HUNGARIAN JOURNAL
OF INDUSTRY AND CHEMISTRY
VESZPREM
Vol. 41(2) pp. 83-108 (2013)

CORROSION PROTECTION WITH ULTRATHIN GRAPHENE COATINGS:
A REVIEW

ANDRAS GERGELY ™ AND TAMAS KRISTOF

Department of Physical Chemistry, Institute of Chemistry, University of Pannonia, Egyetem u. 10.,
Veszprém 8200, HUNGARY
Email: gergelyandras@almos.uni-pannon.hu

Developments in surface treatment or finishing, and modification of structural metals have probably never been so
dynamic than in recent years due to the need for new approaches to efficient corrosion protection. The application of
coatings is a strategy to be followed to physically separate corrosive environments from metal surfaces. The overall
protection efficiency depends on the coating’s barrier properties. Traditional alternatives to coating suffer from inefficient
physical protection in cases of low film thicknesses and at elevated temperatures. One of the most advanced options is to
apply ultrathin atomic films to ensure complete separation of the metallic surface from the fluid media. Among the
numerous materials and methods, exceptional chemical resistance and high domain size make graphene a promising
candidate for constituting ultrathin coatings with interfacial atomic layers adherent and homogeneous coverage to feature
firm barrier behaviour. This review focuses on the major efforts with notable results and points out some short comings
that must be resolved to serve as a basis for further progress in this field.
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Introduction

Nowadays graphene (Gr) is undoubtedly of great
interest in many fields of science and engineering. The
attention is due to its unique structure, electrical
properties [1, 2], efficient heat spreading [3], wetting
transparency [4], surface wetting tenability [5], and high
reflectivity (mirrors for the beams of He and H,) [6].
The Gr’s practical impermeability to gases [7-9] is a
result of the combination of its strong structure (carbon
bond energy and intrinsic strength are 4.9 eV and
43 N'm’, respectively) and its morphology that makes
Gr to be the thinnest and most impermeable membrane
[10]. In addition, because of its chemical inertness [11],
especially against oxidation [12, 13], it is highly
resistant to corrosion [14] under conditions where other
substances would undergo chemical reactions [15, 16].
As a lightweight mono-atomic coating, Gr can function
as one of the most advanced electron- and ion-transfer
barriers at the metal-electrolyte interface, without
notably altering optical properties and thermal
conductivity of the substrates. Gr on metal surfaces is
expected to afford oxidation resistance [11] based on its
airtight balloon behaviour associated with its excellent
barrier nature against oxygen diffusion [7].
Nevertheless, coherence, and uniformity of Gr coatings
are apparently vital to achieve good corrosion
protection. In accordance with general expectations,
electrochemical properties of Gr [17, 18] and its coated
derivatives were extensively investigated. The main

results achieved recently are described in the following
sections that are organised from the viewpoint of
synthesis techniques and application purposes.

Pure Graphene Coatings

Direct Chemical Vapour Deposition (CVD) on Metal
Surfaces

Early studies were inspired to synthesise full surface
covering Gr films of the highest domain (single sheet)
size and integrity to exert impermeability over
macroscopically large surfaces. Later findings proved
the viability of this concept as interfacial construction of
thin layers is a promising way to provide durable
corrosion protection for metallic substrates [19].
Generally, coatings play a vital role in improving
surface quality and protection of substrates, since much
effort has been made to produce films featuring
excellent properties. Graphene is certainly one of the
most prominent representatives of this kind and
subsequently has been studied in almost all scientific
and engineering fields. This new generation material has
been a novel subject to incorporate into the latest
corrosion protecting coatings. Achievements in utilising
Gr as a pure and composite coating were first reviewed
by TONG et al. [20]. The synthesis and functionalisation
of Gr were briefly discussed and future perspectives
suggested.
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The simplest way is to grow Gr directly on metal
surfaces, even though this strategy does not provide the
most protective coatings due to low adherence of the
inorganic layers as consequence of weak interaction. By
direct CVD, metals like nickel [21], cobalt [22], iridium
[23], ruthenium [24] and copper [21, 25-27] were coated
with Gr (on large areas in certain cases) [25] using
methane or acetylene as a carbon source [28, 29].
Deposition kinetics of carbon and the formation of Gr
layers on copper were thoroughly explored; surface
mediation theory was proved when poly-crystalline
films were characterised with the domain size of 10 pm?
[30]. Except for assessing the influence of grain
orientation, the effect of other growth parameters was
estimated. The most relevant findings are as follows:

1. The density of Gr nuclei decreased, conversely flake
domain size increased as temperature increased and
partial pressure of the carbon source decreased.

2. When the pressure dropped below a critical
threshold then no Gr nucleation was observed and
film formations terminated before reaching full
surface coverage.

3. To achieve complete surface coverage, the partial
pressure of methane must have been increased above
500 mTorr then full coverage was reached within 2
to 3 min. Only a supersaturated surface relaying on a
critical threshold of partial pressure ~285 mTorr was
suggested to drive the formation of fully coated
copper substrates with a continuous layer of Gr
flakes. Thus, carbon nuclei formed in the first step
under a lower pressure followed by a second step of
nuclei growth at a higher pressure, promoting full
surface coverage.

The effects of these parameters coupled with the
investigation of the orientation of metal crystals on Gr
domain size were quantitatively evaluated at low
temperatures [31]. The activation energy for Gr
nucleation under atmospheric pressure was noticeably
higher (9 eV) than under low-pressure CVD procedures
(4eV). Such a difference was attributed to copper
sublimation at low pressure, because copper evaporation
probably has a decisive impact on the desorption rate of
carbon from the surface. Copper evaporation is
restricted under atmospheric pressure, so the activation
energy is assigned to the desorption of carbon clusters.
Close to the melting point of copper, large single-crystal
Gr synthesis was proposed at the highest possible
temperature (probably to maintain the highest rate of
interfacial mass-transfer, diffusion coefficient of the
decomposed and fragmented precursor agents). By
following these principles, single Gr crystals with a
domain size of ~1 mm could be synthesised. The
nucleation density was higher on (111) than on (100)
and (101) surfaces without any identifiable preference at
higher temperatures [32]. Under carefully optimised
conditions, continuous films of some layers were
obtained on polycrystalline nickel without void areas at
the flake boundaries [21]. In that case, ambient pressure
CVD was to grow Gr films of 1-12 layers, with flake
sizes of up to 20 pm for single- and bilayers (BLs). An
ultra high vacuum (UHV) chamber was not needed [33,
34] to finely balance nucleation and growth processes,

instead, thermal annealing was employed leading to the
emergence of single-crystalline nickel with grain sizes
of 1-20 pm. Grain surfaces became atomically flat with
some terraces and steps similar to single-crystals usually
used for epitaxial UHV experiments and Gr growth took
place probably via the precipitation of carbon in the
metal. Because metallic grains may independently affect
film thickness as a result of the high density of atomic
steps at grain boundaries, multi-layer (ML) nucleation
occurred mainly at those areas.

By using atmospheric pressure CVD, high quality
Gr was grown on copper, eliminating all the major
difficulties associated with the low-pressure method.
Parameter optimisation involved evaluating the
influence of the thickness, purity, morphology and
crystallographic orientation of the metal foils on growth
rates and the number of Gr layers. Scanning electron
microscopy (SEM) images illustrating Gr flakes on
polished foils besides XRD patterns of annealed foils
are presented in Fig./ showing large copper domains on
NR foils. The effects of copper impurities on the density
of bilayers are signified; complete surface coverage on
AA2 (the purest foil (99.999%) without double layers),
AA1l and NR. In Fig.2, Gr quality is presented at
various distances along the tube reactor. The methane
concentration was higher at the inlet leading to a greater
abundance of MLs (darker islands in the images).
Gradual increase of concentration resulted in the
formation of single-layer (SL) Gr growth over the entire
length. A constant methane concentration yielded a high
percentage of MLs at the inlet, incomplete coverage in
the middle and separated single domains (seen as darker
islands) at the outlet.

