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ABSTRACT

A method for in situ deposition of multi-layered graphene (MLG) coatings is demonstrated to mitigate hydrogen
embrittlement of the X70 pipe steel. Carbon is implanted into the nickel catalytic layer pre-deposited by elec-
troplating on the surface of the pipe steel, followed by annealing to segregate and form MLG. The MLG coatings
are investigated systematically with respect to the surface morphology, phase structure, hydrogen resistance,
corrosion resistance, and molecular dynamics simulation. In the stacked MLG structure, the in situ grown gra-
phene layers interpenetrate each other to boost the coating adhesion and hydrogen resistance. Diffusion and the
solid solution formed between the Ni coating and substrate improve the adhesion strength after annealing. The
diffusion coefficient and permeability are reduced by 123 times and 48 times, respectively. Slow strain rate tests
demonstrate outstanding resistance against hydrogen embrittlement because the MLG coatings inhibit hydrogen
evolution, extend the diffusion path, decrease the permeation area, and enhance hydrogen adsorption. Moreover,
electrochemical tests indicate that the MLG coatings have better corrosion resistance. These results reveal a

viable strategy to use graphene to protect commercial steels from hydrogen embrittlement.

1. Introduction

Hydrogen energy is playing an increasingly significant role in the
modern society because of its high calorific value and environmental
friendliness.[1] Hydrogen transportation is an important part of
hydrogen energy utilization, in which blending hydrogen with natural
gas is a feasible large-scale energy transportation mode, [2] thus safe
transportation to end users is critical. Transportation of hydrogen
through steel pipes inevitably leads to hydrogen embrittlement (HE)
because hydrogen penetration affects the microstructure, reduces the
mechanical properties such as the tensile strength and fatigue strength,
and eventually leads to brittle fracture, which can cause catastrophic
and hazardous failures in the field. In order to reduce the thickness of the
pipe wall, high strength steels are preferred, but higher strength is often
accompanied by increased risk of hydrogen embrittlement. [3] There-
fore, it is imperative to prevent or delay hydrogen permeation into pipe
steels by means of hydrogen barrier coatings which can preserve the

favorable bulk attributes of the steel materials. [4]

Although ceramic coatings such as SiC [5], Al,O3 [6,7], EryO3 [8,9],
and so on have good hydrogen resistance, they are brittle and therefore,
cracking and spalling caused by the difference in the thermal expansion
coefficients between the coating and substrate can lead to failure in the
field, especially under harsh conditions. Application of graphene and
other two-dimensional materials to hydrogen resistant coatings has
recently attracted research interests, which has low permeability, high
thermal stability, remain chemically inert, and remain mechanically
robust. [10,11] Graphene has unique two-dimensional characteristics
and studies have shown that the perfect graphene sheet is impermeable
to standard gases. [12,13] First-principles calculation demonstrates that
the dense electron cloud of the six-member ring network exhibits
excellent barrier characteristics to micro-particles and even hydrogen.
[14] The hydrogen is expected to take billions of years to penetrate
graphene’s dense electronic cloud. [15] However, the impermeability of
defect-free graphene to hydrogen has been recently contested since
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Table 1

Alkaline pyrophosphate bath system.
Composition Concentration
NiSO4-6H>0O 0.3 mol/L
NayP,0,-10H,0 0.75 mol/L
CeHgO7-H0 0.12 mol/L

