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INTRODUCTION

This thesis studies the corrosion inhibition performance of graphene and gra-
phene oxide based composite/hybrid coatings. Graphene is a two-dimensional
one-atom-thick sheet of carbon in the form of hexagonal lattice, and it is the
basic structural unit of graphite. Graphene has proven to be one of the most
popular advanced materials in recent developments. Due to its many extraordi-
nary properties, this carbon material has been widely studied for advanced ap-
plications, starting from energy harvesting and nanoelectronics and finishing
with drug delivery. In this research, the atom/ion barrier property was among
the most interesting ones. Some studies on using graphene or graphene-based
materials as a barrier sheet had been published before this work was started, and
some appeared in print during the research process. Lately, the development of
graphene and graphene oxide based functionalized biocompatible barrier coat-
ings has attracted great attention among scientists and industrialists as well.
However, the use of graphene oxide/reduced graphene oxide nanoplatelets for
corrosion protection of metal alloys had practically not been studied before this
research, despite the fact that the idea of the preparation of these materials had
been known already for decades, and relatively cheap powder of natural graph-
ite could be used as raw material.

This thesis investigates the barrier properties of graphene/graphene oxide
based nanostructured coatings, including composite and hybrid coatings, to-
wards corrosion protection. Investigations were carried through using different
strategies: for the preparation of thin protective coatings spin-coating, electro-
chemical deposition, and atomic layer deposition (ALD) techniques were used.
For the corrosion inhibition performance studies of synthesized graphene oxide
and reduced graphene oxide the hybrid coatings of graphene oxide-polypyrrole
and the composite coatings of graphene-metal oxide laminates were prepared.
The extent of the protection ability of the coatings deposited onto AISI type 304
stainless steel and Ti-6Al-4V alloy substrates was studied thoroughly by elec-
trochemical methods, such as open circuit potential and Tafel plots, potentiody-
namic polarization, voltammetry and electrochemical impedance spectrometry,
and tested by standard ASTM G48 A and long-term immersion tests in salt
solutions.

The studies revealed that prepared graphene and graphene oxide based hy-
brid and especially composite coatings well inhibit corrosion of the metal sub-
strates. This definitely increases the lifetime and stability of the metal parts and
equipment made from these materials, helping to preserve materials and energy,
thus helping to develop a more sustainable society.



BACKGROUND

Corrosion is the deterioration of a material, usually a metal or an alloy, which
results from a reaction with its environment. For example, steel rusts when
immersed in seawater. The process of corrosion requires four elements: an
anode, a cathode, an electrolyte, and an electrical path. Corrosion is a natural
process that cannot be completely prevented, but intervention with correct
measures can control it. Without intervention, corrosion progresses and be-
comes damaging for the corroding samples. Metals corrode because we use
them in environments where they are chemically and thermodynamically unsta-
ble. Only copper and precious metals (gold, silver, platinum, etc.) are found in
nature in their metallic state, all others most commonly used metals are pro-
cessed from oxides or mineral ores. All these metals are thermodynamically
unstable and have a tendency to revert to their more stable compound forms.
Some metals form more or less protective films on their surfaces and these can
almost prevent or slow down their corrosion processes depending on the envi-
ronment of the sample [1]. Corrosion takes place in many different forms; the
type of material, nature of the environment and length of exposure all contribute
to determine the form of corrosion. Some of the most common forms of corro-
sions are uniform or general corrosion, pitting corrosion, galvanic corro-
sion, stress corrosion cracking, corrosion fatigue, crevice corrosion, and fili-
form corrosion [2]. The economic impact of corrosion in our society is huge.
According to the World Corrosion Organization, the annual cost of corrosion in
2010 was 2.2 trillion US $, which is over 3% of world’s gross domestic product
(GDP; 63.0 trillion US $) [3]. Therefore, there is increased demand for robust
techniques and materials that inhibit corrosion and lengthen the life cycle of
products made of metal alloys, to insure great environmental and economic
savings. There are several techniques reported in the literature [4-8] to preserve
metallic substrates from corrosion, including surface passivation followed by
painting and/or varnishing, as well as galvanic and sprayed coatings. These
methods may have several imperfections such as low corrosion and mechanical
resistance of passivated surfaces, low wear ability of paints, and pores and other
defects in spray coatings. An alternative solution for preserving the metallic
substrates is to cover their surface with a thin sealing coating, which must be
dense, defect-free, and made from chemically resistive materials. The coatings
should behave as diffusion barriers for environmental oxygen, water, and corro-
sive halide molecules/ions. Suitable methods for preparing such thin
nanostructured coatings are atomic layer deposition and electrochemical depo-
sition [9,10]. The ALD growth proceeds via cyclic deposition of sub-monolay-
ers of a desired solid film, also allowing precise thickness control on arbitrarily
shaped substrates. However, novel coatings often establish special characteris-
tics: certain levels of hardness and elasticity, electrical and thermal conductiv-
ity, etc., which cannot be resolved using only ceramic materials. Thus, the in-
troduction of composite nanostructure materials may be necessary. One possi-
bility is to use carbon-ceramic coatings, which can be developed by the help of
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ALD technique. Another possibility is to use carbon-polymer composite coat-
ings on passivized surfaces, which can be developed via electrochemical
polymerization from a monomer mixed with carbon material solutions-
suspensions.

The use of carbon based functionalized nanostructure composite coatings to
inhibit corrosion is an area getting growing attention among scientists and in-
dustrialists. Lately, graphene has started to play an important role in many ap-
plications. Graphene possesses excellent mechanical and thermal stability
[11,12], low chemical reactivity [13], impermeability to most gases [14,15], and
high transparency [16]. Because of these properties graphene is gaining scien-
tists’ attention in preparing protective coatings. Several groups have demon-
strated the effectiveness of graphene as an oxidation resistive [17-19] and cor-
rosion inhibitive [20-22] coating. Despite the promising properties of this new
material, graphene technology still lacks methods for large-area synthesis of
defect-less coatings — in [23] it was lately shown that even long period CVD
synthesis of graphene on a Ni sheet at high temperature was not able to produce
continuous coatings although partly the coating had already graphitic structure.
On the other hand, graphite as well as defect-less graphene is on the top of the
most passive materials in galvanic series, thus most metals that are covered with
a graphene layer having defects will corrode very fast near the defects, which
was pointed out also in [24].

This thesis has investigated the corrosion inhibition ability of mechano-
chemically prepared GO and rGO nano-films followed by thin compo-
site/hybrid coatings. We have observed a promising corrosion inhibition per-
formance of GO and rGO films on AISI 304 stainless steel substrate [25], alt-
hough modification of these materials is necessary especially when it comes to
long-term inhibition. Due to the small size of the nanoplatelets, developing
nonporous coatings was somewhat challenging. Therefore, our primary interest
was to modify the GO and rGO materials and prepare better as well as more
effective coatings.

The application of conductive polymer polypyrrole (PPy) to prepare corro-
sion inhibitive coatings is already known in the literature [26,27]. We developed
the graphene oxide-polypyrrole (GO-PPy) hybrid coating as a modification of
the GO coating. We showed that the GO-PPy hybrid coating can be used as a
better replacement of GO and also as pure PPy protective coating [28]. The GO-
PPy coating is dense and has low conductivity because of slight overoxidation
due to GO addition to PPy. Corrosion inhibition of the substrate occurs by
fending off anions through electrostatic repulsion and also by blocking the ion
paths between local anodes and cathodes along the substrate-nanocomposite
interface. After first successful modification, we have introduced graphene-
metal oxide (rGO/Al,O3/TiO,) composite coating as a modification of rGO
coatings [29]. The composite coating is composed of a graphene base layer and
amorphous metal oxide films as top layer. The metal oxide layer consists of
aluminum dioxide (Al,O;) and titanium dioxide (TiO,) nanofilms. These oxides
are known for their dielectric and corrosion resistance properties [30-32].
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Corrosion inhibitive performance of the advanced rGO/Al,05/TiO, coating was
also analyzed on AISI 304 stainless steel [33] and Titanium Ti-6AI-4V (Grade
5) alloy substrate [29]. In both cases, markedly enhanced corrosion protection
performance of the composite coatings was observed. The protection ability of
the GO-PPy and rGO/Al,05/TiO, composite coatings was investigated through
electrochemically, by standard ASTM G 48A salt test and long-term immersion
in salt solutions. The analyzed results showed that these hybrid/composite
coatings can be used as corrosion protective coatings, which certainly increases
the lifetime and stability of the metal/alloy substrates in their long-term exploi-
tation in corrosive environments.
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GOALS OF THE RESEARCH