As a method of surface pre-treatment, electro-
polishing [36, 37] in phosphoric acid seemed to be a
good choice to achieve an appropriate degree of surface
cleaning and minimised roughness. Acetic acid was
highly efficient at cleaning the copper surface, but only
capable of removing oxidised species without any
further etching. Etching with ferric chloride solution
generally gave similar results to electropolishing despite
the greater roughness of the FeCl; treated copper foils.
This was probably due to the considerable scale of
copper  recrystallisation  during  annealing  at
temperatures close to the melting point of copper before
the CVD process, leading to the evolution of a smoother
surface with a low density of defects serving as
nucleation sites. Additionally, the growth rate was
estimated depending on the purity and crystallographic
orientation of copper but by far not as much as the
partial pressure of hydrogen, because the amount of
dissolved hydrogen depends less on the thickness of the
copper substrate. Crystallographic orientation was found
to be an important factor, since the growth rate on the
surface of substrates characterised by Miller indexes
(100) was faster than on (111) surface under ambient
pressure. In contrast, at low pressure and temperature
the (111) surface facilitates the fastest growth rate [38].
Furthermore, optimal conditions to achieve full surface
covering films with the minimum proportion of MLs
might greatly vary with purity of the metal specimens.
High purity substrates contribute to the formation of SL



85

(a) Graphene Coverage vs. Copper surface orientation

A RS As Ae Re A B Ba B B B a2

2p0) <100>

AA1 foll

Intensity

{1y

NRS foll -
@ am

AA1: 99.8% NR: 99.8%

Figure 1: SEM images illustrate (a) Gr growth rate on polished AA1 and polished NR foils. XRD of annealed AA1 shows (100)
orientation, the NR foil with the majority of (111) with smaller contributions from (110) and (311); (b) The effect of copper
impurities on the density of bilayers [35] (republished by courtesy of the publisher, Elsevier)

films, and low purity metals support the evolution of concentrations of carbon sources along the tube
multi-layer (ML) Gr coatings. Due to the multiple reactors, similarly to the application of temperature
aspects of the reaction mechanism, optimal conditions  gradients (furnace dimensions and its relation to foil
for long foils are related to low and varied size) as well.
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Figure 2: Gr films at various distances along the CVD reactor used at atmospheric pressure. (a) Gradual methane concentration,
single-layer Gr growth over the tube reactor; (b) Multilayers at the inlet, incomplete surface coverage in the middle and separated
single domains at the outlet [35] (republished by courtesy of the publisher, Elsevier)
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Figure 3: Optical micrograph, Raman map of ~2700 cm ™' peaks and respective Raman spectra of the areas on the Ni—Gr surface
[41] (republished by courtesy of the publisher, Elsevier)

The gradual increase of methane concentration from
30 to 100 ppm in the mobile phase helps resolve the
changing rate of activated carbon production [39].
Because methane concentration near the outlet increases
slowly as a result of thermal decomposition and
deposition, the main purpose of the gradually increasing
methane concentration was to minimise bilayer growth
at the inlet over the synthesis duration and to ensure full
surface coverage near the outlet with the highest
concentration of the carbon source. In fact, optimisation
in the case of the atmospheric pressure CVD is more
complicated than vacuum ones, which process in long
tube chambers with small foils. A steady methane
concentration at the inlet surely results in an increasing
proportion of MLs at the inlet and incomplete coverage
at the outlet, with visibly separated flake boundaries.
The initial methane concentration of less than 30 ppm
exclusively led to SL Gr at the inlet. High quality Gr
grows with >99% monolayer coverage and in some
cases films consisted of flake sizes of around 100 pm.
High temperature etching with oxygen led to the
visualisation of inter-domain boundaries as etching
started at these boundaries and expanded into domains
in a dendritic pattern, leaving diagonal stripes etch-free.
Efficient corrosion resistive film properties were
reported when experiments were made with samples
exposed to air at 300 °C, showing no sign of oxidation
(oxygen enrichment in the metallic phase) over Gr
coated areas in comparison to bare substrates.

According to a similar preference, growing Gr layers
on copper is favourable, because copper does not
dissolve carbon as much as nickel at high temperatures.
However, it is also possible to grow MLs with highly
ordered crystalline structures suing atmospheric CVD
with controlled film thickness [40]. Both pure nickel
and copper were covered with CVD grown Gr films
detected as covering the majority of the metals in a SL
form besides some areas of double and fragmented MLs

(less than 5% of the coating) [41]. An optical
micrograph and Raman map with the respective Raman
spectra obtained from the Ni—Gr and Cu—Gr surfaces are
presented in Figs.3 and 4, respectively. Electrochemical
tests indicated that such coatings substantially reduced
the corrosion rate of the substrates. By Raman
spectroscopy investigation, SL. Gr showed sharp G
(1580 cm™) and 2D (2650-2700 cm™) bands with a
small G/2D ratio, whereas ML Gr with a high G/2D
ratio and an altered, less sharp 2D band were detected.
Hence, 80 and 60% of the copper/nickel surface was
covered with Gr as a single- or few-layers coating
without uniformity on nickel. Scanning electron
micrographs of the samples showed different
thicknesses of the films with various scales of folding,
full of wrinkles and edges. Thus, the overall conclusion
was reached that coherent SL Gr is hard to obtain by
direct deposition processes. Immersion type corrosion
tests indicated open circuit potentials (OCPs) or free
corrosion potentials of copper and nickel shifted
towards the positive potential region. The
electrochemical test conditions are summarised in 7able
1. A potential ennoblement of about 0.3V was
measured for the corroding system of nickel/Gr and a
cathodic shift of ~0.2 V observed with coated copper
samples. The cathodic reduction processes were
affected, inhibited by the Gr layer on copper and the
rate of anodic half-reactions was apparently reduced
near the steady free corrosion potential. However,
during extended linear potential scanning Gr/nickel
showed higher anodic currents than uncoated substrates
opposed to the modified copper that exhibited no
changes in the anodic branch after Gr deposition.

As an oxidation barrier for liquid and liquid—vapour
phase-change cooling systems almost the same heat
transfer efficiency was reported using bare and
Gr/copper surfaces in liquid-phase and two-phase
thermal performance tests [42]. After thermal treatment,



Figure 4: An optical micrograph, Raman map of ~2700 cm ' peaks and respective Raman spectra of the areas on the Cu-Gr
surface [41] (republished by courtesy of the publisher, Elsevier)

analysis revealed oxide formation on the entire surface
of bare copper and limited oxidation at grain boundaries
on the coated substrate. In conclusion, few Gr layers
acted as a protective layer even under vigorous flow
conditions near the boiling point of the fluid phase.
Graphene prepared by microwave (MW) assisted CVD
protected substrates from chemical oxidation when
samples were heated under atmospheric conditions in a
sequential multi-step procedure with dwelling times
from 15, or 30 min to 1 h [43]. A very low degree of
chemical oxidation of Gr over copper was indicated by
XPS and the presence of cuprous oxide was found on
the entire surface of bare specimens.

There are special applications such as steering and
focusing elements for neutral atomic and molecular
beams in de Broglie microscopes [44]. These mirrors
utilise the quantum reflection of an atomic beam on
metal surfaces since interaction volume is strictly
limited to an extremely thin atomic layer of the metals.
Oxidation and any other form of corrosion or adsorption
of atmospheric gases might well lead to far lower
reflectivity of the metallic surfaces, and the coatings of
more than a few atomic layers are unacceptable. Thus,
there are exceptional requirements of protective
coatings and Gr films were expected to provide the
solution in this matter too. Complete and uniform
monolayers could be grown on polycrystalline
ruthenium of a columnar structure on fused silica,
exposing flat surface facets [45]. Single-layer Gr
protects underlying metals with special structures like
concave focusing mirrors and non-planar micro-
electrode arrays from oxidation under ambient gases.
Ruthenium was recovered by heating the samples under
ambient conditions at 250 °C for half an hour in an
ultra-high vacuum, which was indicated by missing
peaks in the oxygen (1s) region of the XPS spectra.

Gr on copper provided mediocre protection against
electrochemical degradation in chloride environments
[46]. Impedance measurements showed increased
resistance at the metal/solution interface as anodic and
cathodic current densities decreased with about hundred
times higher charge-transfer resistance besides about
thousand times lower double-layer capacitance in
comparison to uncoated copper. Ennoblement of the
free corrosion potential was also observed and related to
the good barrier nature of the film.

The protection of copper against corrosion by the
growing number of Gr layers was in part demonstrated
[47]. To enable reliable and complete mechanical
blockage by the coating exploiting its impermeability
and chemical inertness, preparation parameters were
balanced to obtain an appropriate film structure. In
Fig.5, cyclic voltammograms (CVs) of the bare and
passivated copper (the latter with 1-3 Gr layers) are
shown along with the intensity of oxidative currents
besides the atomic force microscope image of the Cu/Gr
after etching.

Fig.6 depicts CVs of Gr-coated copper and Gr-
copper post-treated with aluminium oxide (AlOy) of
different thicknesses, along with the comparison of their
peak currents. Nonetheless, nanometre size structural
defects at flake boundaries were the main source of
deficiency, decisive in the often-observed limited
protection efficacy. To circumvent this problem, a
general strategy is to grow ML island-free Gr films.
Selective coverage of defect areas was achieved by
atomic layer deposition, resulting in enhanced
protection of ~99%. Bare copper in an aerated sulphate
solution indicated a pitting corrosion rate of ~9 nm s’
with a density of ~1 pm™.