experimental evidence. Ripples, wrinkles and other defects inducing a
local curvature are catalytically active and allow non-negligible
permeation of hydrogen. [16] The flipping of a chemisorbed atomic
hydrogen from one side to the other of a graphene layer is highly
dependent on the local density of the chemisorbed hydrogen atoms on
the 2D carbon surface, while the transmission of atomic hydrogen be-
comes competitive for a high saturation of a given graphene ring. [17]
Even though, graphene is still a potential hydrogen barrier material.
Young et al. [18] have shown a reduction in deuterium permeation by a
factor of ~28 compared to copper alone, indicating an impressive
reduction for an atomically thin material. Nam et al. [19] have
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demonstrated that a graphene coating can reduce hydrogen embrittle-
ment of copper according to slow strain rate tensile tests. Fan et al. [20]
have shown that the graphene coating reduces the hydrogen perme-
ability into nickel by 50%, and the limited hydrogen resistance is mainly
due to the gap between graphene grains, which creates conditions for
hydrogen diffusion. Other studies have shown that graphene can be
prepared in situ on Ni, Cu, and other metal substrates [21-26], but in situ
growth of graphene on steels and subsequent improvement in hydrogen
resistance have not been investigated systematically. It is obviously
impractical to use the traditional spin coating method to deposit gra-
phene onto the inner surface of steel pipes. Zhou et al.[27] have pre-
pared the Ni-graphene composite coating on QP steel by reverse pulse
electrodeposition, but the effects on hydrogen resistance are limited,
because the co-deposition method cannot produce the perfect graphene
coating on the substrate. Therefore, a practical and effective technique
to deposit graphene coatings on pipeline steel in situ is crucial to
improving the hydrogen resistance.

In this study, a multi-layered graphene (MLG) coating is designed
and fabricated on the X70 pipe steel in situ and the structure, hydrogen

Fig. 1. Schematic diagram of the tensile specimen. (Unit: mm).

Fig. 2. Molecular dynamics model of the hydrogen barrier process of MLG.
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Fig. 3. Fabrication and characterization of multi-layered graphene: (a) Schematic of the MLG coating fabrication process; (b) SEM and EDS images of the cross-
sectional structure of the nickel plate; (c, d) Planar SEM images and (e) Cross-sectional TEM images of MLG; (f) C distribution before and after annealing; (g)

Raman scattering spectrum, (h) XPS spectra, and (i) FTIR spectrum of MLG.

resistance, and corrosion resistance are investigated systematically. In
this technique, a nickel catalytic layer is prepared on the steel substrate
electrochemically and the MLG coating is formed by C ion implantation
and annealing. The surface effects of the coating are determined based
on the hydrogen evolution kinetics and the hydrogen resistance mech-
anism is analyzed by molecular dynamics simulation. Compared with
previous studies only focusing on whether hydrogen atoms can pass
through the six-member ring of graphene, our study simulates and an-
alyzes the process in which hydrogen passes through multilayered gra-
phene with defects and the corrosion resistance is assessed by
electrochemical measurements.

2. Materials and methods
2.1. In situ fabrication of multi-layered graphene (MLG) coatings

The X70 pipe steel substrate was cut into 50 mm x 30 mm x 1 mm
rectangular pieces by wire cutting, polished with sandpaper to a mirror
finish, cleaned with acetone and ethanol ultrasonically, and dried. The
analytical grade chemicals were purchased from Aladdin and used
without purification. A 99.99% pure graphite target was used as the
source in ion implantation.

A nickel catalytic layer was pre-deposited on the X70 substrate by
electrodeposition in which an alkaline sodium pyrophosphate bath
system (Table 1) with a pH of 9.5 was utilized. The steel substrate was

the working electrode, whereas the SCE and platinum plate were the
reference electrode and counter electrode respectively. Electrodeposi-
tion was carried out using a current density of 20 mA/cm? for 1 h at 40
°C. Afterwards, C was ion implanted into the nickel layer using a MEVVA
source. The implantation voltage and dose were 30 keV and 2.4 x 10'°
ions/cm? (6 MG, equivalent to six layers of graphene), respectively.
After ion implantation, the sample was annealed at 700 °C for 1 h and
then cooled at a rate of 20 °C/min. Before annealing, the furnace tube
was evacuated and a mixture of Hy and Ar was bled into the furnace
continuously to cover the sample.

