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ABSTRACT: The adsorption and reactions of small mole-
cules, such as water and oxygen, with graphene films is an area
of active research, as graphene may hold the key to unique
applications in electronics, batteries, and other technologies.
Since the graphene films produced so far are typically
polycrystalline, with point and line defects that can strongly
affect gas adsorption, there is a need to understand their
reactivity with environmentally abundant molecules that can
adsorb and alter their properties. Here we report a study of the
adsorption and reactions of water, oxygen, hydrogen, and
ammonia on epitaxial graphene grown on Ru and Cu substrates using scanning tunneling microscopy (STM). We found that on
Ru(0001) graphene line defects are extremely fragile toward chemical attack by water, which splits the graphene film into
numerous fragments at temperatures as low as 90 K, followed by water intercalation under the graphene. On Cu(111) water can
also split graphene but far less effectively, indicating that the chemical nature of the substrate strongly affects the reactivity of the
C−C bonds in epitaxial graphene. Interestingly, no such effects were observed with other molecules, including oxygen, hydrogen,
and ammonia also studied here.

■ INTRODUCTION
Graphene, a single layer of carbon atoms bonded in a hexagonal
lattice, has attracted intense scientific interest due to its unique
two-dimensional structure and remarkable electronic proper-
ties, which make it a promising material for large-scale
applications in nanoelectronics.1,2 Graphite and graphene
films are also important in battery technologies, as they are
used as intercalation hosts for Li ions.3 For some of these
applications, controllable synthesis of large-area and high-
quality graphene is required. Epitaxial growth of graphene on
metal substrates such as Ru,4,5 Ir,6 and Cu7,8 has been
demonstrated to be a rational route for producing macroscopic
graphene films. However, the as-produced graphene films are
typically polycrystalline,9 with point defects (such as vacancies
and nonhexagonal rings) and line defects (dislocations and
grain boundaries)10 that can markedly affect their properties,
such as mechanical strength,9 electrical transport,11 and
chemical reactivity.12 It is therefore of great importance to
study the impact of these defects on the chemical and structural
properties of epitaxial graphene.
Another important concern is that graphene-based devices

are normally operated in ambient environments, where the gas
molecules (such as H2O, O2) may react with the graphene and
degrade their performance and reliability.1,13−15 For example,
exposure of annealed graphene films to water vapor or
ammonia leads to their p-type or n-type doping,1 while the
controlled adsorption of water molecules can be used to tune
the bandgap in graphene.13 Similarly, oxygen can also produce
hole-doping in deformed graphene.14 The gas molecules
adsorbed on graphene can act as donors or acceptors and

induce changes in the electrical conductivity, giving rise to such
applications as gas sensors with high sensitivity.15 The influence
of gas adsorption becomes more severe when graphene
contains defects due to their enhanced reactivity.16,17 For
example, water molecules can dissociate over defective sites in
graphene, forming C−H and C−OH bonds, which has been
demonstrated by both theoretical calculations18 and vibrational
spectroscopy.19 Therefore, elucidating the impact of defects
toward gas adsorption and reactions is crucial for making
reliable graphene-based devices that are operated at ambient
conditions.
In this article, we report a study, using scanning tunneling

microscopy (STM), of water adsorption and reactions on
epitaxial graphene on Ru and Cu substrates. These two metal
substrates have been intensely explored for epitaxial graphene
because of their potential for producing macroscopic graphene
films.5,7 We found that on Ru(0001) water splits the epitaxial
graphene along line defects into numerous fragments at
temperatures as low as 90 K, followed by water intercalation
under the graphene. On Cu(111) however, the water-induced
splitting of graphene is far less effective, indicating that the
substrate plays a key role in modifying the chemical properties
of epitaxial graphene. Our findings provide relevant and novel
information on the reactivity of defects in graphene, which
should be of great interest for both fundamental science and
technological applications.
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■ EXPERIMENTAL SECTION
The experiments were performed using a home-built, low-temperature
ultrahigh vacuum (UHV) STM at a base pressure below 3 × 10−11