The estimated diffusion rate of the reactants was
above 1 ms™ limiting the rate of corrosion processes.
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Table 1: Metallic substrate, type and growth parameters to obtain Gr films by direct CVD deposition

Preparation type & Corrosion test

Substrate

Surface of the working ~ Types of electrochemical

parameters parameters electrode (cm?) test
. CVD grown on metal potentiodyn. pol., scan rate:
Cu & Ni surfaces flat-cell, 0.1 M NaCl  0.07 1 mV s, after min at OCP [41]
flow-cell, mass
velocity:
Cu CVD grown 38 ke m2 s for 9 h, 3.06 none [42]
T = 59.5+0.5°C
Cu MW assisted CVD heating at 150°C, in air Unknown none [43]
at 1 atm for 1 h
Ru CVD ambient exposure Unknown none [45]
potentiodyn. pol., scan rate:
Cu CVD 0.1 M NaCl 0.785 0.5mV s from OCP, EIS  [46]
after 1 h
cyclic voltammetry, scan
Cu CVD aerated 0.1 M Na,SO, 0.24 rate: 10 mV s™ [47]
treated at 600 °C in air,
. then
Ni CVD 31 wt.% H,0, Unknown none [49]
forupto2 h
CVD & mech. transferred potentiodyn. pol. & CV,
Cu & Ni by spin-coating with 0.1 M NaSOy4 0.4 scan rate: 0.005 mV s, [50]
PMMA at 4000 rpm for 45 s EIS
CVD then transfer of layers (6)3 at‘ 225 dC f(‘;)r fC
Cu& Si  with PMMA cured at 165 mlnoan rec- T MU Unknown none [60]
oC at 450 °C for 90 min
under O, and H, flow
CVD, thiol func.: SLG-Cu lymphocyte tests: Cu conc. by ICP-
treat ith HC1 & H . iabili
OO U s 1
treatment for 2 h i vivo experimen lymphocyte
anode in glucose based
Ni template directed CVD electrolyte, Ni in 8 CV and EIS [116]

ferricyanide catholyte

Interestingly, in the case of the ML Gr films, mass
transport remained fast across the sheets and parallel
along their planes, which was anticipated by the
outcome of a water permeation experiment [8]. This
may explain the unchanged chemical inertness of the Gr
coating, owing to the fast mass transport along and
across the layers as etchant species permeate through
unburied areas in outer layers and diffuse laterally while
finding open areas in layers underneath. Inertness to
electrochemical reactions could only be attained by thin
layer deposition of aluminium oxide (within ~5 nm) by
the means of an atomic layer deposition technique on
Gr/copper. Only by this way could unburied regions on
the copper surface be made void-free. After 160 atomic
layer deposition cycles with a ~16 nm thick passivating
film inhibition efficiency was ~99%. This was partly
confirmed by Tafel analysis giving instantaneous
general corrosion rates of ~99% to the copper-single
layer Gr with 16 nm aluminium oxide and 87% to SL
Gr/Cu, in comparison with bare copper.

The approach of the direct loading of a precursor,
i.e., acetone on copper then annealing it to convert its
vapours into Gr was investigated [47]. Monolayers
formed with nearly 100% coverage after rapid thermal
annealing. Under optimal conditions, acetone derived
films with good crystallinity compared to common
CVD grown counterparts. The passivity of the metal
coated/masked with SL Gr was attributed to remarkably

inhibited cathodic reduction reactions and barrier action
against the diffusion of anions accessing the underlying
substrate. So, SL Gr/copper exhibited ca. forty times
lower corrosion rates compared to the mechanically
polished copper, which means an inhibition efficacy of
up to 97%. Nevertheless, optimal protection
performance was proposed to be achieved by the
application of four Gr layers with their short-term
inhibitions of up to 99%. The corrosion current of the
Gr/copper reduced by ca. sixty times compared to
mechanically polished substrates and the OCP shifted
towards the negative potential region. Electrochemical
impedance spectroscopy (EIS) indicated ten thousand
times lower electrolyte-metal interfacial capacitance
(Cq) of the Gr/copper samples than those of the
mechanically polished specimens. Such a notable drop
suggests a significant shrinkage of the exposed surface
to the electrolyte. Cq of the Gr/copper was ca. three
times higher in NaCl solution (0.6 M) than in its diluted
media (0.1 M), but 6.4 times lower than that obtained in
0.1 M Na,SO4. Cy and constant phase element (CPE) of
the Gr/copper samples suggest an electrochemically
smaller active surface to interfacial charging
(discharging) and adsorption (like a non-Faradaic
Helmbholtz capacitor) as the density of conductive
pathways decreases besides the lower effective surface
roughness than that of the mechanically polished
substrate. The CPE was 2.7 times higher than that
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Figure 5: CVs of (a) bare Cu and Cu passivated by 1-3 layers of Gr, (b) intensity of oxidation currents under various passivation
conditions, (c) atomic force microscope image of Cu/Gr after etching (adapted with permission from Ref. [47] Copyright (2014)
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Figure 6: CVs of (a) Cu/Gr/Al samples, (b) Peak currents of Cu(0) for Cu/Gr/Al with different aluminium thicknesses and in
comparison to Cu/Gr with 1-3 Gr layers (adapted with permission from Ref. [47] Copyright (2014) American Chemical Society)

measured in NaCl solution (0.1 M) and over ten times
lower than in Na,SO, solution (0.1 M). The resistance
of coated copper to corrosion (R..;) Was ca. thirty five
times higher than those of mechanically polished ones
6x10* and 1.6x10° Q cmz, respectively. Reor Wwas
appreciably lower than that of NaCl and higher than
with Na,SO, solutions. Thus, inhibition efficacy was
found as follows; >97% in 0.6 M and >71% in 0.1 M
NaCl. Thus, performance was sensitive to the integrity
of the Gr film as mechanically polished samples
indicated rapid protection efficiency losses with
increasing chloride concentrations in the test solutions.
Rigorous corrosion testing of nickel/CVD grown Gr
films revealed low intensity oxidation of the substrate
by heat treatment. Oxidation resistance was effective up
to 500 °C for 3 h, and with durable exposure (2 h) to
essential hydrogen peroxide (31 wt.%) solution [49].
Both nickel and copper were coated with ML Gr
films [14] by mechanical transfer. CV measurements
indicated a remarkable restriction of the evolution of
anodic and cathodic current transients, resulting in the
effectively decreased electrochemical activity of the
metal substrates. Fig.7 depicts CVs of bare and Gr-
coated copper samples, and XPS spectra of copper
under ambient conditions, at 100 mV and sputter
cleaning. Region (i) and (ii) contains a shoulder and a
peak due to CuO and Cu,O/Cu, respectively. The third
part of the figure shows SEM images of Cu and Gr/Cu
before and after voltammetry scans. Based on Tafel

analysis, corrosion rate assessment (quantification
prediction) for bare substrates gave the following
results: ca. 6x10™"° and ca. 3x10™"* m s for copper and
nickel respectively. Graphene/copper indicated lower
corrosion rate of ca. 8x107* m s up to ca. seven times
less than the bare substrate. The Gr/nickel showed a
reduced rate of ca. twenty times to 2x10™° m s™'. With
two or four folds of Gr layers, the corrosion rate of
nickel decreased to 2x10"* and 8x10” ms’
respectively, which is considered as a notable
performance improvement.

EIS measurements suggested an undamaged state of
Gr, but the metal surface might corrode at high rates
around void areas in the film. The most probable
electrical network included resistive elements of the
solution; R =~ 40 (6.5 Q cm?) and charge-transfer at the
interface; initial R, = 3+0.5 kQ cm® due to Faradaic
processes. The mass transport process was modelled
with a Warburg element (W = 1.0+£10° Q"' "’ ecm?) as a
semi-infinite diffusion component. The inhomogeneity
of the surface was handled by incorporating a CPE as a
non-ideal capacitance in the circuit due to the
impedance dispersity of the electrical double layer
component at the metal-liquid interface. Double layer
capacitance was best achieved with 2.2 pF cm™ and the
CPE was Y, = 7.6£10° Q' s cm™. Increased resistance
coupled in series was caused by the electrical surface
resistance of Gr (=1 kQ) with a double layer capacitance
of ~3.8 cm™. Average fitting parameters were changed
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Figure 7: CVs of (a) bare Cu and Gr/Cu samples with the blue line corresponds to the measurement with N, bubbled through the
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CuO and Cu,0/Cu(0), respectively; (¢) SEM images of Cu and Gr/Cu before and after CV scan (adapted with permission from

Ref. [14] Copyright (2014) American Chemical Society)

accordingly as follows: Cg = 945.0 uF cm™, CPE: Y,
= 2+£10° Q' sem™, W = 3£0.5 Q' s”° em™?, and R,
~ 10£1.2 kQ cm™. The Cq was ca. ten times lower
than measured with bare copper, which seemed to be
unrealistic. Such a difference is thought to originate
from the quantum capacitance of the Gr film as a
contribution in series with the Cy. This is partly due to
the small density of states in the Gr, which is in good
agreement with the reported quantum capacitance of 7—
10 uF cm™ [50]. The increased Ry of the copper
samples in comparison with the one measured at the
beginning of corrosion test suggested that the minor
proportion of the metal substrate was uncoated with Gr,
participated in corrosion processes. The proportion of
this unburied area was estimated to be unexpectedly
high (4 = 0.3), exceeding the scale impressed by
microscopy images (4 < 0.05). Such a difference was
attributed to the access to larger substrate areas by the
diffusing depolarisator species and a subsequent greater
proportion of Helmholtz capacitance then pseudo-
capacitance based on electrochemical activation of
metallic substrates for anodic reactions.