2.2. Electrochemical hydrogen permeation evaluation

The electrochemical hydrogen permeation test was carried out using
the Devanathan-Stachurski (D-S) cell[27] composed of the cathode cell
(hydrogen charging), anode cell (hydrogen detecting) with a platinum
plate being the counter electrode, SCE as the reference electrode, and
sample as the working electrode. The cathode cell was filled with a 0.2
mol/L NaOH containing 3 g/L NH4SCN. By applying a constant current,
hydrogen evolution occurred on the surface of the sample and the
generated hydrogen diffused to the other side of the sample. The cathode
cell was filled with 0.2 mol/L NaOH and when a positive voltage was
applied to the anode side, the permeated hydrogen was oxidized to H*
and the electrical signal was monitored by the electrochemical work-
station to assess hydrogen permeation. Before the test, the background
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Fig. 4. Surface morphology: (a) Nickel coating before annealing, (b) Nickel coating after annealing, and (c) MLG coating; (d) XRD patterns of the nickel coating

before and after annealing.

current was reduced to less than 0.1 pA/cm? by imposing a constant
potential of 200 mV (vs. SCE) in the anodic cell and then a constant
current of —12 mA/cm? was applied to the cathode to start the test. The
apparent diffusion coefficient of hydrogen D,p, and permeability J were
obtained from the permeation curve by the following equations [28]:

Dypp = L*/15.3tand @
J=i®xL/F 2)

where L is the thickness of the sample, cm; t is breakthrough time, s; l;" is
the steady-state current density, pA/cm?; F = 96,485 C/mol.

2.3. Slow strain rate test

The slow strain rate test (SSRT) was employed to evaluate the
resistance to hydrogen embrittlement (HE).[29] The mechanical prop-
erties of the samples before and after hydrogen charging were measured
by SSRT and the susceptibility of the sample to HE was assessed. The
samples were processed into non-standard tensile samples as shown in
Fig. 1 with a parallel length of 15 mm, gauge width of 4 mm, and
thickness of 1 mm. The hydrogen charged samples were pre-charged
electrochemically at 50 mA/cm? for 24 h before SSRT. After hydrogen
charging, the test was conducted immediately to avoid thermal
desorption and escape of hydrogen. The strain rate was 5.5 x 107> /s.
Except for the gauge section on the coating side, the samples coated with
MLG were covered with sealing mud, so that hydrogen charging only
occurred on the coating surface of the gauge section. The uncoated

samples were also charged on one side to ensure the same exposure area
as the coated samples.

2.4. Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) and potentiodynamic
polarization were employed to analyze the corrosion characteristics of
the samples immersed in 3.5 wt% NaCl for 1 h. The tests were conducted
using a three-electrode electrochemical workstation (Reference 600+,
Gamry, America) with an exposed surface area of 1 cm? on the working
electrode, while the SCE and platinum plate were the reference and
counter electrodes. Potentiodynamic polarization was conducted at a
scanning rate of 1 mV/s in the potential range from —0.5 V (vs. OCP) to
+ 0.5 V (vs. OCP). EIS was carried out at the open-circuit potential
(OCP) and the frequencies ranged from 100,000 Hz to 0.1 Hz with a
perturbation potential of 20 mV.

The cathodic polarization curves were obtained by linear sweep
voltammetry (LSV) to analyze the hydrogen evolution kinetics. The
electrolyte was 0.2 mol/L NaOH. The sample served as the working
electrode, SCE was the reference electrode, and platinum plate was the
counter electrode. The scanning rate was 1 mV/s from 0 V (vs. OCP) to
—1.5V (vs. OCP).

2.5. Characterization

The morphology of the samples was examined by field-emission
scanning electron microscopy (SEM, Merlin, Zeiss) and transmission
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Fig. 5. (a) Electrochemical hydrogen permeation curves; (b) Strain-stress curves of the uncoated and coated samples after electrochemical hydrogen charging;
Fracture morphologies of (c) X70 after annealing without hydrogen charging, (d) X70 after annealing with hydrogen charging, (e) MLG with hydrogen charging.

Table 2

Hydrogen permeation parameters of the different samples.
Samples ty () Li—40000s Dapp J (mol-

(pA-cm2) (em2s71) (em-s)™H)
X70 80 18.37 8.17x10° 1.90 x 10°°
X70 after annealing 670 21.73 9.76 x 1077 2.25 x 107>
X70 coated with Ni 580 19.5 1.13x107° 202 x 107°
X70 coated with Ni 2700 9.50 24x107  9.85x10°°
after annealing

X70 coated with MLG 9830 0.38 6.65 x 107  3.94 x 1077

electron microscopy (TEM, JEM-3200FS, JEOL). The elemental distri-
bution was determined by energy-dispersive X-ray spectroscopy (EDS).
The chemical composition and structure were analyzed by Raman
scattering (LabRAM HR, Horiba), X-ray photoelectron spectroscopy
(XPS, ESCALAB 250X, Thermo Fisher), as well as Fourier transform
infrared spectroscopy (FTIR, Nicolet IS50, Thermo Fisher). The micro-
structure was characterized by X-ray diffraction (XRD, Smartlab,
Rigaku).