The main goal of this research was to investigate the corrosion protection per-
formance of new type thin coatings, first of all graphene and graphene oxide
nanofilms and their composite/hybrid coatings. The purpose of this research
was to study the possibility of long-term corrosion inhibition performance by
graphene (reduced graphene oxide), graphene oxide, graphene oxide-polypyr-
role, and graphene-metal oxide coatings, which has not been reported in the
literature. The oxidation and corrosion inhibition property of CVD grown gra-
phene is already known. However, the barrier property of mechano-chemically
produced graphene and graphene oxide nanoplatelets coatings had not been
studied and reported by the time this research was conducted. This research has
a task to study the above and develop better and more effective nanostructured
coatings against corrosion or unwanted oxidation of the substrates, which can
also be stable for a longer period of time. To fulfil this the author has to synthe-
size the carbon materials, to study the corrosion protection performance of
mechano-chemically synthesized graphene oxide and reduced graphene oxide
films, and to develop with colleagues protective graphene oxide-polypyrrole
and graphene-metal oxide composite coatings for stainless steel and Ti alloy
substrates. Finally, the protective performance of all the coatings has to be ana-
lyzed and tested.
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EXPERIMENTAL TECHNIQUES

Preparation of graphene and graphene oxide

First, graphite oxide was prepared using modified Hummers method [29,34-37].
About 0.5 g of graphite powder (diameter <2 um, thickness 2—6 nm, surface area of
750 mz/g, carbon content >98 wt%, Strem Chemicals) was taken in a 500 mL coni-
cal flask. To that flask, 0.25 g of NaNO; (Sigma Aldrich) and 12 mL of H,SO,
(Fluka) were added and cooled in an ice bath for 30 minutes. While maintaining
vigorous shaking, 1.5 g of KMnOj, (Sigma Aldrich) was added slowly. The rate of
addition was controlled carefully to keep the temperature of the suspension under
10°C by using an ice bath. Then the ice bath was removed and the temperature of
the suspension was brought to room temperature (22+2°C), where it was maintained
for 2-3 hours for complete oxidation of graphite powder. As the reaction pro-
ceeded, the mixture gradually thickened and became pasty, which was brownish
grey in color. Then, about 25 mL of deionized water was slowly added into the
paste and stirred. The suspension became brownish in color and was kept for 30
minutes. The suspension was further diluted with 50 mL. warm (~60°C) deionized
water. To the diluted suspension 5 mL of 7% H,0, (Fluka) was added and stirred
well to completely remove permanganate ions. The resultant suspension was fil-
tered in warm conditions and washed several times with warm deionized water.
Finally, the solid brownish filtered material was re-dispersed in deionized water
containing selective Ca and Na molecular sieve to remove the unwanted ions, and
then filtered as well as washed several times with deionized water. Graphene oxide
dispersion in water was prepared by the ultrasonication of graphite oxide (see Fig-
ure la). During ultrasonication, the temperature of the suspension was kept under
30°C by sufficient cooling. The sonicated dispersion was kept for 48 hours to pre-
cipitate bigger particles out of dispersion. Then, centrifugation was performed for 8
hours at 6000 rpm, followed by decantation that was carried out by pipetting the top
half of the dispersion.

(@) (b) (©
Figure 1. Images of (a) graphene oxide dispersion in water; (b) reduced graphene oxide

nanoplatelets in water, and (c) the latter in organic medium N-methyl-2-pyrollidone
(NMP) after 48 months of storage.
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The reduced graphene oxide (Figure 1b) was prepared by the chemical reduc-
tion of GO using reducing agents (Fe/HCl) at room temperature [38,39]. In a
typical experiment, 1 g of Fe powder (Sigma Aldrich) and 20 mL of HCI (37%,
Fluka) were directly added into a beaker containing 100 mL of GO solution.
The mixture was stirred vigorously for 6 hours to complete the reduction of GO.
As reaction proceeded, the solution became black and rGO gradually precipi-
tated out of the solution due to the hydrophobic nature of rGO platelets. After
complete reduction, additional 15 mL of HCI was added into the solution in
order to fully remove excess Fe powder. Finally, the resulting rGO platelets
were collected by filtration and washed with deionized water and ethanol.

Substrate preparation

The substrates of AISI type 304 stainless steel were purchased from Goodfel-
low, UK, and Ti Grade 5 alloy was obtained from Sengewald, Germany.

The elemental composition of the alloy substrates measured by X-ray Fluo-
rescence spectroscopy (XRF) is given in Table .

Table 1. Elemental composition of the substrate alloys.

Alloy Element composition (mass %)
Fe Cr Mn Ni S P Si C
AISI 304
70-74 | 1820 | <2.0 | 8.0-10.5 | <0.03 | <0.05 <1.0 <0.1
Ti Vv Al Fe o N C H
Ti6Al4V
8590 |3.545|55-67| <04 <0.1 | <0.1 <0.1 -

The substrates with dimensions 20 x 20 mm were polished and cleaned in an
ultrasonic bath using toluene, followed by ethanol and isopropanol (Alfa Aesar)
solvents. In each solvent the cleaning process was carried out for 10 minutes.

Coating development

The thin GO and rGO coatings on the stainless steel and titanium alloy sub-
strates were prepared by spin coating using Spin Coater CSS-05 (PI-Kem) at
1000 rpm for 2 minutes. The 800 uL of ~0.2 mg/mL water-ethanol rGO disper-
sion was used to coat the substrates. The GO and rGO coatings were prepared at
room temperature.

The deposition of the GO-PPy composite was carried out in a 3-electrode
cell system at room temperature (22 + 1°C), using Reference 600 Potenti-
ostat/Galvanostat (Gamry). The GO-PPy composite was deposited on the SS
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substrate that served as a working electrode (see Figure 2a). The Pt wire and a
saturated calomel element (SCE) were used as counter and reference electrodes,
respectively. In a typical experiment, 10 mL of aqueous GO dispersion of 0.5
mg-mL™" concentration was mixed with 10 mL of aqueous pyrrole (Py) solution
of 0.1 M concentration. The mixed solution was sonicated for 5 min in order to
achieve homogeneous dispersion. Before the Py solution preparation, the pyr-
role precursor (Fluka) was purified by distillation over calcium hydride in a
laboratory vacuum-gas setup and stored in the dark, under Ar (Argon) atmos-
phere at a low temperature (-10°C). To the 20 mL of the previously mentioned
sonicated mixed solution, 10 mL of aqueous solution of oxalic acid (Sigma
Aldrich) of concentration 0.1 M (pH =~ 1.3) was added, stirred, and poured into
the above-described electrochemical cell. After that the coating deposition was
started immediately. The hybrid synthesis process was carried out for ten
minutes with constant current mode with a current density of 0.5 mA-cm™. The
prepared coating was cleaned with deionized water and dried in air at room
temperature.

(©)

Figure 2. Bare and coated metal substrates: (a) SS substrate coated with GO-
PPy hybrid coating, (b) bare and rGO/3%(Al,05/Ti0,) coated SS substrates, and (c) bare
and rGO/3%(A1,05/Ti0;) coated Ti alloy substrates.
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Thin Al,Os and TiO, films were deposited onto the rGO coated SS (Figure 2b) and
Ti alloy (Figure 2c) substrates using the atomic layer deposition technique in a
flow-type low-pressure reactor [40]. For the preparation of reference samples,
Al O; and TiO, films were deposited also on Si (1 0 0) substrates. The Si (1 0 0)
substrates were cleaned by etching in HF to remove the native oxide and then rinsed
in de-ionized water. In the text, the 6 films of 3x(Al,05/Ti0,) together, are referred
to as “laminate”. The Al,O; and TiO, films were deposited in the ALD reactor
under a stream of pure nitrogen gas (99,999%, AGA Estonia). The substrates were
coated with 200 cycles of Al,Os using the following precursors: Al(CHs); (TMA;
98%, Strem Chemicals) and distilled water, at the substrate temperature of 125°C,
with sub-cycle periods of 3/2/2/5 s. Next, TiO, was deposited also for 200 cycles,
using TiCly (99.9%, Strem Chemicals) and H,O as precursors, at the same substrate
temperature and with sub-cycle periods of 2/2/2/5 s. The growth procedure was
repeated for three times in order to accomplish six metal oxide layers.

Coating characterization

Both GO and rGO nanoplatelets deposited onto Si (1 0 0), SS, and Ti alloy
substrates were studied with p-Raman Spectroscope-Microscope (in Via
Raman, Renishaw), with a laser beam of 514 nm. The IR radiation transmit-
tance/absorption of the GO powder was analyzed with Fourier Transform Infra-
red spectroscope (FTIR; BXII, Perkin Elmer) using the potassium bromide
(KBr) beam splitter and deuterated triglycine sulfate (DTGS) detector. All
measurements were carried out by micro-attenuated total reflectance (u-ATR)
cell using ZnSe internal reflection element.

The surface morphology of the coated substrates was studied with high-res-
olution scanning electron microscope (HR-SEM; Helios NanoLab 600, FEI
Company). The structural properties of the coatings were analyzed using Raman
scattering and X-ray diffraction (XRD; SmartLab, Rigaku using CuKa radia-
tion) studies. Inspection of the coatings was also made by preparing cross sec-
tions of samples with Focused Ion Beam (FIB) of the HR-SEM.