Nevertheless, the ability of Gr to catalyse, and
depolarise cathodic reactions such as oxygen reduction
[51] by well-coupling micro-galvanic cells in contact
with the poly-aromatic sheets [52] either in planar or
concentric forms (according to the function of the
surface quinone group on carbon electrodes, i.e.
GARTEN and WEISS’s mechanism) is almost always a
concern. Thus, protection efficiency depends largely on
the deposition technique, quality, and epitaxial pile
structure of the Gr sheets, affecting ionic and electrical
transport through the films. Due to low adherence as a
result of the lack of direct grafting or anchoring type
chemisorption, direct CVD-grown films are classified as
fragile coatings liable for potential polarisation and
charging of the surface due to their structural alterations
[53]. To increase the small domain size of the flakes,
high temperature annealing at ~1035 °C on the metal
surface offers a resolution promoting further
development of coherency of the films composed of
large domains [54]. However, there are many

problems with direct CVD deposition on metals like
nickel because of the film formation mechanism of
polyaromatic carbon materials.

The mechanisms of surface catalysis and adsorption
during Gr growth on copper were determined [13, 55] to
be different from film growth on nickel, which is
governed by the combination of catalysis and adsorption
as well as solubility and rejection. As the CVD
technique enables the synthesis of Gr on larger metal
surfaces [22, 56], carbon sources are thermally
decomposed and fragmented into smaller segments,
then atoms arrange into 2D honeycomb lattices. The
preparation of CVD grown Gr films takes place readily
on surfaces with face-centred cubic and hexagonal
close-packed crystal structures. Methane and ethylene,
which decompose at a temperature of ~1000 °C are used
as main precursors [24, 25] even though such a high
temperature might significantly affect the metallographic
state of the substrate, nucleation and deposition kinetics.
Metals with close to zero solubility of carbon at the
reaction temperature, e.g., copper, deposit via a catalytic
mechanism and they are more likely to assist the
formation of SL Gr instead of ML ones owing to the
lack of catalytic effect after the first layer is deposited.
Thus, the metal surface acts as a catalyst facilitating Gr
growth in the form of a finishing coating, as deposition
is restricted to SL [57]. Film growth on metals with
mediocre carbon solubility at reaction temperatures
undergoes via a complicated mechanism in which
carbon diffuses into the bulk metal, e.g., nickel, and is
rejected during the cooling process because of the
decreasing solubility at lower temperatures. The rate of
carbon rejection is critical to the development of ML Gr
coatings. Hence, these films form preferentially instead
of SLs on copper. Further complications may arise by
the use of thicker metal specimens because thicker
substrates dissolve larger amounts of carbon during the
cooling phase since they release more carbon to produce
larger amounts of carbon soot. Although any process
that needs to be scaled-up must be optimised for
engineering alloys, there are many results of theoretical
interests as well.



A thesis [58] thoroughly investigated the protection
efficacy of direct CVD grown Gr on copper, depending
on flake size and uniformity, duration and temperature
of the heat treatment. Key factors leading to firm
protection performance both in terms of instantaneous
and long-term functions are identified as to eliminate
defects in the Gr sheets, flakes must build up a
flawlessly continuous, coherent, and uniform film. Low
nucleation and high growth rates must be maintained
under low pressure to gain a low density of carbon spots
(as probability of deposition decreases) and coherent
films with the absence of unburied areas at flake
boundaries. The films with large flake sizes were tested
in a number of experiments to optimise growth
parameters in order to reduce the amount of disorders,
defects and void areas. A series of chemical oxidation
experiments were performed by heating bare and coated
copper foils at various temperatures and for various time
frames. Ellipsometry helped characterise the thickness
of oxide layers on the highly reflective copper. Heat
treatment was carried out at 120 °C under air for up to
76.5 hours. The growth rate of copper oxide layers, as
an inherent indicator of the oxidation rate, almost
linearly increased with time and the difference was only
ca. a factor of six between the bare and coated copper
foils. Corrosion deterioration was located at two spots
where air leaked through defects in the Gr film and
around its flake boundaries. Following growth time in
low pressure CVD experiments, films were grown in a
way that their flakes were not connected. Therefore,
flake growth stopped before expanding sufficiently to
connect with one another. Then oxidation was
performed at 190 °C for up to 37 h and 26 min. Optical
microscopy images revealed a remarkable difference
between the bare and coated copper samples. Then
oxidation was repeated with closely spaced Gr flakes
investigated by optical and SEM. The samples with
closely spaced flakes gave very good results after a
30 min treatment at 190 °C. A 13.5 h treatment led to
minor deterioration in the substrate exhibiting black
oxide patches on the surface but a 23 h and 35 min
annealing resulted in corrosion of nearly the entire
surface.

In a series of experiments, copper substrates coated
with continuous Gr flakes were treated at 190 °C for
various periods of time. After a 30 min heating, samples
exhibited a fine condition with some proportion of the
surface composed of dark copper oxide. After a 10 h
and 45 min treatment, migration of the corrosion front
on the copper surface (CuO formation) proved to be far
advancing and the heavily corroded areas showed a
homogeneous distribution in the form of tree roots.
Optical microscope images after 35 hours of heating
indicated heavy corrosion, but the surface was not fully
covered with oxides. Raman spectroscopy quantitatively
characterised copper oxidation, which could proceed at
flake boundaries as they feature the least hindrance to
mass transport of depolarisators and the large sheets did
not damage or etch oxidatively inside.

Apart from growth related issues, electrochemical
aspects of the shortfalls may also be relevant. Gr films,
acting as physical separators, might take part in electron
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transport, helping interfacial charge-transfer perpendicular
to the surface based on good coupling and ballistic
electron transport parallel to the basal plane of the
sheets. Oxygen adsorption and reduction reactions with
low activation energies may further complicate the
application of this material, which has been recently
underlined in a short- and long-term performance test of
Gr/Cu and Si substrates [59]. Results clarified that the
samples heated at 250 °C for 6 min showed heavy
oxidised spots on bare copper, but little oxidation on the
Gr coated one. Therefore, Gr served as a sufficient
oxidation barrier helping to preserve the metallic state
from chemical oxidation over a short time period at high
temperatures. Nonetheless, long-term annealing of
coated copper led to severe oxidation probably because
oxygen diffusion proceeded through discontinuities and
defects around Gr sheets. After 17 h at 250 °C, coated
copper became heavily oxidised in a way indistinguishable
from the bare specimens subjected to the same
conditions. Similarly, a 15 min treatment at 185 °C
resulted in partial oxidisation of bare copper but coated
samples remained almost entirely in a pristine state.
Nevertheless, after 17 h annealing in air at 185 °C, both
bare and monolayer coated substrates became severely
corroded and the products were identified as cupric
oxide (CuO) in a stoichiometric ratio. The timescale of
protection against thermal oxidation by Gr on copper
was estimated to be ~1 h at 185 °C and ca. ten times
faster at 250 °C. To explore the long-term protection
ability under less severe conditions, bare and coated
copper specimens were stored under ambient conditions
(at 25 °C) at low but variable humidity levels for up to
two years. Bare copper showed relatively slow
oxidation at room temperature. Gr/Cu tested after up to
eighteen months exhibited oxide-free condition over the
first two weeks but within a month the surface started to
tarnish non-uniformly (in several hundreds of
micrometres in size). Within a few months, most of the
regions became heavily oxidised with an estimated
oxide layer thickness of tens or hundreds of nanometres.
Alignment between the substrate grains and Gr flakes
was concluded to have an influence on oxygen and
water diffusion along the surface. After eighteen
months, the entire surface had become oxidised as
EDAX analysis revealed a predominant percentage of
cuprous oxide (CuyO) in the oxide phase. Gr/silicon
gave similar results as bare and coated samples were
compared to each other after one week under
atmospheric conditions, indicating an increased oxygen
content of silicon as time of exposure increased.
According to the outcome of the series of experiments,
short-term oxidation testing reflected some degree of
protection but long-term propagation unveiled extensive
wet corrosion, similar to that seen in the case of bare
copper specimens. The high rate of the wet corrosion of
copper is due to promoted galvanic cell formation on a
micrometre scale at ambient temperature, especially
over long-term exposure.

As a special field, the majority of medical
applications require metals even today, in bone and joint
replacements [60, 61], stents [62, 63] dental materials
[64, 65], pacemakers and generators [66, 67]. Stainless
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Figure 8: Concentration of Cu(Il) ions from different biological solutions: in (a) PBS, (b) FBS, (c) HBSS solutions, and (d) cell
culture media in the presence of SL (black) and BL Gr/Cu (red), Cu (blue) and blank solutions as controls (pink) measured by
inductively coupled plasma-mass spectrometry (ICP-MS). All results are presented in a mass ratio (ppm) [79] (republished by

courtesy of the publisher, Nature Publishing Group)

steel, titanium and cobalt alloys are the most common
orthopaedic materials for joint prostheses articulated
with a plastic bearing surface for many body parts [68,
69]. There are areas that require the use of alloys of
mercury, silver, tin, copper along with limited amounts
of zinc, palladium, indium, selenium and titanium in
dental surgery [70, 71]. Despite the numerous successes,
the main disadvantage of most of the alloys in medicine
is their corrosion and the resulting physical deterioration
(disintegration), quantity loss and contingent toxic side
effects. The increased concentration of the
aforementioned elements as soluble metals surely leads
to chemical reactions of altered enzyme functions. It has
been proven that soluble metals released because of
corrosion processes can induce an innate monocytes-
macrophage response and trigger immune responses,
causing toxic, inflammatory, allergic or mutagenic
reactions to patients [72]. In addition, corrosion leads to
the adverse formation of metallic debris; solid particles
and inorganic or organometallic compounds, in the
periprosthetic soft tissues causing metallosis [73].
Furthermore, the corrosion degraded structural integrity
leads to the premature failure and loosening of the metal
devices [74]. Therefore, corrosion protection of metals
used in physiological environments is of paramount
importance and needs to be properly addressed for the
sake of durable successful biomedical applications.
Currently ceramic coatings are the most widely used to
isolate metals from body fluids, e.g., zirconia transited
from a zirconium alloy minimises corrosion in knee