2.6. Molecular dynamics (MD) simulation

The simulations were conducted using the numerical package
LAMMPS [30] and the adaptive intermolecular reactive empirical bond
order (AIREBO) model [31] was adopted in the MD simulation. The
periodic boundary conditions in all three directions were applied to the
x and y axis, while the z axis was fixed. The time step was 0.5 fs and the
MD calculation was performed at T = 300 K controlled by a Nosé-Ho-
over thermostat, which emulated the canonical NVT ensemble corre-
sponding to the constant number of atoms N, constant volume V, and
constant temperature T. The model is presented in Fig. 2.

3. Results and discussion
3.1. Fabrication and characterization

As shown in Fig. 3(a), in situ fabrication of the MLG coating on the
X70 steel substrate includes three key steps. Firstly, a Ni catalytic layer is
pre-deposited on the pipeline steel by electrochemical deposition. Sec-
ondly, C ions are implanted into the Ni catalytic layer and thirdly, the
sample is annealed to facilitate segregation and nucleation. The last step
not only forms graphene in situ, but also accelerates Ni diffusion to the
substrate to form a solid solution. As shown in Fig. 3(b), the interface
between the Ni layer and substrate disappears, while a Ni diffusion layer
is formed after annealing, thereby confirming the graded distribution of
Ni in this region, which is expected to improve the adhesion strength of
the coating.

Fig. 3(c) depicts the morphology of MLG and Fig. 3(d) shows that
MLG encapsulates the protruding grains one by one, indicating that MLG
has good coverage to retain the original shape. As shown in Fig. 3(e), the
layered structure of MLG is examined by TEM. MLG nucleates in situ on
the surface of Ni and grows epitaxially along the surface of Ni grains
until the substrate is fully covered. The good coverage provides the
favorable conditions for hydrogen resistance. MLG is covalently bonded
with the Ni layer, which has a higher binding energy than physical
adsorption [32] so as to mitigate coating failure in the field. From Fig. 3
(e), the thickness of MLG is 4 nm (6 layers approximately) and the layer
spacing is slightly larger than the theoretical thickness of single-layer
graphene (0.34 nm) due to the existence of oxygen-containing func-
tional groups. The implantation dose of C is 6 MG and so MLG is
composed of 6 layers after the implanted C ions segregate. However, the
thickness of MLG on the surface is not uniform and in some areas is less
than 6 layers. This is because the segregation process of C is not com-
plete, and some C ions remain in the nickel layer or diffuse to the sub-
strate, resulting in the reduction of C segregation. In addition, the
migration of carbon ions after annealing forms an uneven distribution,
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Fig. 6. Corrosion properties: (a) Nyquist plots. (b) Impedance and phase angles; (c) Charge transfer resistance (Rc,,) fitted by EIS; (d) Tafel curves.

Fig. 7. Equivalent circuit models: (a) Bare steel and (b) Coated steel.

Table 3
Corrosion parameters derived from the Tafel curves.

Samples Ecor (V) Lor (uA/cm?)
X70 —0.681 5.6
X70-MLG —0.447 1.2
X70-Ni —0.442 5.2

and the final number of nucleation layers is affected by the morphology
of nucleation position.

Fig. 3(f) shows diffusion and migration of C after annealing. The
distribution of C in the Ni layer before annealing is simulated by SRIM.
The C profiles exhibits a Gaussian distribution and XPS shows that most
of the C ions segregate to the surface and the C concentration decreases
with depth, indicating that segregation is not complete. In the annealing
process, the implanted C ions are activated and diffuse leading to
segregation as the solubility decreases when the temperature drops. The

boundary curvature radius of the Ni grains affects segregation and
nucleation of graphene at the grain boundary. [33] Graphene nucleates
on the atomic steps of the Ni grain boundary and then graphene layers
grow on several steps form MLG. Therefore, the larger the Ni grain, the
larger is the radius of curvature, the fewer atomic steps, the fewer gra-
phene layers are formed. The surface of Ni deposited by electrochemical
deposition is rough and the grain size is different. Hence, the number of
graphene layers is also different. In addition to nucleation of graphene, C
ions segregated near the graphene nuclei are attached to the edge of
graphene lattice leading to 2D epitaxial growth along the Ni crystal
surface to form the coating with an uneven grain surface.