Corrosion analysis

Corrosion normally occurs at a rate determined by the equilibrium between
opposing electrochemical reactions. One of them is the anodic reaction, in
which a metal is oxidized, releasing electrons into the metal. The other is the
cathodic reaction, in which the solution species (often O, or H') is reduced,
removing electrons from the metal. When these two reactions are in equilib-
rium, the flow of electrons from each reaction is balanced, and no net electron
flow (electrical current) occurs. The two reactions can take place on one metal
or on two dissimilar metals (or metal sites) that are electrically connected. Fig-
ure 3 sketches this process. The vertical axis indicates the electrical potential
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and the horizontal axis shows in logarithmic scale the absolute value of total
current density. The theoretical current for the anodic and cathodic reactions is
represented as straight lines. The curved line is the total current: the sum of the
anodic and cathodic currents. The sharp point in the curve is actually the point
where the current reverses polarity as the reaction changes from anodic to ca-
thodic, or vice versa. The sharp point is caused by plotting along the logarithmic
axis. The use of the logarithmic axis is necessary because of the wide range of
current values that must be recorded during a corrosion experiment. Because of
the phenomenon of passivity, the current often changes by six orders of magni-
tude during a corrosion experiment.

The potential of the metal is the means by which the anodic and cathodic reac-
tions are kept in balance. Figure 3 shows that the current component of each half
reaction depends on the electrochemical potential of the metal. Let us suppose that
the anodic reaction releases too many electrons into the metal. Excess electrons
shift the potential of the metal to more negative, which slows the anodic reaction
and speeds up the cathodic reaction. This counteracts the initial perturbation of the
system. The equilibrium potential assumed by the metal in the absence of electrical
connections to the metal is called the corrosion potential, E.,.. The value of either
the anodic or cathodic current at E,,, is called the corrosion current density, Iy If
we could measure I, we could use it to calculate the corrosion rate of the metal.
The above description of the corrosion process does not say anything about the state
of the metal surface. In practice, many metals form an oxide layer on their surface
as they corrode. If the oxide layer inhibits further corrosion, the metal is said to be
passivated (as in this study), in this case .y is represented as Iy, passive current
density. In some cases, local areas of the passive film break down, allowing signifi-
cant metal corrosion to occur in a small area. The potential in which passive film
breakdown occurs is called pitting potential, represented as Ey;. This phenomenon
is called pitting corrosion or simply pitting.
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cathodic current
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Figure 3. Corrosion process showing the anodic and cathodic components of the total
current.
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The corrosion inhibition ability of the substrates was assessed by monitoring the
open circuit potential (Eq,), potentiodynamic polarization, voltammetry, Tafel
plot, electrochemical impedance spectrometry (EIS), and a test of a long-term
immersion in salt solution. The electrochemical measurements were carried out
at room temperature, in 3.5 % NaCl aqueous solution for AISI 304 stainless
steel, and in 1 M aqueous KBr solution for Ti-6Al-4V titanium alloy. The
standard ASTM G48A salt test analysis (a test for pitting and crevice corrosion
resistance of stainless steel alloys) was carried out to study SS/GO-PPy coating
durability. The samples were immersed into 6 % ferric chloride (FeCl;-6H,O0;
Sigma Aldrich) aqueous solution, the pH of which was adjusted to 1 by adding
HCI acid. The test was carried out for six days. The tested substrates were ex-
amined with a high-resolution scanning electron microscope. A minimum of
two samples were tested per condition, in order to guarantee reproducibility.
The E,, was measured under continuous immersion after the potential stabili-
zation. Potentiodynamic polarization was carried out in a potential range, from -
250 to +250 mV, with a standard scan rate of 0.125 mV/s. Reference 600 Po-
tentiostat/Galvanostat (Gamry Instruments) was used for all the electrochemical
measurements. A PTC1™ test cell (Gamry) was used to fix the samples as
working electrodes and contain the solution, while Port Holes™" Masks (Gamry)
were used to limit the exposed area of the sample to 1 cm®. A three-electrode
arrangement had the potassium chloride saturated calomel electrode (SCE;
Evikon MCI OU) as reference and a platinum wire as counter electrode.

Electrochemical impedance spectrometry (EIS) was carried through in a fre-
quency range from 0.01 to 10° Hz, with nine points per decade, with a sinusoi-
dal excitation potential of 10 mV (amplitude RMS) applied around the Eocp,
and measured after the stabilization of the latter, i.e. under steady state condi-
tions. Fitting of the spectra was done using Zview® 2.70 software (Scribner
Associates, NC, USA), in which depressed capacitive loops are treated as con-
stant phase elements (CPE) [41], whose impedance is given by Zcpg [42]:

1
Zopp = —— 1
CPE ™ (oyng )

In this approach it is assumed that the micro-roughness and heterogeneity of the
surface generates a non-uniform distribution of charge, which results in a dis-
persion of the time constants (z = RC, where R is resistance and C is capaci-
tance) responding at different frequencies. With this interpretation, Q is the
frequency-independent component and is proportional to the area of the active
sites that contribute to the process, whereas the exponent » indicates the devia-
tion from an ideal dielectric behavior, being n = 1 for an ideal capacitor and n =
0 for an ideal resistor [42]

A minimum of two samples were analyzed per condition to guarantee repro-
ducibility.
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GRAPHENE AND GRAPHENE OXIDE BASED
PROTECTION AND FUNCTIONALIZATION OF
STAINLESS STEEL SURFACE

(Paper I)

Characterization of nanographene and its coating

The GO prepared using modified Hummers’ method is dispersed in water and
in organic solvents (ethanol and N-methyl-2-pyrrolidone). Due to the presence
of a large variety of oxygen functional groups in the GO structure, the material
becomes polar and hydrophilic in nature, which enhances the dispersibility of
GO [35].

Figure 4. HR-SEM images of: (a) graphite powder (row material), (b) GO film on Si (1
00), (c) GO coated SS, and (d) rGO coated SS substrates.
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Figure 4 shows HR-SEM images of GO and rGO coated surface morphology on
Si (100) and SS substrates. Dimensions of rGO nanoplatelets become smaller
than GO nanoplatelets; this could be the effect of an additional reduction pro-
cess, which generates additional defects that are also showing more intense D
band in the Raman spectrum than the ones for GO (see Figure 5), and more
defective nanoplatelets can be destroyed more easily during the sonication pro-
cess. Raman spectra of raw graphite powder, GO and rGO nanoplatelets depos-
ited on Si substrates were also studied (Figure 5). The carbon material generally
shows characteristic G and D bands.
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Figure 5. Raman spectra of graphite powder (raw material), and synthesized GO and
rGO films on Si (1 0 0) substrate.

The G band at ~1582 cm™ arises from first order scattering of phonon E,g
symmetry at the I' point of the first Brillouin zone of graphite and involves in-
plane bond stretching of sp” carbon pairs [43,44], whereas the D band at 1350
cm’ arises from the breathing mode of K (kappa) point phonons of Ag sym-
metry. The D band appears only in disordered carbon materials and its intensity
is connected to the presence of six-fold aromatic rings [39,45]. High values for
the ratio of the integrated intensities of the D and G bands (Ip/Ig) are usually
taken as an indication of disorder in the structures. The Ip/Ig ratio values for
graphite powder and GO nanoplatelets were 0.97 and 0.90, respectively. After
chemical reduction, the Ip/Ig ratio was increased to 1.18, suggesting an increase
of the disorder level of the material. A similar increase of the ratio Ip/Ig has
been reported in the literature [46—50]. Alternatively, this increase could result
from the smaller lateral scale of graphene flakes, which would increase the
concentration of defects [38, 39]. However, it has also been suggested that GO
is an amorphous state and that the graphitic state can only recover after reduc-
tion, which means that the Ip/Ig ratio cannot be directly compared between these
two states [45,51]. The presence of a large number of hydroxyl, carboxyl and
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other oxygen consisting groups in the GO structure decreases the relative num-
ber of aromatic rings, diminishing the intensity of the 2D band [47]. Such de-
crease in aromaticity agrees well with the low electrical conductivity of GO.
After chemical reduction, most of the oxygenated functional groups were re-
moved, increasing both the aromaticity and the electrical conductivity in the
rGO structure. This reduction process could be limited if the aromatic areas in
rGO are small and thus the relative intensity of the D band is in sum increasing,
leading to the increase of Ip/Ig ratio. The S3 band observed at 2882 cm’ re-
sulted in a combination of phonons connected with the D and G bands.