implants but the implants roughen with time. Nano-size
diamond coatings and apatite-nano-diamond composites
are promising candidates for the protection of metallic
implants [75, 76], but they are highly permeable and
greater surface roughness notably decreases their
performance. Nowadays, atomic thin Gr films enhance
the bio- and hemo-compatibility of implants to some
extent [77, 78]. Interestingly, the outcome of almost all
cell viability tests showed the biocompatibility of Gr on
the nickel-titanium surface with some protection. After
considering these facts, studies focused on clarifying the
possibility of application of Gr as a corrosion protective
film on structural metals used for biomedical devices.
The most important future application would be the
efficient corrosion protection of metallic prosthetics to
avoid serious health problems to patients. In an effort to
offer an alternative to protect metallic implants, Gr was
proposed as a biocompatible and protective film as well
[79]. Copper was the substrate for cell viability tests to
reveal any change in immune response (lymphocyte
transformation test) and the metal sensitivity test
because of its high toxicity [80] making the experiment
sensitive to reflect any significant protection. In vivo
experiments served to study the protection of copper in
live animals to evaluate Gr as a biocompatible film in
physiological conditions. Corrosion inhibition of copper
with Gr films was studied by the way of release and
accumulation of copper ions in biological aqueous
environments of phosphate buffered saline, fatal bovine
serum and Hank’s balanced salt solution. Cell culture
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media were monitored with inductively coupled plasma
optical emission spectroscopy (ICP-OES) for five days.
Single-layer Gr/copper indicated slightly varied but very
good conditions on average.

The copper ion release rate was found to be at least
an order of magnitude lower compared to bare copper
that correlates almost linearly with time. The copper
concentration in the solutions was higher when bilayer
Gr/specimens propagated as compared to those of the
tests with SL Gr obtained in all solutions. This was
attributed to the stronger adhesion of SL films to
metallic surfaces than bilayer ones, probably because of
the better adaption to surface topography with high
flexibility [81]. Fig.8 shows the concentration of copper
ions detected in different biological solutions such as
phosphate buffered saline (PBS), fetal bovine serum
(FBS), Hank's balanced salt solution (HBSS) and cell
culture media with SL and BL Gr films and blank
solutions as controls. Cell viability tests indicated
almost the same results with single- and bilayer
Gr/copper samples showing +2.2 and 2.6% differences
respectively compared to the control samples after the
first day. Nonetheless, the results produced by low
concentrations of dissolved copper in test solutions do
not mean good results overall because the ion
concentration could be much higher in a micro-milieu
between the cells and coated substrate. The point of
such a difference can explain why the cell viability
dropped remarkably by more than 90% over the second,
third, and fourth days of the test compared to the Gr
contained samples although the copper concentration in
the solutions remained very low (less than 70 ppm).
Probably interfacial accumulation of metal ions must
play a pivotal role in exceeding the toxicity limit,
inevitably triggering lower cell viability. To resolve this
problem, a further modification of the metal surface was
necessary [82, 83]. By self-assembly monolayer
treatment with decanethiol, bare and Gr/copper was
modified with decanethiol, which was obviously
assembled on the bare surface around the boundaries of
Gr flakes. This is because the seemingly proper
protection of copper was accompanied by much
improved cell viability over three days (Fig.9). The thiol
modified SL Gr/Cu indicated that cell viability was ca.

55.8% after an incubation period of three days
compared to SL Gr/Cu (Fig.10). Thiol modified copper
showed an improvement of up to 2% in comparison to
the less than 1% viability observed for bare copper.
These results suggest that Gr on copper is the major
factor for protection, which can be appropriately
enhanced by thiol modification. The film was also
found to reduce immune response to copper in a clinical
setting by a lymphocyte transformation test.

Animal experiments indicated a positive outcome to
coated copper samples tested under in vivo conditions.
The copper concentration was less than 3 and ~4.5 ppm
in blood samples extracted from living rats implanted
with SL coated and bare foils, reflecting the potential of
thin Gr films in biomedical applications.

CVD-Grown Graphene Loading on Metal Surfaces
by Mechanical and Electrical Techniques

Spin-Coating

There are a number of techniques to obtain high quality
thin films. Static and dynamic dispense techniques such
as dip [84-86], angle-dependent dip [87, 88], and hot dip
spin, spin [89-92], spray [93], flow [94, 95], capillary
[96, 97], roll [98], and reverse roll coating [99, 100]
have developed thin layers on solid surfaces. By careful
design, it is also possible to complement one another,
offering a way to be tailored to application demands.
Optimisation of these techniques is mostly dependent on
actual parameters of the fluid phases and molecular or
colloid solutions such as concentration, temperature,
pressure, partial pressure or volatility of substances and
solvents, dynamic or kinetic viscosity, and surface
tension of fluid phases. The texture (roughness) of the
substrate surface has much less influence (except for the
surface energy) on the quality and quantity of casting.
Drying and curing might later take place. From them,
the ones featuring well controllable Gr growth are
detailed in the following. Both spin-coating (SC) and
kinetic spray (KS) are relatively novel techniques
enabling us to form coatings of good quality on any sort
of surface texture regardless of the substrates. SC is
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suitable to work out and implement practical deposition
methods for atom-thick films on various metals,
although a different approach must be applied for
Newtonian [101] and non-Newtonian fluids [102].
Uniform coatings can be obtained over large areas with
reproducible thicknesses in a good controllable manner,
but only on planar substrates, which is a major
limitation of this technique. SC starts by applying a
small puddle onto the centre of the substrate, then
spinning commences at initially a lower then, within a
matter of seconds, at a higher rotational speed (two
stages of centrifugation up to ~3000 rpm). The
centrifugal force and centripetal acceleration result in
excessive spreading of the fluids on the surface (wetting
and covering depend on multiple physical-chemical
parameters) and an inevitable loss (can be recycled)
around the edges of the substrate until the spin-off time
is completed. Then, a thin film forms releasing solvents
and curing takes place, because of chemical reactions.

Kinetic Spray

Kinetic spray (KS) utilises a Laval nozzle to spray Gr
colloid solutions at a very high speed and the supersonic
acceleration leads to the production of very small
droplets that evenly disperse then evaporate reducing
the tendency of flake aggregation. Besides the uniform

and smooth layers, defects in the Gr flakes were not
observed. Hence, high quality film production by KS
depends on the energy of the impact stretches Gr sheets
then carbon atoms arrange into flawless hexagons based
on plasticity probing of the Gr flakes [103].
Transmittance of graphene oxide (GrO) film spray
deposited on soda-lime glass (from a 10 wt.% colloid
solution of GrO in ethanol) was 73% and sheet
resistance was 19 kQ sq”' using incident light at the
wavelength of 550 nm. The electrical conductivity of
the coatings increased by up to a thousand times after
hydrazine reduction and annealing at 400 °C. Additional
thermal annealing at 1100 °C further enhanced
conductivity by ca. 10 times. Soda-lime glass with a
transparency of 80% and electrical conductivity of
209 Scm™ (or sheet resistance; Ry = 2 KXsq') as
applied to a 14 nm thick Gr film [104]. KS is a reliable
technique of wide commercial availability and offers a
flexible solution to large-scale using according to
recently reported corrosion tests [105-107].

Electrospinning

Electrospinning (ES) creates polymer fibres with a
diameter range of between 40 and 2000 nm. The fibres
can be made from solutions or from fused materials,
controlling diameter size through the adjustment of



surface tension, solution concentration, conductivity and
so forth [108-110]. ES occurs when the electric force of
the surface overcomes the surface tension of the fluid
phase triggering an electric spark, results in the solution
being expelled from a syringe forming jet flow impacts
and deposits. When the expelled material dries out or
solidifies, it forms an electrically charged fibre that can
be directed or speeded up by electric forces. So, a
polymer solution stored in a syringe is charged to a high
electrical potential. As the jet stretches and dries, radial
electrical forces cause it to splash repeatedly. Dried,
solidified fibres are collected on an electrically
conductive (metal) screen. By ES, the composition of
nylon 6-6 and Gr was prepared and deposited on porous
silica then tested under various conditions [111].
Oxidation and reduction potentials in acidic, alkaline,
and peroxide solutions were assessed by dynamic
polarisation. SEM observations determined that
treatment with acidic and basic solutions led to the
formation of solid aggregates and slightly folded GrO
flakes. Thermal treatment at 700 °C gave samples with a
porous structure. After annealing, a subsequent
chemical derivatisation with acidic, basic and peroxide
solutions assisted with ultrasonication facilitated the
separation of GrO sheets, leading to a solid composed of
lower dimensional flakes, especially in the case of
oxidation. Oxidation was carried out in KOH and the
reduction in H,SO, solution. EIS data obtained in the
immersion test with a Na,SOs solution indicated
decreasing interfacial capacitance of the ES produced
samples with the Ny-GrO coatings. The EIS data
calculated at 0.8 Hz changed between 1.4-4.5x10” and
7.5-8.9x107 F cm™ (depending on the concentration of
the electrolyte) with the GrO content increasing from
0.4 wt.% to 2 wt.%.

