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We report the demonstration of graphene as a passive layer that prevents hydrogen damage of steels.
The effectiveness of the hydrogen damage inhibition is evaluated using graphene on o-Fe;03 films. It's

been observed that the work function increases under both compressive and tensile strains compared
with a-Fe,03 films without graphene coating, which indicates that the graphene coating strained surface
layer became more corrosion resistant. The investigation of strain effect on the work function would help
fundamentally understand the corrosion behavior. Our findings confirm that the graphene coating is an
effective means to inhibit corrosion, even on deformed steels.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The effect of hydrogen on steels is known as hydrogen embrit-
tlement (HE) [1]. Hydrogen dissolved in metals significantly affects
composition, structure and mechanical properties of passive films.
For example, hydrogen can induce low yield and fracture stresses in
steels [2—6]. In order to protect steels from hydrogen permeation
and prevent HE, many approached have been developed, including
polyaniline nanofibers [7], heat treatment [8], neon/helium glow
discharge [9] and inhibitors of hydrogen permeation [10]. Carbon
steel surface can form a passive layer, which is composed of a-Fe;03
[7]. Although stainless steel is better resisting corrosion than other
metals, it can be susceptible to localized forms of corrosion attack,
which can result in pitting and cracking [11]. It is reasonable to
expect that coatings can result in better corrosion resistant mate-
rials, while improving surface properties or interfaces with the
surrounding media [12].

It is known that graphene is highly stable at ambient atmo-
sphere, up to 400 °C [13]. Controlled formation of graphene-grade
coatings in the form of single sheets with homogeneously
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distributed 2—4 pm long nano-pillars across porous stainless steel
substrates was demonstrated by scanning electron microscopy
(SEM) [11]. These layers act as a protective coating, inhibiting
corrosion and oxidation of the underlying metal [11,14—18]. The
presence of the graphene highly enhances steel corrosion resis-
tance and electrical conductivity without altering its other prop-
erties. Hydrogen chemisorption on graphene has been shown to
form sp> hybrdization [19,20], which enables graphene stability for
hydrogen storage [21,22]. There are related research reports
focused on the elastic constants and the mass of a single graphene
layer by applying a pressure difference [23]. Ni-graphene coatings
were fabricated by reverse pulse electrodeposition and were more
effective in protecting quenching and partitioning steel substrate
from HE [24,25]. However, current understanding of graphene on
a-Fe;03 as a protective barrier against hydrogen damage is still
somewhat limited, which has motivated the present study. More
specifically, atomic structure of Fe oxide films controls its protective
properties, where interfacial strain due to lattice mismatch and
charge transfer due to chemical heterogeneity between the Fe ox-
ide film and steel are unavoidable. Thus, strain and charge transfer
are two important extrinsic factors to alter intrinsic properties of
ultrathin Fe oxide films grown on steels. Protective properties of
graphene coating on a-Fe,03; films have also been investigated
coupled with applied stress and hydrogen.
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Using first-principles calculations, this paper demonstrates that
hydrogen damage can be inhibited in graphite-coated o-Fe;03
films. Since graphite films are readily available, we propose that
graphite can be used as a better corrosion resistant material than
graphene to circumvent the difficulties associated with graphene
synthesis for certain applications. These calculation results allow
concluding that the work function of «-Fe;03 films can be modified
by graphene (graphite) coatings on a-Fe;0s3 films, which is signif-
icantly useful for passivation of hydrogen damage. Future experi-
mental studies will demonstrate its advantages for the coatings
industry.