The extent of the reduction of the GO material was also analyzed by FTIR
spectroscopy. The IR transmittance spectrum of GO (Figure 6) showed two
strong absorption peaks at 3422 and 1117 cm™. The first one was caused by the
stretching vibration of both structural OH groups and adsorbed water mole-
cules; the second one was due to typical C—O structural vibration. The C—H,
0=C—H, C=0, and C=C stretching vibrations were also found, at 2924, 1706,
1567, and 1382 cm’, respectively [52, 53]. After chemical reduction, the as-
signed high intensity peaks were diminished. The band corresponding to OH
groups, which appeared at 3427 cm™, was also observed for the KBr matrix.
The band at 1633 cm™ can be assigned to stretching of the adsorbed water mol-
ecules [54-56]. During the reduction step, the carboxyl groups present in the
GO structure cannot be easily reduced [57]. These groups could remain un-
touched during the reduction process and are most probably localized at the
edges of graphene nanosheets.
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Figure 6. FTIR spectrum of GO and rGO nanoplatelets measured in KBr matrix.

Their presence should not deleteriously influence the electronic properties of
graphene nanoplatelets. The spectra also contain a component from the skeletal
vibration of un-oxidized graphitic domains [56, 57].
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Protection performance of the
GO/rGO coatings on SS substrates

Figure 7 represents the results of open circuit potential change of the GO and
rGO coated and bare SS substrates measured in aqueous NaCl solution. The
potential shifted towards anodic direction when GO and rGO covered the sub-
strate surface, indicating that the surfaces were affected by electrochemical
processes. The GO and rGO coated samples showed relatively stable potential
values as compared to the bare substrate. However, all of the samples showed
transients towards a negative potential. The transients were smallest for the GO
coated substrate.
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Figure 7. Open circuit potential of the SS bare, SS/GO and SS/rGO-coated SS samples
for 3 h stabilization in 3.5 % aqueous NaCl solution.

These transients indicate meta-stable pit formation on the sample surface that
was briefly passivated. The coatings with fewer transients reflect better passiv-
ity against localized corrosion. As is seen in Figure 7, the sample with GO
coated surface showed the best Eqcp stability, but the rGO coating also inhibited
the potential stability after 1.5 h. This result primarily indicates the passivity of
GO and rGO coatings. Furthermore, to analyze the extent of passivity, we per-
formed a potentiodynamic polarization analysis before and after 30 days’ im-
mersion of the coated samples in the salt solution. The corrosion potential, pas-
sive current density, and pitting potential were determined from potentiody-
namic plots shown in Figure 8. The E.,. of the bare, GO and rGO coated sub-
strates was found to be —10, +44 and +20 mV, and the I, 54.2, 28.1 and 26.2
nA/cm?, respectively. The shift of E.,y to a more anodic region and the decrease
of I, reflect the formation of a passive layer on the alloy surface that works as
a passive barrier against the penetration of corrosive Cl™ ions, thus providing
protection against corrosion.
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Figure 8. Potentiodynamic plot of SS bare, SS/GO and SS/rGO coated samples meas-
ured in 3.5 % aqueous NaCl solution.

The E,; for the bare, GO, and rGO coated samples was found to be 236, 340,
and 284 mV, respectively. The above data analysis suggests that the GO coated
sample exhibited a better protection ability than the rGO coated one, revealing a
better passivity of the GO nanoplatelets as we already showed in the Eqcp anal-
ysis above. This is probably due to the presence of a wide range of oxygen
containing functional groups in the GO structure, which may give a negative
charge density to the coating [58]. For that reason, the coating creates an elec-
trostatic repulsion against corrosive CI~ ions. Moreover, both GO and rGO
coatings minimized the formation of meta-stable pits in the cathodic potentials
of the polarization curves. Nevertheless, the coatings failed to block the for-
mation of meta-stable pits in the anodic potential part, although the rate of the
meta-stable pits formation was reduced to some extent in comparison to the
curve belonging to bare SS substrate. In polarization plot (Figure 9) samples
after thirty days immersion in the salt solution showed that the E; of the GO
and rGO coated substrates increased to +451 and +457 mV, respectively. These
results imply that even after long immersion time the GO and rGO coated sam-
ples showed much higher passivity than the bare substrate.

The results indicate that nanographene passive layers remain quite stable in
the salt solution for a long time. Surprisingly, the tests shows that the rGO
coated sample seems to be even a little more passive at the end of the long-term
test than the GO coated one. However, it is interesting that the formation of
meta-stable pits on the GO and rGO coated samples is reduced to a significant
extent (compare plots in Fig. 8 and 9).
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Figure 9. Potentiodynamic plot of the bare SS, SS/GO and SS/rGO coated samples after
30 days immersion in 3.5 % aqueous NaCl solution.

Figure 10 shows HR-SEM images of the surface morphology of bare, SS/GO,
and SS/rGO coated samples after a month of the immersion test, where the
formation of corrosive products is barely noticeable, especially on the SS/GO
surface, which directly indicates the barrier property of the nanographene coat-
ings. It is highly probable that even after long immersion the GO and rGO
coatings can still protect, to some extent, the formed passive layer from the
corrosion attack. However, to increase the adhesion of substrate-nanoplatelets
and maximize the protection efficiency, modifications are needed. As an ad-
vanced modification of the GO and rGO coatings, we have developed a GO-
polymer (GO-PPy) hybrid coating, which enhances the protection performance
and substrate stability for a longer period of time.
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Figure 10. HR-SEM images of (a) bare SS, (b) SS/GO, and (c) SS/rGO coated samples
after thirty days immersion in 3.5 % aqueous NaCl solution.
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PROTECTION AND FUNCTIONALIZATION OF SS
SURFACE BY GO-PPy COMPOSITE/HYBRID COATING

(Paper II)

Coating morphology and structural properties

As a modification and functionalization of GO coatings we deposited a GO-
polypyrrole (GO-PPy) composite/hybrid coating onto the SS substrate. The
electrochemical GO-PPy composite deposition mechanism was compared with
the polypyrrole (PPy) deposition mechanism. During galvanostatic electrodepo-
sition, the depositional potentials for both were recorded and the results are
presented in Figure 11. At the beginning of the PPy deposition, the potential
increased rapidly to 0.72 mV, which is the peak potential, then rapidly dropped
down to 0.68 mV, followed by re-increase to 0.73 mV, which is the polymeri-
zation potential. During GO-PPy deposition, the potential of the system was
slightly decreased and then reached the polymerization potential, at 0.69 mV.
This lower polymerization potential for the GO-PPy composite material com-
pared with the PPy is likely due to the presence of the negative charge on the
GO sheets and indicates the involvement of GO nanosheets in the polymeriza-

tion (oxidation) reaction as “doping anions”, as mentioned also in earlier works
[59, 60].
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Figure 11. Potential change during galvanostatic synthesis of PPy and GO-PPy in
aqueous solution of oxalic acid during depositing the coatings onto SS substrates.

It is expected that during ultra-sonication, the positively charged Py cation radi-
cals could first attach at the basal planes and edges of a negatively charged GO
surface, and then the polymerization of Py would occur on the surface of the
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GO sheet. There is strong -7 stacking interaction between the GO sheet and the
electronic structures of the conjugated backbones of PPy. Thus, a compact GO-
PPy composite is synthesized and it is well bonded to the alloy substrate, to
which the relatively rough surface of the SS substrate also makes a contribution.

Figure 12. HR-SEM images of: (a) surface of GO-PPy coating deposited on SS sub-
strate, and (b) the coating cross-section with the marks of coating thickness measure-
ment.

Figure 12 shows the surface morphology of the GO-PPy composite coating on
the SS substrate. The coating morphology is homogeneous, has well-known
cauliflower structure, is dense without visible pores, and covers the substrate
even better than the previously studied GO film (see Figure 3c). The coating
thickness obtained was ~ 9 um (Figure 12b).
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Figure 13. Raman spectrum of PPy, GO-PPy and GO (inset) coated SS substrate.
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In Figure 13, the Raman spectra of the PPy and GO are compared with the GO-
PPy nanocomposite. One can see that the spectrum of PPy is characterized by
two broad bands near 1355 and 1582 cm™, respectively. These two bands corre-
spond to the ring stretching of the polymer backbone and the m-conjugated
structure [61,62]. In the spectrum of the GO-PPy composite, the D and G bands
of GO nanoplatelets are not clearly visible due to overlapping with the high
intensity broad bands of PPy in the same area.

Protection performance of the GO-PPy coating on SS substrates
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Figure 14. Electrochemical analysis of bare and coated SS samples measured in 3.5 %
NaCl aqueous solution: a) Tafel plots, and b) voltammetry plots.