Electrophoresis

Electrophoretic deposition (EPD) is a promising
technique to fabricate functionally graded [112-114] and
hybrid composites [115, 116], laminated nano-ceramics
[117, 118], and functional, nanostructured films and
coatings [119-121]. In the last couple of years,
numerous EPD applications have emerged as industries
count on commercial advantages over other fabrication
routes. It is a versatile and cost effective technique with
acceptable levels of control over microstructure,
stoichiometry, and macroscopic-microscopic
dimensions and properties [122, 123]. EPD is a two-step
colloid process in which electrostatically charged
particles, suspended in a liquid medium, migrate
according to the electric field towards the oppositely
charged electrode. Then particles deposit, and flocculate
on the electrode surface forming a relatively dense,
homogeneously packed, bonded layer. Increasing the
volume fraction of the nanoparticles and their
deposition on the surface of any electrically conductive
material is relatively easy. Usually, a post-treatment is
required to increase the density of deposits and
eliminate  porosity  [122].  Sometimes  special
modifications are required to render surfaces with
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notable properties such as increasing hydrophobicity by
silylation. EPD is performed in stable colloid solutions
in which there are plenty of electrostatically charged
particles migrating in response to an impressed DC
electric field and deposit either as a loose homogeneous
or compact film onto the oppositely charged electrodes.
To make deposits denser and eliminate porosity,
additional EPD or heat treatment is required. Oxide
particles, conductive polymers [124] and highly
dispersed activated carbon [125] of nearly any size in
colloidal suspensions [122] were deposited by this
method, reflecting its high versatility. Furthermore, by
electrophoresis uniform thin layers can be made on
highly ragged, complex surfaces. Moderate electrical
conductivity of the resulting substrates is the only
requirement. The sample surface is treated as a whole in
a uniform manner, whereas dimensions, deposition rate,
uniformity and scale up features are also favourable.
EPD is a preferable alternative to many other methods
like slurry dipping, thermal and plasma spraying,
sputtering, and physical/chemical vapour deposition.

In the course of thick Gr layer deposition on copper
by EPD [126], deoxygenation of carbon was hinted at
by bathochromic shifts in the UV spectra because of the
electrochemical configuration and reaction mechanism.
Potentiodynamic scanning showed positively shifted
corrosion potentials and lower corrosion currents (Zcor),
which suggested only mediocre protection by the thick
Gr films in the initial phase of immersion propagation.

The composite coating of reduced GrO was prepared
by cathodic EPD in an aqueous solution in a
symmetrical cell-electrode arrangement [127]. Optimum
conditions for cathodic deposition were found to
produce a thickness of ~40 nm by applying 10 V for
30s. SEM observations revealed the size of the GrO
sheets being 1-2 um, covering the surface uniformly.
The composite coating was shown to protect copper
firmly from electrochemical corrosion. Potentiodynamic
measurements indicated an ennobled free corrosion
potential with slightly reduced anodic and cathodic
current branches, suggesting a lower corrosion rate of
the composite coated copper compared to its bare form
during the early phase of propagation. Experimental
conditions are summarised in Table 2.

By electrophoresis, GrO was uniformly deposited on
a permanent magnet, e.g., NdFeB and the coating was
subsequently reduced to partially remove functional
groups containing oxygen [128]. The EPD GrO coating
showed substantially better adhesion to the substrate
compared to the spin-coated ones. The surface of the
bare NdFeB was rough and porous but site-dependent
topography of the EPD-GrO modified samples
depended on the amount loaded. The relationship
between the increasing thickness and decreasing
adhesion of the coating with an extension of deposition
time was determined. Raman, infrared, and X-ray
photoelectron spectroscopy (XPS) results reflected the
strong adhesion of EPD films and that was connected to
the Koble-type decarboxylation mechanism [129, 130]
of the surface yielding GrO flakes. An unexpected
outcome was that several deterioration reactions were
observed in GrO. The signal of epoxy groups decreased
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Table 2: Metallic substrate, type and growth parameters to obtain Gr film by EPD and chronoamperometry

Preparation types and Corrosion test Work-electrode Types of
Substrate their parameters parameters surface (cm?)  potentiodynamic tests Ref.
C GrO, EPD in sol. C=1.0 mg cm>, ar ox.oat 200°C for 4 .h’ m after 1 h at OCP, scan
u F=1V /10 mm"" 10 min 30 wt.% H,O, for 2 min, Unknown rate: 1 mV 5! [131]
’ then 0.1 M NaCl solution ’

red. GrO with polyiso-cyanate cured
with HAA (hydroxyl acrylic acid), EPD o o after 2 h at OCP, scan

Cu for30s,atE=10V 10 mm™, 0.1 M 3.5wt.%NaCl,at 25°C 1 rate: 1 mV s’ [132]
NaBH, red. for 5 min
GrO red., EPD in sol. of 1 mg cm > o .

NdFeB GrO, NdFeB anode & Pt cathodic dep., 3.5 wt.% NaCl solution at Unknown EIS [133]
E=10V/ 10 mm'l, room temperature
GrO isocyanate cured with hydroxy

Cu acrylic, then silylation, EPD on Cuat 3.5 wt.% NaCl,at25°C 1 EIS [136]
10-30 V 10 mm™
chronoamperometry of GrO at —1.5 V
for 10 min in sol. C=2 gdm™, in 0.1 M OCP 3.5 wt.%

Cu KCl, at —1.5 V for 10 min, then GrO NaCl sol. after 1 h ! EIS [138]
red. NaBH, (0.1M) for 5 min
EPD in Ni sol. at pH =3, . -1

Mild steel Ip=1A dm? att=40°C, 3.5wt.% NaCl,at27°C 1 scanrate: 0.01 Vis™, -y o)

Gr ¢=100 mg dm™

EIS

after deposition, which might be explained by the high
anodic electrode potential applied to the working
electrode and the large potential drop at the interface.
The decrease in current density during potentiodynamic
scanning and the positive shift in the free corrosion
potential of the system reflected efficient initial
protection but lower cohesion and adhesion of the
thicker coatings, leading to a poorer protection
potential.

The GrO-acrylic polymer composite fully covered
the copper substrates, but the sheets were separated far
from one another in an island like manner consequently
a large percentage of the surface remained unburied
[131]. As for the reagents, solution and cell
arrangement, EPD conditions e.g. voltage (10 V) and
deposition time (30 s) proved to be optimal to obtain
crack-free films of an average thickness of 45 nm. An
electrochemical investigation indicated insignificant
protection performance of the composite coating under
immersion propagation. A steady corrosion current
extrapolated to the OCP region showed slight changes
over the anodic and cathodic regions. A current density
drop of 38.3-3.5 pA cm™ was observed in comparison
to the bare copper. A polarisation resistance of the
composite covered specimen was assessed by EIS,
assigning an increased charge-transfer resistance of
~25 Q cm™ (bare copper: ~8 Q cm™).

Stainless steel specimens with an exposed
geometrical surface of 100 cm” were almost uniformly
deposited with GrO in H,SO, solution by coupling the
substrate cathodically [132]. For transferring purposes,
chemical and electrochemical etching was developed to
delaminate the reduced GrO film, giving coherent
freestanding membranes or deposit them onto other
substrates. By optimising electrophoretic parameters, a
low voltage of 3 V was found to consolidate reduced
GrO layers preferentially aligned in an in-plane
direction through a cohesive electrophoretic squeezing

force in near volume range of the electrode (cathode).
The free-standing Gr membrane was reduced, annealed
at 1000 °C then a graphite-like architecture evolved with
a d-spacing of 3.42 A and C/O ratio of 16.7. Electrical
conductivity was of high as 5.5x10° S m™.

Graphene Coated Metals in Electrochemical Cells and
Batteries

Because corrosion is a serious problem in energy
storage devices like batteries and fuel-cells [133], the
application of GrO as a barrier coating to inhibit the
corrosion of aluminium electrodes in lithium ion
batteries is considered to be an innovative solution.
Spin-coating was employed to coat aluminium with
GrO and decrease the corrosion rate when the electrode
was subjected to the electrolyte of LiPFs (1.0 M)
dissolved in ethylene carbonate and dimethylcarbonate
(50:50 vol.%) [134]. SEM observations with energy
dispersive X-ray spectroscopy analysis and atomic force
microscopy (AFM) scanning suggested increasing
surface roughness of aluminium with lower GrO
quantity, but its greater amount helped reduce the
roughness remarkably. The average roughness of the
bare substrate was around 350 nm, which changed to
199-154 nm for the GrO loaded one. The thickness of
the film showed great epitaxial variety even though the
coating was relatively thick. Cyclic voltammetry
showed a decreasing electrochemical current response
of the GrO coated electrodes with increasing surface
loading. This indicated hindered and impeded charge-
transfer through the electrode interface without any
direct implication of capacitive and adsorption charge
loss in the current transients. Accordingly, chrono-
amperometry curves exhibited moderately changing
characteristics (as a consequence of altered electrode
kinetics) in the early phase of the transients and



decreasing base currents over the complete timescale
because of the smaller electroactive surface. EIS spectra
suggested a somewhat higher resistance against pitting,
the lower susceptibility to localised corrosion. Thus,
GrO restricted aluminium oxidation, behaving as a
charge-transfer barrier. Otherwise, the lower capacity
and potential of the cells should have been measured by
the set-ups with the GrO loaded electrodes during
charge—discharge testing. Instead, surprisingly the
opposite was reported. Nevertheless, enhanced cycle-
life stability (lower rate of capacity loss) of the modified
electrode compared to the cell configuration with bare
aluminium is of course self-explanatory. Self-discharge
was lower as a decreasing rate of open circuit voltage
decline was observed to the modified aluminium
samples. GrO films did not show any corrosion and the
underlying native oxide layer remained intact under test
conditions.