As shown by the Raman scattering (Fig. 3(g)), the intensity ratio (Ip/
Ig) of the D band (1340 em ™)) to G band (1586 cm™)) is large thus
reflecting a large defect density in MLG. The enhanced D band should be
assigned to the edges of the nanometer sheets and the presence of
stacking disorder in the sheets. [34] The XPS spectrum of MLG in Fig. 3
(h) shows two strong peaks at 284.78 eV and 285.83 eV related to sp?
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Table 4
Hydrogen evolution kinetics and parameters.
Samples E. E n -b
X70 -1.029 V -1.175V 0.146 V 202 mV/dec
Ni -1.029 V -1.136 V 0.107 V 188 mV/dec
MLG -1.029 V —1.484V 0.455V 268 mV/dec

hybridization and sp® hybridization [35], respectively. The surface C
atoms are essentially sp. The weak peak at 288.54 eV arises from C=0
indicating that oxygen-containing functional groups are incorporated in
the growth process. There are two main sources of O atoms, from the
environment arising from non-UHV conditions and pipeline steel sub-
strate. After annealing, oxygen atoms diffuse to the surface of the nickel
layer and bond with graphene. Owing to the high annealing tempera-
ture, most of the C—O functional groups are removed by thermal
reduction leaving only a small amount of C=0 bonds. The oxygen-
containing functional groups introduce defects in graphene thus
explaining the large Ip/Ig ratio in Fig. 3(g). Fig. 3(h) shows that the half-
peak width of the main peak widens gradually with increasing etching
depth and the proportion of sp> carbon increases gradually, indicating
that the carbon structure tends to be disordered along the depth direc-
tion. The FTIR spectrum in Fig. 3(i) corroborates the formation of MLG.
The peak at 1541 cm ™! represents C=C and that at 1700 cm ™' stems
from C=O0 (carbonyl) consistent with XPS.

The surface morphologies of the Ni layer before and after annealing
are shown in Fig. 4(a) and 4(b) respectively. Before annealing, the
surface is smooth and uniform. After annealing, the surface shows a
large number of spherical crystals and the roughness increases signifi-
cantly. Fig. 4(c) shows the surface of the Ni layer is coated with MLG,
which covers the uneven Ni layer and fills the gap between crystallites
leaving very little exposed crystallites. Fig. 3(d) indicates that the
exposed crystallites are actually wrapped by MLG. MLG exhibits
macroscopic uniformity, continuity, and integrity. Fig. 4(d) displays the
XRD patterns of the Ni layer before and after annealing. The Ni grains
before and after annealing show the (111) plane mainly with a small
amount of (200) and (220) crystal planes. The hexagonal lattice con-
stants of Ni (111) and graphene are 2.497 A and 2.46 A respectively.
There is a good lattice match between the two and so the Ni (11 1) plane
can promote nucleation and growth of graphene. [36] The Ni (111)
peak before annealing is relatively wide indicating that the Ni grains
deposited by electrodeposition are relatively small, which is only
approximately 1.2 nm. The grain size can be calculated by applying
Scherrer formula from the diffraction peak of Ni. After annealing, the
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diffraction peak narrows and becomes sharper, and the grain size of Ni
increase to about 6.5 nm, which is consistent with SEM. The larger Ni
grain size is favorable to the formation of graphene with fewer layers
and orderly stacking. In addition, the stress change caused by diffusion
shifts the Ni peak offset to the left.

3.2. Hydrogen permeation

The electrochemical hydrogen permeation results are shown in Fig. 5
(a). The hydrogen steady-state current of the sample coated with MLG is
much lower than that of the X70 pipeline steel and the hydrogen
breakthrough time is prolonged significantly. However, the break-
through time of the sample coated with the Ni coating or annealed is
only slightly longer and the current reaches the steady state faster after
annealing. The hydrogen permeation parameters calculated by Egs. (1)
and (2) are presented in Table 2.