The extent of corrosion protection by this composite coating was obtained from
Tafel and voltammetry analysis. Ecor, Leor, and E,i values were obtained from
Tafel plots as given in Figure 14a, and from voltammetry plots as given in Fig-
ure 14b. The E.,, for the GO-PPy composite coating had a value of 48 mV; for
the GO and uncoated surface it was observed at 32 and -9 mV, respectively. The
value of L, for the composite coating was determined to be 6.0 nA, which is
much lower than that of bare and GO coated substrates. The E; for the un-
coated, GO, and GO-PPy coated samples was observed at 243, 300, and 360
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mV, respectively. These analyzed experimental findings reflect the best passiv-
ity of the composite coating. To justify this result, voltammetry scan was also
performed (see Figure 14b). The E.. and E,; values showed a trend similar to
that in Tafel analysis for all the samples. However, a higher anodic current den-
sity value was noticed for the GO-PPy coated sample. This could be because of
the higher scan rate (10 mV/s) that was applied. Because of this higher scan
rate, the system could not get enough time to stabilize itself.

Furthermore, the stability of the GO-PPy composite coating was investigated
in a highly corrosive environment. The standard ASTM G48A ferric chloride
pitting test was analyzed for six days, and the resultant substrates were exam-
ined with an HR-SEM.

Figure 15. HR-SEM image of graphene oxide-polypyrrole composite coated stainless
steel substrate after 72 h and after 144 h (inset) immersion according to the ASTM
G48A standard immersion test.

Figure 15 presents HR-SEM images of the composite coating after 72 h and 144
h (inset) of immersion in aggressive ferric chloride aqueous solution. The coat-
ing was noticed to be stable more than 72 h (which is the standard testing time).
After 144 h of immersion, the coating structure deteriorated and coating break-
down was noticed in some areas. The positive effect of the addition of GO na-
noplatelets in the GO-PPy composite was clearly observed in the increase of the
coating resistance. However, the resistance efficiency of the coating can proba-
bly be further increased, yet more research and experimentation is needed.
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DEVELOPMENT OF CERAMIC-GRAPHENE
NANOLAMINATE COATINGS FOR CORROSION
PROTECTION OF STAINLESS STEEL

(Paper III)

Coating morphology and structural properties

The rGO coated substrate (Figure 16a) reveals a rough surface that cannot be dis-
tinguished from the bare substrate (not presented), due to the transparency of the
nanoplatelets to the electron beam under working conditions. The application of the
laminate (3%(Al,05/Ti0,)) resulted in a smoother surface, although the polishing
marks could still be detected on the deposit (Figure 16b). The morphology changed
when the substrate was first coated with rGO nanoplatelets, resulting in a globular
morphology of the composite deposit (Figure 16¢). However, the cross section of
the rGO/laminate substrate could not be adequately resolved by the HR-SEM to
avoid microscopic damage because of the magnetic substrate (Figure 16d). A simi-
lar coating system was applied on the silicon substrate to better understand the
coating formation and coating structure, which revealed a striped structure of six
alternate alumina and titania layers of relatively uniform and compact materials and
with a total thickness of ~150 nm (inset in Figure 16d).

SS substrate

rGO/laminate

500 nm

Sisubstrate ®0m

Figure 36. HR-SEM micrographs of a) SS/rGO, b) SS/laminate, ¢) SS/rGO/laminate, and d)
cross-sections of the SS/rGO/laminate and Si/rGO/laminate substrate, in the inset.
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The peak intensity ratio of D and G bands (Ip/Ig) in the Raman spectra of the
rGO coated substrate before and after lamination was found to be 0.96 and 0.98,
respectively (Figure 17). The G band position for the same was measured at
1595 and 1592 cm™, respectively. These changes indicated that oxygen in the
AlL,O; film was not chemically bonded to rGO nanoplatelets. For chemically
bonded oxide, the Ip/Ig ratio should have increased and the G band position
should have downshifted significantly [63, 64]. The low intensity and wide
bands found at 179, 447, and 608 cm™ (spectra 2 and 3) indicated an amorphous
structure of the oxide films, which was expected because they were grown at a
relatively low temperature (125°C) [65, 66], whereas the sample with layered
oxide only had no indication of crystalline carbon.
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Figure 17. Micro-Raman spectra of the SS/rGO (curve 1), SS/laminate (curve 2) and
SS/rGO/laminate (curve 3) samples.

When deposited onto the rGO coating, the AlLO5/TiO, layer provides good
coverage of the surface; this is not usually observed with the CVD grown or
micromechanically extracted graphene [67], and suggests that some water mol-
ecules or OH" groups have been physisorbed onto the surface of the rGO nano-
platelets. It has been reported that graphene can physisorb small molecules such
as H,O, NHj, Os, and NO, [68-71], which may work as active sites for the ad-
sorption of the aluminum precursor, favoring nucleation and growth of the
Al,O;. These molecules can become adsorbed on graphene due to a partial
charge transfer from graphene to N/O atoms. The irregular structure including
the borders/sides of the rGO nanoplatelets further enhances the adhesion of the
metal oxide films via the ALD technique. The growth of the TiO, film on the
Al,Oj; layer is easier because the alumina acts as an “adhesion layer.” However,
the direct growth of the TiO, film on the graphene surface is hindered because
the basal plane of graphene is unreactive [72, 73].
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Protection performance of the ceramic-graphene
nanolaminate coatings on SS substrates

Figure 18 demonstrates the results of a long-term (30 days) immersion in neu-
tral 3.5% NacCl solution of the laminate only (Figure 18a) and rGO/laminate
(Figure 18b) coatings. The first coating was seriously damaged during the test:
it was broken and delaminated. The image reveals a large corrosion pit gener-
ated by more passive phase particles, seen on the pit bottom. The second coat-
ing is without any visible defects and has even preserved the fine structure of
the laminate surface seen magnified in the inset — the surface structure is very
similar to that in Figure 16c¢, imaging the surface of an as-grown rGO/laminate.
Thus, the corrosion inhibition property of the laminate significantly improved
upon introduction of an interface layer of the rGO nanoplatelets. This observa-
tion primarily indicates the application of graphene-metal oxide nanocomposite
to protect the SS substrate from corrosion.

Figure 18. HR-SEM micrograph of the samples of a) SS/laminate, and b) SS/
rGO/laminate after 30 days of immersion in neutral pH 3.5 mass% NaCl aqueous
solution at room temperature; the inset in part b shows the surface structure in more
detail.

Further investigations were made by means of electrochemical analysis. Under
passive conditions and at neutral pH, the cathodic reaction on the surface is the
reduction of oxygen, reaction formula (2), while the anodic reaction is the pas-
sive dissolution of the alloy, reaction formula (3), namely at weak points like
pores in the coated samples.

O,+ 4e+ 2H,0 — 40H )
Fe’ 5> Fe* +2¢ (3)

The bare alloy presents reasonably stable open circuit potential values, in the
range of 0 to +0.20 V. These values are typical of passive stainless steel and
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indicate residual dissolution under anodic kinetic control. A few anodic
transients indicate metastable pits, i.e., instantaneous breakdown of the passive
film at weak spots, followed by reconstruction of the film (Figure 19).

The open circuit potential was shifted toward the less noble potentials when
the laminate layers covered the surface (curves SS/laminate and SS/rGO/
laminate), which may have resulted from anodic depolarization, i.e., increase of
the residual passive dissolution due to the increased surface area or increased
surface conductivity, or from cathodic polarization, i.e., to a hindered cathodic
reaction. All samples showed a relatively stable potential, although with anodic
transients. These transients were relatively small in the bare sample but quite
significant in the samples covered with only rGO or only laminate. In contrast,
the SS/rGO/laminate substrate was quite stable, with hardly any transients, thus
indicating a more stable passive film.

0.20

0.00

SSirGO

-0.20

E (V) vs SCE

SS/rGO/laminate

-0.40

SS/laminate

-0.60 PR T ST S S T T S S S S TS S S S S T ST S T S
0 50 100 150 200 250 300

Time (min)

Figure 19. Open circuit potential of the coated systems measured in neutral pH 3.5
mass% NaCl aqueous solution, for bare alloy (SS bare), alloy coated with an rGO thin
film (SS/rGO), alloy with a laminate oxide coating (SS/laminate), and a composite
hybrid coating (SS/rGO/laminate).

