].

Improved corrosion resistance of the Cu-GO composite coatings can
be explained based on surface passive layer in the as-deposited state,
and high impermeability of GO. It is envisaged that increased surface en-
ergy due to 〈220〉 texture can lead to enhanced passive film forma-
tion on Cu-GO composite coatings. It is worth noting that, for a
passive metal such as Cu, extent of passivity and tendency for electro-
chemical corrosion is generally found to be dependent on crystallo-
graphic orientation (or texture) since surface free energy per unit area
of the material varies with respect to crystallographic orientation [53].
Between the Cu-GO coatings with similar texture and grain sizes, the
enhancement of the corrosion resistance with increase in GO content
can be attributed to the high impermeability of the graphene oxide
which can impede the diffusion of the Cu+ ions across the coating
cross-section.

In order to understand their long-term corrosion behaviour, thepure
Cu and Cu-GO coatingswere exposed to 3.5% NaClmedia for 5 days, and
subsequently tested in freshly prepared 3.5% NaCl by potentiodynamic
Table 2
Electrochemical corrosion parameters of as-deposited pure Cu andCu-GO composite coat-
ings derived Tafel tests.

Sample βc

(V decade−1)
βa

(V decade−1)
Ecorr
(V vs Ag-AgCl)

corr

(μA cm−2)
CR
(mil/year)

Bare MS 0.14 0.09 −0.648 295.3 135.15
Cu/MS 0.06 0.32 −0.579 62.89 57.53
Cu-GO1/MS 0.11 0.17 −0.537 21.28 19.46
Cu-GO2/MS 0.11 0.15 −0.505 11.13 10.18
Cu-GO3/MS 0.14 0.11 −0.321 7.24 6.62
polarization. Fig. 5 shows Tafel polarization curves recorded on bare
MS, and MS coated with pure Cu, Cu-GO1, Cu-GO2, and Cu-GO3 coat-
ings, after their 5 day long exposure to 3.5% NaCl media. Table 3 pro-
vides electrochemical parameters extracted from the Tafel plots
shown in Fig. 5. The obtained Ecorr values on bare MS, Cu/MS, Cu-GO1/
MS, Cu-GO2/MS and Cu-GO3/MS were −0.679 V, −0.595 V,
−0.545 V, −0.536 V, and −0.458 V respectively. The corresponding
icorr values from bare MS, Cu/MS, Cu-GO1/MS, Cu-GO2/MS and Cu-
GO3/MS were evaluated to be 316.50, 68.60, 24.07, 13.23, and 10.03
μA cm−2 respectively. The corrosion rate values of bare MS, Cu/MS,
Cu-GO1/MS, Cu-GO2/MS and Cu-GO3/MS were found to be 144.85,
62.76, 22.08, 12.11, 9.18 mpy respectively. After 5 day long exposure
to Cl− media, all the coatings including bare MS showed increased cor-
rosion rate when compared to their corrosion rate in their as-deposited
state. The percentage increase in corrosion rate (%R) due to exposure to
Cl− media was calculated as shown below.

%R ¼ CRexposed−CRas−deposited

CRas−deposited
� 100…; ð3Þ

where, CRas-deposited and CRexposed refer to corrosion rate in the as-de-
posited state, and after 5 day exposure to Cl− media respectively.

%R values calculated for bare MS, Cu/MS, Cu-GO1/MS, Cu-GO2/MS
and Cu-GO3/MS were about 7%, 9%, 13.5%, 19%, and 51.5% respectively.
SEMmicrographs in Fig. 6 revealed the surface morphology of the coat-
ings after 5 day exposure to 3.5%NaCl. After 5 day exposure, all the coat-
ings showed an appreciable change in the surface morphology when
compared to their as-deposited state. Such change in morphology was
clearly due to Cu corrosion from the surface of the coatings.
Table 3
Electrochemical corrosion parameters of pureCuand Cu-GO composite coatings after their
exposure to 3.5% NaCl for 5 days.