The apparent hydrogen diffusion coefficient Dy, of the MLG sample
is 6.65 x 10~8 cm?/s, which is 123 times less than that of the substrate
and the hydrogen permeability J decreases by 48 times to 3.94 x 107/
mol/(cm-s). The permeation current of the untreated X70 continues to
rise, but the MLG sample reaches a steady state showing that the actual
hydrogen barrier permeability is more than 48. Annealing does not
reduce the hydrogen permeability of pipeline steel. The grain boundary
is a fast channel for hydrogen diffusion and the amount of boundary
decreases with larger grain size after annealing and therefore, Dypp, of
X70 after annealing decreases. Meanwhile, the decrease of acicular
ferrite reduces the dislocation density and hydrogen trapping to increase
the hydrogen permeability. The effects of the pure Ni coating before
annealing on hydrogen permeation are not appreciable only showing a
small inhibition effect in the initial stage of hydrogen permeation.
During the electrodeposition process of the Ni coating, bubbles appear
from the surface leading to the formation of void defects and so it cannot
be a good barrier. Due to the small grain size of nickel, there are a large
number of grain boundaries for short-circuit diffusion. Hydrogen diffu-
sion along some types of grain boundaries in Ni is at least two orders of
magnitude faster compared to the bulk. [37] In the case of nano-
crystalline nickel and despite a high density of traps, the mechanism of
short-circuit diffusion dominates the trapping effect. After annealing,
the apparent hydrogen diffusion coefficient D,p, of the Ni coated sample
decreases to 2.4 x 10”7 ecm?/s and the hydrogen permeability J de-
creases to 9.85 x 107% mol/(cm-s). As shown in Fig. 4, annealing greatly
increases the grain size of nickel and reduces the grain boundary and
defects, resulting in a significant decrease in the diffusion rate of
hydrogen along the grain boundary. Oudriss et al. [38] showed that the
permeability of polycrystalline nickel is almost one order of magnitude
higher than that of single crystal nickel. In conclusion, the MLG coating
has excellent hydrogen permeation resistance and significantly inhibits
permeation and diffusion of hydrogen to the pipeline steel substrate.

The strain-stress curves of the uncoated and coated samples after
electrochemical hydrogen charging are shown in Fig. 5(b). The yield
strength and fracture strength of the X70 pipeline steel without charging
are 526 MPa and 600 MPa respectively, and elongation is 19.6%. After
hydrogen charging, the fracture strength and elongation of the uncoated
sample decrease, indicating that hydrogen charging deteriorates me-
chanical properties of pipeline steel and reduces the plasticity. Long-
term charging enriches hydrogen in the pipeline steel and forms
hydrogen molecules. With the gradual increase of the hydrogen pres-
sure, irreversible hydrogen damage such as microcracks appears, which
eventually compromises the mechanical properties. The mechanical
properties of the sample coated with MLG don’t decrease after charging
and the original plasticity is maintained, showing that the MLG coating
prevents diffusion of hydrogen into the pipeline steel substrate during
charging resulting in good hydrogen embrittlement resistance. The
tensile fracture morphology is shown in Fig. 3(c—e). The fractured
annealed X70 pipeline steel without charging shows the typical dimple
morphology and the dimple size is large suggesting good plasticity. The
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Fig. 9. Molecular dynamics simulation of the process in which hydrogen atoms penetrate the MLG: (a-d) Snapshots at selected time points and (e-f) Snapshots from
the diffusion simulation for adsorption with the yellow and blue spheres representing carbon and hydrogen atoms, respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

dissociative fracture characteristics of hydrogen-induced fracture
appear after hydrogen charging, revealing that hydrogen causes the
transformation of the pipeline steel from plastic fracture to brittle
fracture. However, the fracture of the sample coated with MLG coating
after charging retains the dimple morphology similar to that of the
pipeline steel without charging. Therefore, the MLG samples maintain
good plasticity after long-term hydrogen charging and the MLG coating
alleviates hydrogen embrittlement of the pipeline steel consistent with
the tensile results.