2. Methods and parameters

The electronic structure and properties were calculated as re-
ported earlier [26—28] in the framework of the Vosko-Wilk-Nusair
local density approximation LDA + U using Vienna ab initio simu-
lation package (VASP) package. All calculations were performed
with a plane-wave cutoff of 400 eV on a5 x 5 x 1 Monkhorst-Pack
k-point mesh. It is strictly required to increase LMAXMIX to 4 (d
elements). For structural relaxation, all the atoms are allowed to
relax until atomic forces are smaller than 0.01 eV/A. The optimized
lattice constant for the 1 x 1 x 1 Fe terminated «-Fe,Os thin film is
a=>5.014 A, which is in agreement with experimentally derived
structural parameter 5.035A [29]. In our study we used
a=5.035A. Our tested calculations confirm that U =5 eV provides
a good description of the band gap and magnetic moment of Fe
compared with experimental one [30]. The polar (0001) surface has
been modeled by containing 1 hexagonal unit cell layer (eighteen
atomic layers) for the a-Fe;O3 and 1 to 4 graphene layers, and a
1 x 1 periodicity in the surface, containing 30 to 63 atoms (with H
adsorbed 4 layer graphene), respectively. There is one H atom
absorbed on Fe;03 and graphene coated Fe;O3 in a unit cell. The
adsorption energies are —1.0718eV, —1.5888eV, and —1.1558eV for
graphene absorbed on Fe;03, H atom absorbed on Fe;03, H atom
absorbed on graphene, respectively. The adsorption energies are
negative, indicating that the adsorption systems are all thermo-
dynamically stable. The use of symmetric slabs cancels out the
dipole moments, which can occur in nonsymmetric slabs. The
vacuum layer is about 15 A thick for the system with strain up to
+6% (+for tensile strain, - for compressive strain).

3. Results and discussion

In order to study how hydrogen damage could be inhibited in
Fe,03 with graphene coating, one should start from the system
without H damage and graphene coating. Fig. 1(a) for the spin-up
and 1(b) for the spin-down show typical band structures of py, py,
and p; states for the free standing Fe terminated a-Fe;031x 1 x 1
with 1.31 nm thickness corresponding cell of 30 atoms in eighteen
atomic layers, which reflect the main py, py, and p, states of O atoms
below Er. Fe 3d (dyy, dyz, dz2, dx, and dyp) states are more pro-
nounced above Ef, as seen from Fig. 1(c) for the spin-up and 1(d) for
the spin-down. The conduction band minimum (CBM) is mainly
populated by the unoccupied dz? levels of Fe. Although there is
some admixture of O-p states throughout both the filled and un-
filled bands, the about 90% contribution to valence band comes
from oxygen p states, while the occupied 3d levels of Fe lie around
6—7 eV below the Fermi level and at 0—3 eV below the Fermi level
dominated by O 2p states is more pronounced. This is a conse-
quence of the fact that the on-site Coulomb potential acts only on
the Fe 3d states, leading to a reduction of the Fe-O hybridization
which is too strong. It can be seen that it is a charge transfer type of
insulator with 1.783 eV band gap rather than a Mott-Hubbard
insulator. For H adsorption the bridge site just about top of O
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Fig. 1. Band structures along the I'- M- K- I'- A directions of Fe,053 film without H
adsorption, the py, py, and p, states with (a) spin-up and (b) spin-down; the dyy, dy,,
d;2, dy; and dy; states with (c) spin-up and (d) spin-down, respectively. Green, blue,
cyan, magenta, yellow, dark yellow, navy, purple lines on the bands illustrate the
contribution from py, py, Pz dxy dyz dz2, dx, and dyo states. (A colour version of this
figure can be viewed online.)

atom for H adsorption is energetically favored by comparing the
relative stability of hollow and top sites of Fe atomic layer. The bond
length between H and O atoms attached with the adatoms is
0.979 A. Fig. 2(a) and (b) present the bands with spin-up and down,
which reflect main py, py, and p, states of O atoms below Ef,
respectively. Fig. 2(c) and (d) present the bands with spin-up and
down for d states, respectively. With H adsorption, the py states on
valence band are enhanced and the CBM is mainly populated by the
unoccupied dyy levels of Fe. The increased surface coupling con-
tinues to further split and reshape the bands. Almost even bands
showing spin split slightly along K- T line of band structure, are just
below Ep. In this case, the CBM becomes more dispersive than that
of the pristine a-Fe;03, indicating that H adsorbed a-Fe,05 thin film
may reduce the effective mass for electrons. In H adsorbed a-Fe;03
thin film there is one electrons transfer from H to O, which results
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Fig. 2. Band structures along the I'- M- K- I'- A directions of Fe;Os; film with H
adsorption, the py, py, and p, states with (a) spin-up and (b) spin-down; the dyy, dy,,
dz, dx, and dy, states with (c) spin-up and (d) spin-down, respectively. Green, blue,
cyan, magenta, yellow, dark yellow, navy, purple lines on the bands illustrate the
contribution from py, Py, Pz dxy, dyz dz2, dx; and dy; states. (A colour version of this
figure can be viewed online.)
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in band gap decreasing. A short analysis of the band structure
features indicates that the presence of H leads to a reduction in the
band gap width by approximately 0.8 eV. When H adsorbs onto an
O atom, it effectively breaks the bonding between the adsorbed O
and its Fe neighbors, which gives rise to flat bands of edge states
below Efr, same as H adsorbs on grephene [19]. Consequently, the
resulting magnetism is the same as the edge magnetism produced
by H on the surface. These results confirm that hydrogen changes
the properties of a-Fe;03 films.