Microbiologically induced corrosion (MIC) severely
limits the structural integrity and lifetime of metallic
structures in technological processes and applications
because of frequently evolving mechanisms, i.e., crevice
and pitting local corrosion phenomena. A microbial fuel
cell (MFC) is a galvanic cell producing an electric
current that causes bioelectro-chemical oxidation of
organic substances on anodes and abiotic reduction on
cathodes [135]. MFCs have been used as a galvanic tool
to simulate extracellular electron transfer mechanisms
of microbes and the bio-electrochemical oxidation of
organic substances. In addition, metals are not used as
anodes in MFCs due to their fast galvanic corrosion.
Owing to this, Gr films are employed as barrier coatings
and the corrosion rate of the working nickel electrode
was evaluated by galvanic coupling in the MFC set-up
[136]. Regarding the experiment, it was determined that
the geometrical ratio of the working and counter
electrodes was the guarantee to maximise, and
concentrate current densities on the working electrode.

Nevertheless, the cell design did not allow the
assessment of adequate kinetic parameters (general
corrosion rate) because of the large uncompensated
ohmic drop and unfavourable cell geometry. These are
all relevant in DC techniques, although inadequate
voltammetric data could provide a rough estimation,
even though 5mV s’ was higher than recommended
and might have resulted in the considerable rate of
adsorption and pseudo-capacitive current during the
measurement. In relation to the impedance measurement
and its evaluation, these data are even more sensitive to
inappropriate cell design. The protection efficacy of the
Gr film was assessed under realistic operating
conditions, the bare and coated nickel electrodes
represented a 3D microporous structure. The overall
outcome confirmed a retardation of corrosion processes
by the Gr film for extended periods. CV scanning
showed decreased current transients of coated nickel,
which was ca. ten thousand times lower than measured
for the bare nickel electrode based MFC after a
propagation for 2800 h. Nickel dissolution rates of the
Gr coated anodes were at least ten times lower than the
baseline (uncoated) electrode. EIS characterisation
confirmed impeded MIC on the Gr/nickel for ca. 40
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folds in comparison with uncoated electrodes. The
effective masking of nickel from the mixture of
microorganisms and their metabolic products was
concluded.

Composite Graphene Coatings
Physically Mixed and in situ Polymerised Mixtures

Chronoamperometry was successfully employed to
prepare Gr coated copper, starting from an aqueous
colloid solution of GrO [137]. As a result of the EPD
process, a seemingly compact and void of area without
coating; and polymer film with Gr inclusion was
obtained. Nevertheless, the distribution of Gr flakes was
highly uneven and inhomogeneous (random), whereas
the sheets showed various degrees of folding and
overlapping in the polymer matrix. In addition, the fast
reduction of GrO in the polymer proves the high
permeability of the matrix, although it reached a
thickness of several micrometres. On the other hand, the
coatings with reduced GrO provided moderate
protection for copper with an initial inhibition rate of
94% drawn from the potentiodynamic polarisation
measurement data (at nil impressed potential). The
corrosion rate reduced to 0.2 mm yr' from the rate for
pure copper of ca. 3.65 mm yr'. This assessment was
only made at the beginning of the immersion test (after
an hour), whilst waiting for stabilisation of the freshly
installed cell set-up. In comparison with the EIS
investigation, the composite coating provided electrical
insulation and ionic diffusion hindrance to the copper
surface. So, the protection was related to the increased
polarisation resistance of Gr loaded coatings of ca.
26 Q cm’ compared to bare copper of 9 Q cm”.

Intrinsically conducting polymers (ICPs) like
electroactive polyaniline (PAni) have been widely used
materials for some time providing corrosion protection
regardless of the long-standing disagreement over the
anodic protection mechanism and the generally less
effective barrier nature. PAni is a preferable electron-
conducting polymer with favourable properties over
other alternatives. Under optimal conditions, the
protection mechanism leads to the formation of a
passive (dense) metal oxide layer [138-140].

To increase protection performance, many
substances such as well dispersed clay [141] with an
aspect ratio of ca. 200 was aimed at lengthening mass
transport pathways through the composite films for all
redox active species. These polymer-clay mixtures
exhibited notable protection improvements over neat
polymers. Besides the several attempts to combine of
carbon nanotubes (CNTs) with organic [142-156],
inorganic, and metal [157-160] matrixes for corrosion
protection and resistance, respectively, there are
examples from the literature about testing Gr-polymer
composites for various purposes [160-162]. The main
focus of these works was the exploitation of high
relative aspect ratio of Gr (ca. 500) [163] in comparison
to exfoliated clay minerals. Hence, Gr is a key filler in
advanced gas barrier materials, motivating studies to
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Table 3: Metallic substrate, type and growth parameters to obtain Gr films by spin coating and solution casting. Types and
settings of corrosion tests and electrodes with the reference number of the article

Preparation type

Work-electrode

Types of

Substrate and parameters Corrosion test parameters surface (cm®) clectrochemical tests Ref.
ele‘ctros.pln Gr-Nylon 6-6 in formic Potentiostatic oxidation in potentiostatic
acid agitated for 12 h then add. of
KOH (0.5 M) for 3.5 h, treatment,
porous  GrO, ES at 12 kV, flow rate: 0.2 mL N _ . .
.. 1 reduction in H,SO, at pH =2 unknown potentiodynamic [112]
silica h™ for hours, Electrode: polymer
. i = . for 8 h, EIS in Na,SOy in (1- polarisation, scan rate:
solution 90 w.% of formic acid ) g1_162 108 M) for hours 100 mV min”, EIS
with 0.36-2 wt.% GrO and Ny ’
D cyclic voltammetry,
Lo . LiPF¢ in ethylene carbonate
Alo,  GrO sonication in ethanol (hen spin- 4 imethycarbonate 100 ShromoamPOmELY, 114
. 0, .
(50:50 vol.%); at 1.0 M polarisation and EIS
Spin-coating of Gr with acetone (20 potentiodynamic
Cu em’ cm’2) then rapid annealing 800- Seawater 3.0-3.5% NaCl 0.25 polarisation, scan rate:  [136]
1000 °C for 3 min 2mV s, EIS
steel CPaASE;gr comp. (NMP complex and 3.5 wt.% NaCl solution unknown gg;gﬁt;:gzgamlc [153]
cold- GrO red. with N,H,, pressing potentiodynamic
rolled powders then curing (thickness: 3.5 wt.% NaCl, at 25°C 1 scanning at 10 mV [161]
steel ~120 um) min", after 30 min EIS
2 wt.% Gr/MWCNT/PEI & 20 potentiodynamic
low alloy wt.% Gr/PEI comp.-s, dispersion in o . L )
steel PAA cured at 150 °C for 5 min, then 3.5 wt.% NaCl solution 9.62 1;061271r;s£1(s)_r11)(scan rate:  [7]
250 °C for 5 min for imidisation )
3 distribution [170]. Experimental conditions are
summarised in Table 3.
2a e Lower electrical and ionic conductivities always
o provide better corrosion protection. Therefore, metals
14 7 ey coated with Gr filled composites of electrically less or
E — i non-conducting (practically insulating) matrices like
< 07 T P epoxy (in the case of high dispersity) can behave as a
E 1] ‘Jf\ ' super-hydrophobic  interface  [171-176].  These
= b(::e \ composites are characterised by a water contact angle of
=R (b) © \ at least 150° making them repellent, resistant to water
epoxy g ! @ absorption [177] and their exceptionally good anti-
-3 HEGC wetting properties results in good corrosion prevention
potentials.
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Figure 11: Tafel plots of the (a) bare, (b) epoxy-coated, (¢) HE
coated, and (d) HEGC-coated CRS electrodes [178]
(by courtesy of the publisher, Elsevier)

achieve very low oxygen permeability using low filler
contents (compared to neat polystyrene and the best
polymer-clay mixture known at that time) [164] and
underscore the possible obliteration of traditional clay-
polymer composites [165-169]. Thus, a carefully
designed and well-prepared PAni-Gr mixture exhibited
outstanding impermeability characteristics against the
diffusion of molecular oxygen and water vapour versus
neat PAni and PAni-montmorillonite using a filler
content of 0.5wt.% and the excellent protection
performance of steel substrates. Potential ennoblement
of steel electrodes with coatings of increasing Gr
content was considerable and an approximately fifteen
times lower steady corrosion current was reported. The
main reason for the success is mostly related to the high
dispersity of Gr in the composite of microscopically
isolated and  macroscopically  non-percolating