3.3. Corrosion resistance

Electrochemical impedance spectroscopy (EIS) is performed to
determine the corrosion behavior of the different samples in 3.5% NaCl
at room temperature. As shown in Fig. 6(a), the Nyquist curves show
capacitance semicircles with different diameters. The capacitance loops
of the coated samples are obviously larger than those of the untreated
samples and MLG further increases the diameter of the capacitance loop.
The results show that the coating protects the substrate from corrosion.
The Bode plots are shown in Fig. 6(b). The impedance moduli of the bare
X70 steel, X70-MLG, and X70-Ni at a low frequency (0.1 Hz) are 452.2
Q/cmz, 4241 Q/cmz, and 3380 Q/cmz, respectively. The impedance

modulus of the MLG coating is much large than that of the bare X70,
implying that the coating isolates the substrate from the corrosive
environment and so the blocking and shielding properties are improved.
The equivalent circuit models in Fig. 7 are employed to fit the EIS
process. The Rgoin(Qc[Reor]) model is used for the bare steel substrate
and the Rsoin(Qc[Rpo(Qcor[Reor])]) model is used for the coated samples.
Rsoln represents the solution resistance, Q. indicates the constant phase
element, Ry, is the pore resistance, Qcor and Reor are the capacitance of
the double-layer and polarization resistance, respectively. Ry, and Reor
of the different samples are fitted as shown in Fig. 6(c). Compared to the
bare steel, X70-Ni shows larger Rpor and Reor, furnishing evidence that
the coating improves the corrosion resistance. Rpor and Reo increase
further due to the MLG layer. A larger Ry, reflects low porosity [39] and
it can be inferred that the impermeable graphene reduces the porosity
and the active area exposed to the corrosive environment.
Potentiodynamic polarization is performed to assess the corrosion
properties as shown in Fig. 6(d). Table 3 summarizes the corrosion po-
tentials (Eco;) and corrosion current densities (I.,) derived from the
Tafel curves. The higher the corrosion potential, the smaller is the
corrosion tendency and the better is the corrosion resistance [40].
Meanwhile, the smaller the corrosion current density, the lower is the
corrosion rate and the better the corrosion resistance. The pure Ni
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Fig. 10. Internal hydrogen resistance mechanism of the MLG coating.

coating shows E.,; = —0.442 V, which is higher than that of the X70
pipeline steel indicating better corrosion resistance. There is no signif-
icant difference between the corrosion potential of the MLG coating and
that of the pure Ni coating. After fabricating MLG on the Ni surface, the
corrosion current density shows a negative shift compared to the pure Ni
coating confirming that the corrosion rate of MLG is the smallest. The
results provide strong evidence that the MLG coating enhances the
corrosion resistance.

3.4. Hydrogen resistance mechanism

3.4.1. Surface inhibition

Environmental corrosion of pipeline steel during service is frequently
caused by hydrogen embrittlement of the materials and reduction of
permeation and diffusion of hydrogen by means of surface coatings is a
viable solution. [41,42] In the corrosion process, hydrogen is generated
by the electrochemical hydrogen evolution reaction (HER) as follows:

H,0+e —-H+OH" 3

The hydrogen equilibrium potential of HER is calculated by Nernst
Equation [43]:

E. = E? +0.0592 log [H*] = —0.0592pH, &)

where E. is the hydrogen equilibrium potential, EC is the hydrogen
standard equilibrium potential, and [H'] is the concentration of
hydrogen ions in the solution. The potential of SCE relative to SHE is
0.2412 V (vs. SHE). When the concentration of OH™ is 0.2 mol/L, the
equilibrium potential of HER is 1.029 V (vs. SCE). The cathodic polari-
zation curve is displayed in Fig. 8. The hydrogen evolution potential E is
obtained and then E. is subtracted to obtain the hydrogen evolution
overpotential # (Table 4) which reflects the difficulty of HER on the
surface. The smaller is #, the easier is the hydrogen evolution.  of X70 is
0.146 V and the Ni coating changes n to 0.107 V, indicating that
hydrogen evolution is more likely to occur on the Ni coating. After
fabrication of MLG on the Ni layer, 5 increases to 0.455 V indicative of
reduced activity and more difficult HER. The Tafel slope -b obtained
from the cathodic polarization curve shows the rate of hydrogen evo-
lution. The smaller the Tafel slope, the faster is the hydrogen evolution
rate. The MLG sample shows the largest Tafel slope indicating that MLG
inhibit HER and reduces the number of hydrogen atoms adsorbed on the
sample surface, ultimately mitigating the risk of HE.