Four sites, top (T), bridge (B), hollow (H) and arbitrary non-
symmetric sites with blue circles guiding our eyes in
Fig. 3(a)—(d), are considered for the relative sites between Fe and C
atoms in intrinsic graphene. The C, Fe and O atoms are shown as
grey, brown and red balls, respectively. The graphene layer is on the
top with hexagon dash line and the Fe,;Os3 slab is below the gra-
phene layer. We found that energetically the most favorable site is T
site for C atoms on the top of Fe atoms with interfacial distance of
3.134 A, which is noticeably typical value of the van der Waals
bond. In graphene, each carbon atom is bonded with three neigh-
boring carbon atoms in sp? hybridization, leaving one electron in
the p, orbital. For H chemisorption, the most stable configuration is
for H atom to bond on top of a carbon atom forming an sp>
hybrdization [19,31,32]. It is above 2.89 eV of energy barrier that H
atom passes through a center of hexagonal structure in graphene
because of a repulsive force induced by strong electron cloud of
graphene [33,34], which is much larger than the energy barrier of
C-H forming (0.18eV) [35]. Therefore, hydrogen penetration
through graphene is much harder than C-H sp® formation. This
theoretical calculation confirms that charged hydrogen is combined
with graphene as C-H bonds, which stops hydrogen penetration
into the Fe,03 film. We should study if the presence of the graphene
alters the system properties. Fig. 4(a) for spin-up and (b) for spin-
down present the band structures of py, py, and p, states, and
Fig. 4(c) for spin-up and (d) for spin-down present the band
structures of dyy, dy,, dz2, dy; and dy states long the I'- M- K- I'- A
directions of graphene coated Fe,03 film, respectively. Except three
graphene bands in the band gap (~1.7 eV) of the a-Fe,0s films, there
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Fig. 4. Band structures along the I'- M- K- I'- A directions of graphene coated Fe,03
film with H adsorption, the py, py, p, state with (a) spin-up and (b) spin-down, and the
dyy dyz, dg2, dy, and dy, states mainly from Fe atoms with (c) spin-up and (b) spin-
down, respectively. Green, blue, cyan, magenta, yellow, dark yellow, navy, purple
lines on the bands illustrate the contribution from py, py, Pz, dxy, dyz dz2, dx, and dx,
states. (A colour version of this figure can be viewed online.)

is almost no change in the features of the CBM because it still has Fe
3d character and valence band because it still has O 2p character.
There are still main py, py, and p, states of O atoms below Er. and Fe
3d (dxy, dyz, dz2, dx; and dyo) states are more pronounced above Er.
The CBM is still mainly populated by the unoccupied d,; levels of
Fe. Without graphene coating, H adsorption on a-Fe;03 film alters
the electronic structure of the system, while the presence of gra-
phene does not alter the system properties, except for electrical
conductivity and work function.