The nano-casting prepared epoxy-Gr composite
featured high hydrophobicity and provided excellent
protection for cold-rolled steel (CRS) panels [178].
Fig.11 shows Tafel plots of bare, epoxy, hydrophobic
epoxy (HE) and hydrophobic epoxy-Gr composite
(HEGC) coated CRS panels. The open circuit potential
of the immersion tested steel panels coated with epoxy-
Gr showed appreciable ennoblement of ca. 0.3 V and ca.
ten times lower corrosion currents compared to neat
epoxy coated steel. The much higher polarisation
resistance was partly attributed to the more hindered
mass transport through the Gr loaded coating (with less
than half the oxygen permeability) and access to its
interface on the fluid side as a result of the finely
patterned structure of the outer surface. The
reproducibility of the data is questionable because
parameters were not representative to properly describe
the kinetic processes of the system, proceeding at the
metal-solution interface. As in other cases,
electrochemical techniques gave instantaneous rate
assessments (in the first 30 min of the tests). Thus, the
reported data are not suitable for forecasting long-term
corrosion rates.
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Figure 12: Tafel curves of Ni and Ni—Gr materials [186]
(by courtesy of the publisher, Elsevier)

A more exotic approach is to develop metal-Gr
composites for corrosion protection, although this
strategy may have more disadvantages than advantages
like with the metal-CNTs [179-182] because of the CNT
activity towards catalytic oxygen reduction reactions
[183-185]. Electrodeposited thin films of nickel matrix
with Gr inclusion indicated a slight improvement in
general protection performance; ennobled OCPs by
~0.1V and steady corrosion currents reduced by over
50% were observed in comparison with pure nickel
coated mild steel [186]. As a result of greatly affected
nucleation and growth rate, measurement results are
much more related to the highly altered crystalline
structure of the nickel host matrix (lower electrical
conductivity was unfortunately not characterised) as a
consequence of the inclusion of Gr sheets, but
differences in the texture and hardness of pure nickel
and the Gr-nickel coatings were reported. Similarly to
many other works, protection efficacy was not evaluated
and reported over long-term immersion testing. On the
one hand, the Tafel analysis of Ni and Ni—Gr performed
in 3.5 wt.% NacCl solution (in Fig.12) was carried out
using high voltage rate scanning without ohmic drop
compensation, leading to distorted current legs over
both potential regions (from the open-circuit or free
corrosion potential of the electrode). A less
representative transient is due to the low proportion of
Faradaic charge-transfer current primarily assigned to
the credible corrosion rate assessment. Probably due to
these reasons, there is not much difference between the
given corrosion currents of Ni and Ni-Gr samples. The
Gr incorporation, cathodic and anodic Tafel regions
exhibited almost ideal symmetry. This should mean the
same scale of activation (expressed as a transfer
function) in the cathodic (reduction and deposition) and
anodic (oxidation and dissolution and/or deposition)
processes. This feature is a kind of ineffectively blocked
electrode behaviour, a quite reversible characteristic
with less viable hindrance either in the anodic or
cathodic processes. This suggestion seems to be
confirmed by the reported similar corrosion currents.

On the other hand, the adequacy of EIS data may
also be doubtful as basic requirements of system
stability (in the time domain), linearity (immediate
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Figure 13: Cryo-fractured SEM images of (a) and (b), PEI, (c)
and (d) 2 wt.% NFG/MWCNT/PEI, (e) and (f) 20 wt.%
UNFG/PEI [187] (published with permission from the
American Ceramic Society Bulletin)

response), and causality (the unquestionable relationship
between perturbation and type-degree of response)
might not be met. The time frame of 5 min to wait for a
stationary or a steady-state condition then making
measurements is in itself questionable. The large
variation in the solution resistance (between the pure
and composite Ni coating) is surely inadequate. In
addition, the highly varied interfacial and coating
resistance (swop between them) along with a hundred
times difference in the coating capacitance are also
unbelievable and can lead only to false interpretation.
The depressed semicircle is a result of the complexity of
the Ni/Gr electrode interface. The electrode was a
porous electron and ion conductor and such systems
need to be carefully handled (modelled with at least two
transmission lines) when evaluation of impedance
spectra in relation to structure and mechanistic
behaviour of a complicated interface comes into the
picture. Therefore, presented data and the corresponding
evaluation are not appropriate and even misleading.

An innovative approach is the composite of multi-
walled CNTs (MWCNTs) and exfoliated Gr embedded
in polyether-imide (PEI) serving as a coherent and pore-
free matrix [187]. This endeavour was made in an
attempt to achieve a uniform dispersion of the nano-size
additives in the host matrix (without functionalisation of
the filler phase) and good adhesion of tailored PEI to the
substrate, facilitating the maximum attainable corrosion
protection performance. The protection mechanism was
delineated according to the following: the composite
protects steel alloys by a complex, active—passive way,
serving as a physical barrier to water permeation against
the evolution of ion channels to the metal surface and
passivating metal surface by electron depletion at the
interface based on the Schottky barrier effect [188-190].
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Exfoliated but non-functionalised Gr was derived from
ultrasonication in a solution of N-methyl-pyrrolidone
(NMP). PEI as a host matrix was selected for its
flexibility under a high glass transition temperature (155
°C), thermal stability, firm resistance against radiation
and appropriate interaction with carbon fillers via n—n
stacking [191-193]. In situ synthesis and the imidisation
protocol yielded coatings with appropriate adhesion
properties to the steel surface of a thickness of 15—
20 um, whereas agglomeration and phase segregation of
the fillers were low with the MWCNTs.

The SEM investigation revealed a fairly smooth
surface finish without cracks or visible pinholes in the
coatings. No phase segregation of the Gr and MWCNT
fillers was observed in the mixtures around the interface
as its clearly seen in Fig./3 of the cryo-fractured
samples of non-functionalised Gr (NFG), carbon
nanotubes and PEI in 2 wt.% (c and d) and NFG/PEI of
20 wt.% (e, ) in comparison with pure PEI (a and b).
OCPs were positively shifted by ~0.6 V, meaning a
remarkable ennoblement. This was inferred, although
substrates with high resistance coatings showing notable
positive potentials must be at least partially attributed to
the potential drop through the coatings [194] as a result
of masking the real corrosion potential of the metal-
coating interface to various extents. A potentiodynamic
test indicated current densities of several orders of
magnitudes lower (~10° A cm™) for composite coated
specimens compared to bare low-alloy and galvanised
steel samples with current densities of ~107 A cm™.
Immersion tested samples were characterised
quantitatively with regards to the perspective of
corrosion rate or protection of steel substrates by
weight-loss measurement (according to the ASTM-Gl1
protocol) after 3,144 hours. The substrate coated with
20 wt% Gr-PEI performed best with ca. thousand times
lower corrosion rates (ca. 8.5x10™ mm year™) than bare
low-alloy steel samples (ca. 1.2x10" mm year").
However, the PEI film containing Gr and MWCNT (ca.
9.2x10” mm year') manifested a moderate average
corrosion rate of ca. 5.5x10™* mm year" compared to the
neat PEI film.

Concluding Remarks

Overall, it is evident that atomic pure graphene films
lack uniformity and partly this leads to insufficient
instantaneous protection performance. Therefore, some
sort of physical and/or chemical post-treatment is
needed to facilitate long-term protection performance

From direct deposition techniques, the broadly and
thoroughly investigated CVD technique is undoubtedly
a viable alternative when large-scale continuous surface
finishing is highly demanded. However, it is far from
the best choice when corrosion protection efficiency and
durability are the priorities, due to the complexity of
growing cohesive films on the surface of metal
substrates with preferable orientation of the grains, and
weak adherence of Gr films sensitive to mechanical and
surface charging effects.

When performance is an essential preference then
spin-coating, Kkinetic spray, electro-spinning, and
electrophoretic ~ deposition should be employed
depending on the complexity of the surface,
conductivity of the substrate and additional
technological aspects in relation to further processes.
Among them, spin-coating and kinetic spray techniques
develop good quality and homogeneous coatings of
greatly varied thicknesses. Thin and ultra-thin films
feature high a dispersity, and an even distribution and
sometimes even improved quality of the nanoparticles.
When thicker coatings are obtained on electrically
conducting substrates with strong adhesion to complex
surface geometries without the matter of a certain
degree of alteration of the nanoparticles, then
electrophoretic deposition must be used.

With respect to the utilisation of pure ultra-thin Gr
films and thicker coatings as Gr-filled composites, there
are ways to achieve further progress in relation to the
ultimate aim of improved corrosion protection. For
example, thin Gr films can still be used as a primary
metal surface finishing. Alternatively, strongly adhering
matrices with Gr filler might obviously mean a far more
robust solution with protection efficacy targeting high
performance demands for real situations. Parameters
like the combination and concentration of the fillers,
and compatibility with the host matrices besides
matching complementary technological requirements
need to be carefully optimised to gain appropriate
barrier and/or inhibition functions.
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