The corrosion potential extracted from the polarization plots supports the obser-
vations of the spontaneous potential in Figure 19. Potentiodynamic polarization
reveals passive behavior in all the samples. Compared to the bare sample, the
rGO surface has a marginally wider passive plateau because the pitting potential
has shifted only by ~5 mV in the anodic direction (Figure 20). However, nu-
merous metastable pits are observed in both samples; these events become more
frequent as the potential becomes more anodic, and are commonly associated
with weak points in the top layers. The application of the laminate onto the bare
alloy causes a drop of the passive current by approximately three orders of
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magnitude. The laminate by itself does not totally eliminate the formation of
metastable pits, whereas the SS/rGO/laminate sample clearly exhibits the best
passivity with the lowest passive current, the highest pitting potential, and
hardly any current transients. The potential and current transients observed in
the potential measurements (Figure 19) and in the polarization plots (Figure 20)
reveal the formation of metastable pits (i.e., fast nucleation of local anodes that
re-passivate after a few seconds) [74]. These events occur at a spontaneous
potential but become more frequent and more intense under increasing anodic
polarization. They can be observed on all samples with the exception of the full
system (i.e., the rGO/laminate), which reveals not only compatibility but also
synergy between the two layers. These pits eventually lead to active corrosion
whenever one of those pits does not re-passivate and therefore the synergistic
effect of the graphene-ceramic composite coating is significantly beneficial in
terms of corrosion protection. The graphene seems to work against the genera-
tion of local electric fields in the substrate near-surface area: first, acting as a
diffusion barrier for corroding ions, and second, increasing the conductivity of
the interface (otherwise formed by natural oxides of the substrate), thus screen-
ing local electric fields. To be sure that the deposition of the alumina ALD film
onto the rGO film does not decrease the electrical conductivity of the latter, the
film conductivity was measured before and after the deposition of a monolayer
of alumina. It produced the anticipated result that the electrical conductivity of
the rGO film increases considerably, approximately two times, probably due to
further reduction of rGO by TMA during the first cycles of ALD. Thus, the
possibility of the rGO interface layer to screen the local electric fields is even
improving after the laminate deposition. On the other side, it seems that the
interface layer preserves a certain electrochemical activity, so that it is not gen-
erating quick galvanic corrosion even by scratching the coating, as was shown
in the preliminary tests.
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Figure 20. Potentiodynamic polarization plots of the SS samples with different coatings
measured in neutral pH 3.5 mass% NaCl aqueous solution at room temperature.
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The EIS analysis yielded good reproducibility and the representative spectra are
presented as both Bode and Nyquist representations (Figure 21). The |Z| Bode
plot presents a straight line with a slope of -0.5 (Figure 21a), which corresponds
to a capacitor. This capacitive behavior goes down to the low frequency end of
the spectrum, which indicates that the charge transfer has very low kinetics. The
ohmic resistance is measured at high frequencies only in bare and rGO coated
samples but not in the samples with laminate due to the low capacitance of the
coatings, which causes a shift in the spectrum towards higher impedance, mov-
ing the ohmic resistance out of the frequency window. The laminate applied
directly onto the steel produces two capacitive regions separated by a resistive
plateau at intermediate frequencies, in which the high frequency capacitance
can be assigned to the alumina/titania film, and the low frequency portion of the
spectrum is nearly coincident with the spectrum of bare steel, thus correspond-
ing either to the fraction of the steel surface that was not covered or to the pores
of the laminate film. Because the HR-SEM and TEM analyses provided no
proof of non-coated areas and porosity of as-grown by ALD amorphous oxide
laminates, the pores or cracks could be generated into the coating during the
open circuit potential stabilization in the electrolyte before the electrochemical
measurements or during the measurements. The resistive plateau in the Bode
curve can be associated with the resistance of the electrolyte inside the channels
or cracks in the laminate [75, 76].

The full rGO/laminate system gave the highest impedance value, followed

by the metal oxide (laminate only) and the bare substrate, whereas the role of
the rGO layer by itself was only minor. Native oxides on stainless steels were
expected, and the corresponding capacitance and resistance were ~10” uF cm™
and ~10° Q cm’, respectively, in agreement with the typical values found in the
literature [77, 78]. Fitting an equivalent circuit (EC) with a single time constant
was attempted for the bare substrate (Figure 22a). In this circuit, R is the solu-
tion resistance, Rgs is the resistance of the native oxide, and QOss and n are the
constant phase element parameters attributed to the dielectric behavior of the
native oxide film (see equation 1 in paragraph 2 and fitted parameters in Table
IT). This EC accurately describes the high frequency portion of the spectrum,
above 0.1 Hz, where the passive film is measured (Figure 21a, b).
The EIS spectrum for the rGO-coated substrate shows a single capacitive loop
in the Nyquist plot (Figure 22¢). However, the fitting made using the EC in
Figure 22b with two time constants, corresponding to the rGO layer response at
high frequencies and to the native oxide response at low frequencies, was found
to be adequate (Figure 21d). In this situation, the capacitance of the native oxide
and that of the rGO layer are of the same order of magnitude. The resistance of
the rGO layer is low (Table II) and of the same order of magnitude as that of the
solution, which indicates contact between the electrolyte and the underlying
layer of the native oxide [78].
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Figure 21. Electrochemical impedance spectra measured at steady state in neutral pH
3.5 mass% NaCl aqueous solution at room temperature: a) Bode plots in impedance
amplitude presentation with experimental points and with fitting lines, b) Bode plots in
phase angle presentation with experimental points and with fitting lines, ¢) Nyquist
plots with experimental points connected with lines, and d) Nyquist plots with experi-
mental points and with fitting lines. The line numbers (symbols) are used to indicate
data for: SS/rGO/laminate 1 (full rings), bare SS 2 (open squares), SS/laminate 3 (open
rings), and SS/rGO 4 (full squares).
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Figure22. Electrical equivalent circuits used to fit EIS data for a) bare SS, b) SS/rGO,
¢) SS/laminate, and d) SS/rGO/laminate substrates. The subscripts indicate the solution
(S), substrate (SS), metal oxide laminate (lam), and full system, which is graphene
metal oxide laminate (rGO/lam).

The capacitance can be calculated from the standard equation:
C=¢eA/d 4)

where ¢ is relative dielectric constant, &, is the permittivity of vacuum
(8.85x10* F/cm), d is the thickness of the rGO layer (2-3 nm), and 4 is the
surface area (1.0 cm?). Considering a capacitance of ~76 pF, the resulting di-
electric constant for the rGO layer should be ~203, which is in good agreement
with the literature [79, 80].

Compared to the passive alloy, the laminate layer is thicker and thus a lower
capacitance should result according to Equation 4. The process in the high-fre-
quency region can be represented by six RC circuits placed in a series, corre-
sponding to the layered alumina and titania films, which would theoretically
result in a capacitance of 1.65x107 F cm?, considering the thickness of each
metal oxide layer to be d(Al,O;) = 42 nm, and d(TiO,) = 15 nm, and the dielec-
tric constants for the TiO, and Al,O; oxides as 30 [81] and 8 [82], respectively.
It is interesting that the capacitance is constant at high frequencies, while the
corresponding resistance varies (Table II); this is related to the fact that the
indicators measured are the resistance of the native oxide in the case of the bare
substrate and the resistance of the electrolyte through the pores of the coating in
the laminate system.
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Table II. EIS Fitting Parameters.

SyStem Rssa st: n RrGOa QrGOa n Rlama Qlama n %2
Qcm’ |Fem?Zs™! Qcm? | Fem2s™! Qcm? | Fem?s™
1

Bare SS |3.8x10°[3.7x10°(0.92 | - - - - - - 10.0033
SS/rGO  [2.0x10° | 3.3x10™ | 0.98 | 28.0 | 7.6x10™ |0.89 - - - 10.0012
SS/ 3.6x107 | 1.3x10° | 0.78 | - - - 11.9%x10° |5.0x107|0.87 [0.0108
laminate

SS/tGO/ |4.0x107 - - - - - - 3.7x1070.89 |0.0463
laminate

A single time constant was found to be sufficient to describe the full system
(SS/rGO/laminate) accurately (see the EC in Figure 22d and the fitting results in
Figure 21d). The coating reveals a high coverage of the surface and so only the
electrochemical response of the ceramic layer is measured. The theoretical and
experimental values of the laminate capacitance agree, indicating that the rGO
layer has little influence on the dielectric properties of the coating but does help
preserve its corrosion protection properties.

Porosity Evaluation

Since the electrochemical results suggest a porous structure for the laminate, the
sealing performances of the laminate and rGO/laminate coatings were estimated
in the surface fraction of the substrate exposed to the electrolyte. Defects in the
coating were assumed to connect the bulk electrolyte to the substrate surface
where the corrosion reactions occurred. Several electrochemical methods have
been proposed to evaluate the coating porosity [83—87]. For smooth films, the
porosity (P) can be estimated from the passive current density extracted from
the polarization curve at a potential of +0.2V anodic with respect to the open
circuit potential, for the coated sample i, and for the bare sample ig [87,88]:

P =2 x 100 (%). (5)
p

The passive current densities and the estimated porosity are shown in Table II1.
The rGO coated steel is very rough and therefore the method cannot be applied.
The laminate layers show very low porosity and the full system can be consid-
ered to form a good physical barrier, which is in agreement with its electro-
chemical response in chloride medium.
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Table III. Passive Current (i,) Density and Coating Porosity.