Sample βc

(V decade−1)
βa

(V decade−1)
Ecorr
(V vs Ag-AgCl)

icorr
(μA cm−2)

CR
(mil/year)

Bare MS 0.02 0.99 −0.679 316.50 144.85
Cu/MS 0.13 0.20 −0.595 68.60 62.76
Cu-GO1/MS 0.12 0.18 −0.545 24.07 22.08
Cu-GO2/MS 0.14 0.21 −0.536 13.23 12.11
Cu-GO3/MS 0.17 0.19 −0.458 10.03 9.18



Fig. 6. SEM micrographs showing the surface morphology of pure Cu, and Cu-GO coatings after 5 day exposure to 3.5% NaCl.
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The electrochemical behaviour of Cu and Cu-GO coatings during
long-term exposure to 3.5% NaCl can be adequately described as follows
[27].

Cu2Oþ H2Oþ 4Cl−↔2CuCl−2 þ 2OH−… ð3:5Þ

The reduction in corrosion resistance of Cu and Cu-GO upon expo-
sure can be directly attributed to dissolution or breakdown of Cu2O
based passive films caused by aggressive Cl− ions [27]. According to
the reaction (3.5), passive film becomes very unstable against local
high concentrations of Cl− which subsequently leads to its breakdown
and gradual removal. Removal of oxide film increases CuCl2− concentra-
tion close to the film-electrolyte interface. When CuCl2− concentrations
reach certain threshold value, the backward reaction (hydrolysis) be-
gins to resist the dissolution of oxide film allowing the precipitation of
Cu2O from CuCl2− [54]. The net dissolution of passive film is therefore
governed by rates at which forward and backward reactions occur at
film-electrolyte interface. Though exposed Cu-GO coatings yielded
comparatively low corrosion rates, percentage increase in corrosion
rate of these coatings was considerably large relative to pure Cu coat-
ings, and increased significantly with GO1, GO2 and GO3. This can be at-
tributed to galvanic coupling between Cu and GO phases. However, it
should be noted that the corrosion rates exhibited by Cu-GO coatings
after 5 day exposure are substantially small compared to exposed
pure Cu coatings. This ascertains that addition of GO in Cu matrix can
not only enhance corrosion resistance in the as-deposited state, but
also be used to achieve long-term electrochemical stability in aggressive
environment such as Cl−.

A plausible mechanism for enhanced corrosion resistance of Cu-GO
coatings is suggested based on the results obtained in this study and a
careful review of literature pertinent to Cu corrosion in aerated chloride
media [27–29,45–50,52–55]. This mechanism essentially relates to tex-
ture induced passivity at the local sites of passivity breakdown, and
hence is only valid within the defect sites (such as pits or cracks in the
passive film) where Cu corrosion is most likely to occur. A schematic
representation given in Fig. 7a illustrates electrochemical corrosion be-
haviour of pure Cu and Cu-GO coatings in Cl−media at various intervals
of exposure time, namely stages I, II, and III.

Stage I: This corresponds to t= 0, i.e. when the as-deposited coating
is brought into contact with Cl− media. At this stage, it can be fairly
assumed that no reactions occur between coating and electrolyte. Cu
and Cu-GO coatings are characterised by pre-existing passive film
(composed mainly of Cu2O) with some defects where the passive
film becomes vulnerable due to local high Cl− concentrations.
These defects become preferential sites for anodic dissolution of Cu
in the following stages.
Stage II: Anodic dissolution of Cu begins preferentially at these de-
fect sites producing cuprous ions (Cu+) within this defect according
to the reaction step A (reaction (3.1)). Cu+ ions subsequently react
with Cl− again to form stable cuprous complexes, CuCl2− as shown
in the reaction step B (reaction (3.3)). The reaction step C describes
oxygen reduction, which is the main cathodic reaction. At stage II,
unlike pure Cu coatings, Cu-GO coatings are shown to exhibit en-
hanced anodic dissolution (A) primarily due to 〈220〉 texture. As
{220} family of planes possesses greater surface energy per unit
area compared to {111} family of planes, Cu-GO coatings are expect-
ed to release Cu+ ions at higher rates [53]. For net accumulation of
CuCl2− ions to occur within the defect, rate of CuCl2− formation
should be substantially greater than the rate atwhich CuCl2− diffuses
away from the coating-electrolyte interface into the bulk media.
Based on this, the concentration of CuCl2− ions will rapidly rise with-
in the defect sites in Cu-GO coatings.
Stage III: Once the defect the concentration of CuCl2− complexes in-
side a defect exceeds a threshold value, precipitation of Cu2O film
takes place within the defect as described by the reaction step, D