3.4.2. Internal barrier

Molecular dynamics simulation is performed to assess the diffusion
process of hydrogen atoms in MLG. As shown in Fig. 9, the MLG model
consists of four graphene monolayers with an interlayer spacing of 0.66
nm, which is equal to the size determined experimentally. 5000
hydrogen atoms with Brownian motion are randomly placed above the
MLG and under a certain driving force, hydrogen atoms begin to diffuse
downward.

Fig. 9(a-d) show the snapshots during diffusion of hydrogen atoms in
MLG at different time. It is difficult for hydrogen atoms to pass through
the defect free graphene sheet [14] and so they can only diffuse through
the gap of the graphene boundary. Fig. 9(b) shows diffusion of hydrogen
atoms to the first layer and Fig. 9(d) is that in the third layer. Hydrogen
atoms diffuse downward layer-by-layer and the diffusion path is pro-
longed in this process. A small number of hydrogen atoms eventually
pass through the fourth layer. In addition, there are some unsaturated
dangling bonds in MLG. These bonds are employed in the graphene
model to study their effects. As shown in Fig. 9(e-f), the C-H sp° bond is
formed by combination of the graphene suspended bonds and hydrogen
atoms to reflect adsorption of hydrogen atoms on graphene.

3.4.3. Hydrogen resistance mechanism

Hydrogen atoms adsorbing on the surface must overcome the inter-
nal barrier effects of the MLG coating before reaching the pipeline steel
substrate and the mechanism is illustrated in Fig. 10. Firstly, the
impermeability of defect free multi-layered graphene reduces the
permeation area. The AB stacking (the hexagonal rings in each graphene
layer are centred on the carbon atoms in the adjacent layer) of graphene
results in ‘pores’ in the electron cloud of one layer being covered by
electron density maxima within the adjacent layer. [15] Secondly, the in
situ grown graphene layers are stacked and interpenetrated each other to
provide good coverage. The stacked structure prolongs the diffusion
path of hydrogen atoms and diffusion time. Thirdly, graphene has strong
adsorption for hydrogen atoms to create hydrogen traps to capture
hydrogen atoms. [14] The multilayered structure of graphene enhances
hydrogen adsorption and capture. Graphene has been shown to be
feasible hydrogen storage materials with limited storage capacity. [44]
When hydrogen adsorption reaches saturation, hydrogen adsorption
ceases and afterwards, permeation and diffusion of hydrogen are
inhibited.
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4. Conclusion

A multi-layered graphene (MLG) coating is prepared in situ on the
X70 pipe steel by ion implantation and annealing. The graphene struc-
ture has layer-by-layer stacking and the layers interpenetrate each other.
After annealing, carbon diffusion and the solid solution formed between
the nickel coating and substrate improve the adhesion strength of the
coating. The MLG coating has excellent hydrogen resistance as man-
ifested by reduction of D,,, by 123 times and J by 48 times. After
hydrogen pre-charging, the mechanical properties of the samples coated
with MLG do not change and so the susceptibility to HE decreases
significantly. Electrochemical evaluation demonstrates that MLG
coating improves the corrosion resistance. The enhancement of the
hydrogen resistance property was related to the dual effects rendered by
surface inhibition and the internal barrier. MLG reduces the amount of
surface permeable hydrogen by inhibiting the process of hydrogen
evolution. At the same time, MLG mitigates diffusion of hydrogen by
extending the diffusion path, decreasing the permeation area, and
enhancing hydrogen adsorption, consequently forming a protective
barrier on the X70 steel. The results and theoretical investigation reveal
not only the mechanisms, but also that it is a viable technique to improve
the hydrogen resistance of commercial steels.
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