System/Parameters* ip+x (A/ cmz) i, (Alem’) P (%)
SS/laminate 5.0x1071° 1.4x1072
3.5x10°¢
SS/rGO/laminate 2.0x107° 5.7x10

* All parameters determined for the samples immersed into neutral pH 3.5 mass% NaCl aqueous
solution at room temperature;

Hok ig- and i,- passive current densities estimated from potentiodynamic data of bare SS and
coated SS samples, respectively, at potentials £ = Ecor + 0.2 V, where Ecor is corrosion
potential;

*** P- porosity, estimated by Equation 5.
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PROTECTION AND FUNCTIOLIZATION OF Ti ALLOY
WITH GRAPHENE NANOPLATELETS-METAL OXIDE
COMPOSITE COATINGS

(Paper 1V)

Coating morphology and structural properties

Similar rGO-metal oxide coatings are also applied on Ti Grade 5 alloy sub-
strate. When the Al,O; (alumina) and TiO, (titania) metal oxide nanocoating
(laminate) is applied directly on alloy substrates, these metal oxides take a
round shape, which seems to follow the rough morphology of the substrate
(Figure 23a). When the same metal oxides are applied onto the rGO layer, the
morphology of the metal oxides is quite different (Figure 23b).

(@) (b)

Figure 23. HR-SEM images of: (a) Ti-alloy/laminate and (b) Ti-alloy/rGO/laminate
surfaces before testing.

The surface has a well-defined globular structure, with small grains of approxi-
mately 0.1 umy; this structure is typical of amorphous metal oxides. The nuclea-
tion of metal oxides on the rGO surface is clearly good as the metal oxides
cover the surface homogeneously. The rGO/laminate coatings have been devel-
oped on Ti alloy substrates. The cross section of the Ti-alloy/rGO/laminate
sample (Figure 24) shows a very thin dark layer of rGO nanoplatelets covered
by a striped structure that corresponds to the six sublayers of metal oxides lami-
nate, finally covered with Pt protective coating deposited locally with the FIB
(topmost).

41



Pt coating

Ti alloy substrate

Si substrate

400 nm

1 um

Figure 24. FIB-SEM cross section image of rGO/laminate coated Ti-alloy and Si sub-
strate (inset).

The coating has a total thickness of ~200 nm and it is compact. A similar coat-
ing has also been prepared on Si substrate as reference and is shown in the inset
(Figure 24). The Al,O; sublayer, deposited directly onto the rGO surface, well
covers the graphene layer, which is not common for CVD or micromechanically
extracted natural graphene. The growth of the TiO, film becomes easier when it
applies onto the Al,O; layer. The alumina film thus acts as an “adhesion layer”,
enabling an easier growth of the TiO, film than that on the graphene surface
directly. This effect we saw already during deposition of similar coatings onto
SS-substrates in paragraph 7, and it is discussed there in more detail.
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Figure25. Raman spectrum of rGO and rGO/laminate coated Ti-alloy substrate (Ti).
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The Raman spectrum of rGO, laminate, and rGO/laminate coatings is shown in
Figure 25. Commonly a change in Ip/Ig ratio as well as a shift of the G band
after ALD lamination provides information about the nature and structure of the
metal oxide films on the graphene surface. The Ip/Ig ratio before and after lami-
nation was found to be 0.95 and 0.97, respectively.

The G band positions for the above were measured at 1595 and 1592 cm”, re-
spectively. These changes indicate that the oxygen from the Al,Os film is probably
not chemically bonded to rGO nanoplatelets. If they had been chemically bonded,
the Ip/lg ratio should have increased significantly and the G band position would
have downshifted to a greater extent. Some low intensity bands at 170, 438, and
613 cm™ were also observed and revealed the amorphous structure of the oxide
films, as expected for films grown at relatively low temperatures.

The X-ray diffraction (XRD) patterns for both laminated substrates, with and
without the rGO film (Figure 26), confirm that the deposited oxides are amor-
phous. In fact, the introduction of the rGO layer affected somewhat the relative
intensity of the main diffraction peaks, but the diffraction peaks measured are
the same and correspond to the spectrum of titanium alloy.
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Figure 46. X-ray diffraction pattern of Ti-alloy/rGO/laminate (curve 1) and Ti-alloy/
laminate (curve 2) samples, and theoretical curve of pure hexagonal Ti (top curve).

Protection performance of graphene-metal oxide
(rGO/laminate) composite coatings on Ti alloy substrate

After successful evaluation, the rGO-metal oxide coating is applied on the Ti
alloy substrate. The corrosion inhibition of titanium and its alloys in chloride
medium is recognized as remarkably good. The naturally formed passive oxide
layer on it is quite stable against moist chloride, ClO,", hypochlorous acid, and
salts like NaCl, KCI, NH,4Cl, MgCl,, BaCl,, CuCl,, and FeCl; neutral solutions
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[89]. However, passive metals and alloys can be prone to pitting corrosion un-
der aggressive conditions, particularly in the presence of halide salts. Among
halide salts, bromides seem to be the most aggressive to titanium alloys [2]. For
that reason, the corrosion inhibition ability of the prepared coatings was studied
in aqueous potassium bromide solution. As a primary analysis, the surface mi-
crostructures of the substrates were studied upon long-term (40 days) immer-
sion test in the salt solution. The rGO/laminated substrate remained unaffected:
no visible coating delamination or coating breakdown was noticed (Figure 27¢),
whereas the other substrates were severely affected by corrosive bromide anions
(Figure 27a, b). The salt test analysis primarily demonstrated that the rGO-metal
oxide coating can be used as an effective corrosion inhibitor.

Figure 27. HR-SEM images of: (a) bare, (b) coated with rGO, and (c) coated with
rGO/laminate Ti-alloy substrates after 40 days exposure in 1 M KBr aqueous solution.

The above analysis was further confirmed through electrochemical tests. The
polarization test of the substrates was carried out in continuous immersion for 2
hours, see the open circuit potential curves in Figure 28. The potential was quite
stable in all the samples within the duration of the experiment, which is normal
for passive systems and reveals stable systems, with no signs of pitting corro-
sion. According to the Pourbaix diagrams, the OCP of all the systems was in the
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region of passivity [2]. Still, the laminate caused a shift to more
tials, probably due to the presence of aluminum oxide.
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Figure 28. Open circuit potential (Eocp) of bare and coated Ti-alloy substrates (Ti)
measured in 1 M KBr aqueous solution.

The systems with the rGO layer (both with and without the laminate) had a shift
of ~100 mV in the anodic direction. The polarization plots given in Figure 29
were obtained starting from a cathodic potential. The corrosion potentials ob-
tained from the curves were all shifted in the cathodic direction as compared to
the Eqcp values, due to the changes induced by the cathodic part of the experi-
ment on the surface and also in the local pH. The potential shifts were all
around -200 mV, whereas the sample with the laminate had a shift of -400 mV
only, which indicates that it was more susceptible to the cathodic polarization,
i.e., it was more reactive.
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Figure 29. Tafel plots of the bare, rGO-, laminate-, and rGO/laminate coated Ti-alloy
substrates (Ti) measured in 1 M KBr aqueous solution.
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From the potentiodynamic plots, open circuit potential, passive current density,
and pitting potential vales for all the samples were determined and is presented
in Table IV.

Table IV. Open circuit potential (Eocp), passive current density (/pass), and pitting po-
tential (E,;) values.

Sample Eocp (mV, SCE) I MA/cm®) | Eyi (V v. SCE)
Ti bare -40 2.2 1.1
Ti/rGO 70 140 04
Ti/laminate -120 0.03 3.0
Ti/rGO/laminate 80 0.1 5.5

The rGO film increases the passive current, possibly due to increased surface
conductivity or active area, whereas the samples with the laminate (both with
and without the rGO underneath) have the lowest passive current dissolution.
The slope of the cathodic branch of the polarization plots is the same in all
cases, indicating that the reduction reaction is probably the same, which at this
pH should be the reduction of dissolved oxygen. The pitting potential was de-
termined from the fast anodic polarization curves shown in Figure 30. The value
of Ey of the bare and rGO coated substrates was found to be 1.1 and 0.4 V,
respectively. The E,; for the only laminated and rGO/laminated substrates was
found to be as high as 3.0 and 5.5 V, respectively. The above analysis suggests
that the rGO/laminate coating exhibits a much better inhibition ability than
others by increasing the Eocp and lowering I, value. The inhibition ability is
thus significantly increased upon introducing the rGO nanoplatelets film be-
tween the metallic substrate and metal oxide layers. The above experimental
analysis demonstrates that the rGO/metal oxide laminate coating can act as a
good corrosion inhibitor. This composite material can be used to prepare better
and effective protective coatings for the Ti-alloy substrate, which definitely
increase the lifetime of the substrates.
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Figure 30. Voltammetry plots of the bare, rGO coated, Al,03/TiO, laminated, and
rGO/Al,0;/TiO, laminated Ti-5 substrates measured in 1 M KBr aqueous solution.
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CONCLUSIONS

In this study the preparation technology of GO and rGO nanomaterials and of
their simple coatings, GO-PPy hybrid and rGO/3%(Al,03/TiO,) composite
coatings was elaborated and described, the coatings’ properties were investi-
gated, and their performance to act as thin corrosion protective coatings was
tested. The study was carried through in a complex way, using different thin
film preparation techniques: spin-coating, electrochemical deposition, and
atomic layer deposition, and a number of solid sample characterizations and
testing methods available at both the Institute of Physics and the Institute of

Chemistry of the University of Tartu were used.