Fig. 7. (a) Schematic illustration of proposedmechanism for enhanced corrosion resistance of Cu-GO composite coatings in Cl−media, (b) variation in open circuit potential (OCP) of pure
Cu and Cu-GO3 coating with exposure time.
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(reaction (3.5)) [54]. This restores the passivity at defect sites on Cu-
GO coatings. Thus, enhanced anodic dissolution of Cu at defect sites
is being proposed as possible mechanism for restoring passivity at
the site of film breakdown. E refers to the case when the coating is
completely covered by passive film. At this point, Cu corrosion is
controlled by diffusion of Cu+ ions across cross section of the coating
and passive film.
Passive film formation via precipitation (reaction step D) was con-

firmed by variation in the open circuit potential (OCP) with immersion
time. Fig. 7b shows OCP vs time plots recorded on Cu and Cu-GO3 coat-
ings that were exposed to 3.5% NaCl. Unlike pure Cu whose OCP de-
creased with time, OCP of Cu-GO3 coating increased with time.
Increase in OCP with time indicated passive film formation [55]. Based
on this result, it can be concluded that, compared to pure Cu coatings,
Cu-GO coatings are generally more stable in 3.5% NaCl owing to stable
passive films that can heal up rapidly in the event of localised film
damage.

It must be noted that themechanism discussed above is particularly
valid for short exposure times duringwhich the overall passive layer re-
mains intact except in some local defect sites. During long exposure (e.g.
several days, week etc.), the passive layer gradually wears away expos-
ing the fresh coating to themedia. At this stage, the corrosion of Cu is di-
rectly controlled byGO in the coating,which can impede the diffusion of
Cu+ ions andO2 across the coating cross section and coating-electrolyte
interface owing to high impermeability of GO to ions and tinymolecules
[1]. In summary, the electrochemical corrosion results discussed so far
clearly demonstrated that addition of GO into Cu matrix can enhance
corrosion resistance of Cu metal exposed to aerated Cl− media.

4. Conclusion

An optimized aqueous plating bath consisting of hydrated copper
(II) sulphate, SLS (an anionic surfactant), and chemically synthesised
GO was employed to electrodeposit highly uniform and compact Cu-
graphene oxide composite coatings on MS substrate. Change in the
amount of dispersed GO in the bath resulted in Cu-graphene coatings
with different GO content. Electrochemical corrosion studies revealed
that, when compared to bare steel, the coated steels were less suscepti-
ble to corrosive attack in Cl− media. Addition of GO into Cu matrix pro-
moted 〈220〉 texture in the composite coatings which remarkably
increased their electrochemical resistance when compared to the pure
Cu coatings. Additionally, extent of reduction in Cu corrosion rate in-
creased significantly with GO content of the coatings confirming anti-
corrosive effect of GO. Texture induced restoration of passivity at local
sites of passive film breakdown is suggested as possible mechanism
for enhanced corrosion resistance of as-deposited Cu-GO composite
coatings. Upon long exposure to Cl− ions, the composite coatings exhib-
ited greater electrochemical stability demonstrating their potential for
long-term engineering applications. Based on the electrochemical cor-
rosion studies performed on Cu and Cu-GO coatings, it can be concluded
that Cumatrix-GO composite coating can be a promising anti-corrosive
coating for long-term corrosion protection of steel in chloride environ-
ment such as sea water.
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