The work function (W) is calculated as the difference between
the vacuum level Eyacyum and the Fermi energy E:

Fig. 3. Relative sites between Fe atoms in top layer of Fe,03 and C atoms in intrinsic graphene with blue circles guiding our eyes. C, Fe and O atoms are shown as gray, brown and red
balls, respectively. (a) top (T) site, C atom on the top of Fe atom; (b) bridge (B) site, Fe atom at the bridge of C-C bond; (c) hollow(H) site, Fe atom at the hollow of hexagonal C atoms;
(d) arbitrary non-symmetric site. The rhombus shows the unit cell. The graphene layer is on the top with hexagon dash lines and the Fe,0j3 slab is below the graphene layer. (A

colour version of this figure can be viewed online.)
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W= Evacuum - EF (1)
Here, W reflects electronic energy level so it is related to its elec-
trostatic potential. Based on experimental observations and theo-
retical studies, we know that the work function is closely related to
the corrosion potential. The lower the work function of the mate-
rial, the easier corrosion occurs, i.e. the work function is a sensitive
parameter for the corrosion behavior [36]. The work function of
clean Fe;03 is 5.62 eV. The Wis shown in Fig. 5(a) for H adsorbed on
Fe;03 with and without the graphene coating. It is 4.924 eV for H
adsorbed Fe,03 film without the graphene coating. It is indis-
pensable to understand why the presence of H adsorption can
decrease the work function of surfaces. The mathematical expres-
sion for the work function change can be approximated by the
Helmbholtz equation [37],

AW = gensdP; /e (2)
where ge is the elemental charge, ¢ is the electrical permeability in
vacuum, 115 is the concentration of adsorbates at the surface, which
leads to the changes in the surface dipole, and 4P, is the normal
component of the dipole moment changes. 4P; is given as: [37]

z

/ z 4p(z)dz

Zo

4P,

(3)

where z is the coordinate perpendicular to the surface plane, 4p is
the electronic charge density difference at z. With this definition, a
positive value of 4p indicates a dipole oriented to the film side, and
its presence produces a decrease of the work function relative to
the upper surface. W is 5.55eV for graphene/Fe;03 film with H
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adsorption, which is larger than for H adsorbed on the Fe,0s3 film
without graphene coating. H adsorption on Fe;03 film without
graphene coating decreases the W about 16.8%, while the change of
W only is about 6.3% for H adsorption on graphene/Fe,0s film. W is
closely related to the corrosion potential and is a sensitive param-
eter for corrosion behavior. Our results suggest that the corrosion
potential increases and hydrogen damage could be inhibited using
graphene coating on the a-Fe;03 films. Unfortunately, the protec-
tive efficiency of the monolayer graphene is not perfect. Despite the
promise shown by theoretical studies of this system, experimental
realization remains challenging because synthesis of graphene is a
difficult task. Since graphite film is readily available, we propose
that graphite may be used as a better candidate of hydrogen
damage inhibition to circumvent difficulties associated with the
graphene synthesis for certain applications. We modeled H adsor-
bed graphite films on a-Fe;O3 films for inhibition of hydrogen
damage. It is expected that the efficiency can be enhanced with
multiple layers of graphene. From our results, W is 5.64 eV and
5.69eV for two and four layers graphene/Fe;Os; film with H
adsorption, respectively. Graphite presence is shown to enhance
resistance to hydrogen damage. Therefore, because graphite film is
readily available, we propose that for corrosion inhibition appli-
cations graphite can indeed be used as a better candidate of inhi-
bition of hydrogen damage than graphene.