The extent of corrosion protective performance of the coatings before and
after long-term immersion in salt solution was investigated through the meas-
urement and determination of the open circuit potential, Tafel plots, voltamme-
try curves, electrochemical impedance, as well as by carrying through standard
ASTM G48A salt test and long-time immersion in aqueous sodium chloride or
potassium bromide solution, depending on the coating material and the substrate
used.

The main results and novelty of the studies presented in the thesis are as
follows:

4 Preparation of graphene oxide and reduced graphene oxide nanoplatelets,
both as dispersions in water/polarized organic solvents and powders, us-
ing as raw material powder of natural graphite, and a modified mechano-
chemical method was introduced and exploited;

4 Preparation technologies of thin GO and rGO simple coatings, GO-PPy
hybrid and rGO/nx(Al,0;3/Ti0,) composite coatings were elaborated and
exploited for coating AISI type 304 stainless steel and Ti-6Al-4V tita-
nium alloy substrates. Spin coating was used for the preparation of the
simple graphene based coatings, electrochemical deposition for the hy-
brid coating, and atomic layer deposition technique for the composite
coating;

v' The simple thin coatings of GO and rGO nanoplatelets exhibited a limited
protection of the metallic substrates and can find usage in mild corrosive
environments or for relatively short-term using. Nevertheless, the coat-
ings cannot protect the SS samples against the pitting corrosion in neutral
salt solutions for a longer period;

v The hybrid GO-PPy coating on the SS substrate, with a thickness of ~ 10
um, was the thickest one that was studied in this work, and it showed
medium protection of the substrate, well withstanding a 72 h ASTM
G48A standard immersion test. But after 144 h testing time cracks and
openings were seen in the coating, which means that it had lost its pro-
tective character. For that reason, this type of coating could be used in
medium corrosive environments and probably also in medicine for coat-
ing some implants and prostheses: the PPy is known as a biocompatible
material, and the coating preparation technology allows to easily add into
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it drugs or anti-inflammatory impurities for better treatment of the pa-
tients during and after surgery. Unfortunately, this coating cannot be used
on the surfaces exposed to hard mechanical contacts and/or wearing be-
cause of the low hardness and wearability of the material;

The composite coating consisting of the rGO underlayer and the metal
oxide laminate (3x(Al,05/Ti0,)) top layer prepared by the ALD method
showed good corrosion inhibition properties, which were demonstrated
by both the electrochemical measurements (increased pitting potential,
decreased corrosion and passivation currents, and lowered coating poros-
ity) and the successful long-term salt solution immersion tests. It is im-
portant to point out that the laminate or the graphene layers alone could
not protect the metal substrates against pitting corrosion; the possible rea-
sons are given and discussed in the thesis;

Finally, three types of corrosion coatings developed and tested in this
thesis showed different levels of corrosion inhibition and can be used in
different applications. This allows us to declare that the application of the
study results increases the lifetime and stability of metal parts and equip-
ment made from these materials, helping to save materials and energy,
and thus to develop a more sustainable society.
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SUMMARY IN ESTONIAN

Uudsed nanostruktuursed korrosioonivastased
komposiitkatted

Antud doktoritéos uuriti grafeenoksiidi (GO) ja redutseeritud grafeenoksiidi

(rGO, edaspidi grafeen) valmistamise tehnoloogiat ja kirjeldati seda, valmistati

nende ainete baasil lihtkatted, hiibriidkatted koos poliipiirrooliga (GO-PPy) ja

komposiitkatted koos metalloksiidide kiledega (rGO/(3x(Al,05/Ti0,)), edaspidi
laminaat), mis kanti roostevaba terase (AISI 304, lith. SS) voi Ti-sulamist

(Ti-6Al-4V, lih. Ti5) valmistatud aluste pindadele. Katted valmistati vurr-

katmisega (GO ja rGO katted), elektrokeemilise sadestamisega (hiibriidkatted)

ja kombineeritud vurr- ning aatomkihtsadestamisega (komposiitkatted). Uuriti
antud katete omadusi, kasutades laia hulka tahkisobjektide karakteeriseerimise
vahendeid, mis on saadaval TU Fiiiisika ja Keemia instituutides ning mérati
nende katete vOimet pidurdada alusmaterjalide korrosiooni korrodeerivates
soolalahustes. Viimastes katsetes kasutati nii pikaajalisi immersiooniteste,
nditeks standardne ASTM G48A soolatest voi immersioon NaCl (voi KBr)
vesilahustes kui ka suhteliselt kiireid elektrokeemilisi modGtmisi-analiilise,
nditeks avatud vooluahela pinge ileskirjutus, Tafeli ja voltamperomeetriliste
kdverate mdotmine, elektrokeemilise impedantsi spektromeetria ja modelleeriv
analiiiis.

Antud doktoritods labiviidud uuringute pohilised tulemused ja nende uudsus
on jargmine:

v Juurutati ja vdeti laboratoorsesse kasutusse grafeenoksiidi ja redutseeritud
grafeenoksiidi tehnoloogia, mis pohineb loodusliku grafiidi pulbri to6tle-
misel modifitseeritud mehaano-keemilisele meetodil;

v' Tootati vilja ja voeti kasutusse tehnoloogia dhukeste GO ja RGO liht-,
hiibriidsete GO+PPy ja submikromeetrilise paksusega komposiitsete
rGO/laminaat katete valmistamiseks roostevaba terase ja titaansulami
alustele, kasutades lihtkatete tegemiseks vurrkatmise, hiibriidsete katete
jaoks elektrokeemilise ja komposiitkatete tarvis aatomkihtsadestamise
tehnikaid;

v GO ja rGO Jhukesed lihtkatted niitasid korrosioonikatsetes ja -testides
iiles piiratud metallipindade kaitse omadusi, mistottu neid saab kasutada
viahekorrodeeruvates ja suhteliselt kuivades keskkondades voi siis karmi-
mates tingimustes suhteliselt lithiajaliselt. Igal juhul ei suuda sellised kat-
ted kaitsta roostevaba terast punktkorrosiooni eest, kui objekt asub pike-
mat aega neutraalse pH-ga soolalahuses;

4 Hiibriidsed GO-PPy katted, mis kanti SS-alustele, olid antud t66 kdige
paksemad katted (~10 pm) ja need néitasid iiles keskmist terasaluse
kaitset korrosiooni vastu, pidades vastu standardsed 72 tundi reaktiivst
immersioonitesti, vastavalt ASTM G48A eeskirjale. Samas, pirast 144 h
sama testi oli margata hiibriidkatte purunemist ja aluse pinnalt irdumist,
seega katte kaitsefunktsiooni 10ppemist. Seetottu saab viita, et seda tiilipi
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katteid on voimalik kasutada pikemat aega keskmiselt reaktiivsetes kesk-
kondades. Samuti voib selline kate pakkuda huvi meditsiinilistes kasu-
tustes, nditeks implantaatide, proteeside katmiseks, kuna poliipiirrool on
tuntud biosdbralik materjal ning sellele saab hdlpsasti lisada ravimeid
ja/voi poletikuvastaseid lisandeid. Kahjuks ei saa sellist hiibriidset kaket
kasutada pindadel, mis peavad taluma suurt mehaanilist koormust ja/voi
hodrdumist, kuna materjal on suhteliselt pehme.

Komposiitkate, mis koosneb iilidhukesest rGO aluskattest ning sellel
ALD meetodil sadestatud submikromeetrilise paksusega metalloksiidide
laminaadist néitas nii SS- kui Ti5-alustel vdga head korrosiooni takis-
tavaid omadusi, mida néitasid nii kiired elektrokeemilised moGtmised/
testid kui ka pikaajalised immersioonitestid (30—40 pieva) soolalahustes.
Samas kui ei grafeenil pdhinevad lihtkatted, ega ka laminaatkate iiksinda
ei olnud voimeline kaitsma kumbagi sulami tiitipi — oletatavad pohjused
leiavad pohjalikumat késitlemist dissertatsioonis.

Seega nditasid antud t60s valmistatud ja testitud kolm nanografeenil
pohinevat erinevat tiilipi kaitsekatet erinevat kaitsevoime taset metallide
pindade kaitsmisel korrosiooni vastu, mis Iubab neid kasutusele vdtta
erinevatel kasutusaladel, olenevalt kasutuskeskkonna reaktiivsusest.
Saame siiski véita, et viljatodtatud kaitsekatted, kasutatuna sobilikes
keskkondades, lubavad tdsta metallobjektide/-detailide ning nendest
valmistatud seadmete eluiga, aidates nii kokku hoida materjale ja energiat
ning seeldbi luua jatkusuutlikumat ithiskonda.
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