There could be different factors, such as epitaxial strain, struc-
tural deformation, molecular orbital hybridization, and interfacial
charge transfer, affecting corrosion properties of «-Fe;O3 films.
However, experimental and theoretical analyses suggest that strain
and H damage on the o-Fe,03 films are most dominating [38—40].
Next, we discuss and compare the work function associated with
the H adsorption in the strained system. Fig. 5(b) depicts the work
function as a function of strain in different systems with H
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Fig. 5. (a) The work function of H adsorption on Fe,05 film, 1L graphene/Fe,0s3 film, 2L graphene/Fe,05 film and 4L graphene/Fe,03 film, marked in red, green, yellow and grey
colors, respectively. (b) The work function as a function of strain in four systems of (a), marked in red, green, blue and dark cyan colors, respectively. Interfacial charge transfer (c)
1-2, corresponding to one graphene layer on a unit Fe,03 film with and without H adsorption, respectively, (c) 3—4, corresponding two and four graphene layers on a unit Fe;03
film with H adsorption, respectively, The charge density isosurface is set to be 0.12 e/A>. (d) The spin polarized p, state change with increasing strain at K and T points in valence
band for graphene/Fe,05 with H adsorption. (A colour version of this figure can be viewed online.)
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adsorption. The W for without graphene coating system dramati-
cally decreases under compressive strain up to —6%, while it
significantly increases under tensile strain up to 6%. For example, it
is 4.633eV under —3% strain with a=4.884A and 4.433eV
under —6% strain with a = 4.733 A, respectively, while it is 5.256 eV
under 3% with a=5.186A and 5.511eV under 6% strain with
a=5.337 A. This happens because external compressive (tensile)
stress may further decrease (increase) the electrostatic potential
and thus, leads to the Fermi level change and further decrease
(increase) in W. W for graphene coating system obviously increases
both under compressive and tensile strain. The relationship be-
tween strain and electrostatic potential (or corrosion potential) has
not been established in previous theoretical studies. According to
previous studies of deformation effects on metal electron gas, it is
possible to qualitatively predict changes in the electrode potential
[41] and hence estimate the effect of deformation on the corrosion
potential. Experimental data showed a rather complicated rela-
tionship between the stress and corrosion parameters [42]. With
increasing number of graphene layer in Fig. 5(b), W for 2L and 4L
graphene coating system increases slightly, compared with that of
graphene coating system. The presence of graphene (graphite)
could highly enhance corrosion resistance of the system under
compressive and tensile strain. The possibility of ¢-Fe;03 H damage
is prevented under strain due to the presence of graphene
(graphite) protective coating.

It is essential to understand the mechanism of graphene
(graphite) protective coating. Differential charge density at the
surface is defined as:

P = PH/graphene/Fe203 — PH/graphene — PFe203 (4)

where phjgraphene/Fe203 is the total charge density, pHjgraphene and
Pre203 is the charge density of H/graphene and Fe;O3 at the same
surface lattice constant. The charge transfer was not found between
graphene (graphite) and the Fe,;0O3 layers, which confirmed weak
coupling at the interface seen in Fig. 5(c). Clearly, the charge
transfer is only shown between H and graphene (graphite). The p,
state with spin up and down at the K point in the valence band
(seen from Fig. 4(a—b)) is insensitive to strain. This implies the
surface state arising from the states of graphene, while the bulk
band, with spin up and down at the I" point, arising from extended
Bloch states of Fe,0s, is sensitive to strain, as seen from Fig. 5(d)
because the strain changes interface spacing and coupling.
Regardless of the contribution coming from the p, states with spin-
down decreases under tensile strain, the total contribution of the p,
states, including spin up and down still increases. The contribution
coming from the p, state is larger than of the Fe,Os3 films without
graphene, no matter with or without strain. The electrons of the p,
state have relatively small momentum because the interlayer
conduction along the z-direction is severely suppressed based on a
very flat conduction band between I" and A in Fig. 4. With the in-
crease of the p, state contribution, the amount of electrons with
less momentum increases, so that total momentum decreases, and
then the total wave vector and the Fermi sphere radius decrease
with the corresponding Fermi energy decreasing. Therefore, W
(Evacuum — EF) increases compared with a-Fe,0j3 thin films without
the graphene coating. Consequently, increasing W results in better
corrosion resistance, allowing to improve surface properties along
with interfaces with the surrounding media.

4. Conclusions
In conclusion, a study of graphene as a protective barrier against

H damage was carried out. Through the characterization of
hydrogen adsorbed graphene, it was identified that graphene can

effectively protect hydrogen penetration by the formation of C-H
bonds. Calculations show that graphene is a proper barrier for
hydrogen penetration and can effectively avoid H damage
mentioned by previous research work [4]. It is reasonable to
consider that graphene is a more corrosion resistant material,
which can improve surface properties and the interface with the
surrounding medium. Although inch-sized single-crystalline gra-
phene from a controlled single nucleus on Cu—Ni alloys have
grown, but there is still a big challenge in the production high
quality graphene at low cost and in large scale [43,44]. Since
graphite film is already available, while mass production of gra-
phene remains difficult, we argue that graphite can be superior for
protective applications compared with graphene.
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