Torr.20 The Ru(0001) surface was cleaned first by Ar ion sputtering at
1 kV, followed by annealing and cooling cycles between 770 and 1770
K in a partial oxygen atmosphere to remove carbon impurities from
the surface. The remaining oxygen on the surface was removed by
annealing the sample to 1670 K in UHV. The cleanness of the surface
was confirmed by Auger electron spectroscopy and STM. Epitaxial
graphene on Ru was prepared by exposing the Ru sample to ethylene
at 1230 K (2 × 10−7 Torr, 2 min). Epitaxial graphene on Cu(111) was
prepared through exposure to ethylene at 1273 K (4 × 10−4 Torr, 15
min). The samples were then slowly cooled down and transferred to
the STM body in a connected UHV chamber. Water (Sigma Aldrich,
deuterium depleted, 99.99995%) was purified by freeze−pump−thaw
cycles and dosed through a leak valve and a dosing tube pointing
toward the sample at a defined sample temperature. After water
exposure, the sample could be annealed to higher temperatures to
enhance the mobility and reactivity. All STM images presented in this
paper were acquired at 77 K.

■ RESULTS AND DISCUSSION

Figure 1a shows an STM image of the graphene film grown on
the Ru(0001) substrate. A hexagonal lattice with a periodicity
of about 3 nm is observed, which is a Moire ́ pattern due to the
lattice mismatch between the graphene and Ru substrate.4 The
expanded STM image in the inset of Figure 1a shows the

atomically resolved superstructure, which corresponds to (12 ×
12) graphene unit cells sitting on (11 × 11) Ru unit cells.4

Nevertheless, it should be noticed that a C(25 × 25)−Ru(23 ×
23) superstructure has also been suggested.21 The observed
corrugation originates primarily from a geometric buckling of
the graphene film,22 which interacts strongly with the
underlying Ru substrate. The quality of the graphene film is
not homogeneous over the entire surface: some areas are
almost defect-free (Figure 1a), while others contain line
defects,10 mainly dislocations and grain boundaries (Figures
1b and S1, Supporting Information (SI)). Figure 1c is an image
of an edge dislocation, where an additional period of the Moire ́
pattern is inserted at the location indicated by an arrow. The
atomic-scale details in Figure 1d reveal the discontinuity of the
graphene lattice at the defect line, suggesting that broken and
stretched C−C bonds occur there. The graphene domains
across the line defects often show different orientations in the
Moire ́ patterns (see Figure S1 (SI)), indicating their different
lattice orientations relative to the Ru substrate.
The graphene-covered surface was exposed to submonolayer

amounts of water (2 × 10−10 Torr, ∼1 min) at 77 K. The
adsorbed water formed clusters, as shown in Figure 2a,
indicative of poor wetting. These clusters, visible as bright
clumps around 1 to 2 nm high, were easily scraped away by the
STM tip while imaging at low tunneling resistance (Figure S2
(SI)).23 Imaging conditions with a negative sample bias voltage

Figure 1. STM images of the as-grown graphene film on Ru(0001). (a) An overview of the graphene film, showing a Moire ́ pattern with a periodicity
of around 3 nm. The atomically resolved superstructure is shown in the inset. (b) The quality of the graphene is not homogeneous over the surface,
some areas containing numerous line defects, as indicated by the arrows. (c) Expanded view of an edge dislocation in graphene, as indicated by the
arrow. (d) Close-up image of the area in the square in (c), showing the discontinuity of the graphene lattice, where dangling and stretched bonds are
expected to occur. Imaging parameters: sample bias voltage Vs = 27 mV, tunneling current It = 12 pA (a); Vs = 150 mV, It = 15 pA (b); Vs = 15 mV,
It = 0.29 nA (c,d).
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(|Vs| ≥ 1.5 V) and a low tunneling current (∼5 pA), however,
were found to give stable imaging (see the discussion in Figure
S2 (SI)).23 STM images acquired in different areas indicate that
water is distributed inhomogenously, accumulating preferen-
tially in defective areas.
Annealing the sample to 90 K for 5 min produced notable

changes, as shown in Figure 2b−d. Water stripes are observed
decorating some of the dislocation lines (Figure 2b). In many
areas, the graphene film appears split into fragments separated
by gaps (Figure 2c). The different orientations of the Moire ́
pattern in the fragments on each side of the gaps indicate that
an edge dislocation or grain boundary was previously there. In
addition to the splitting, graphene fragments were found
detached and displaced away from the Ru substrate, forming
flakes on top of other graphene areas, as shown in Figure 2d.
The facile displacement of the flakes is indicative of a weak
interaction with the graphene substrate, a topic of interest that
has been treated theoretically.24 It is clear from our results that
even the small forces from tip−sample interaction or thermal
agitation are capable of initiating the displacement. The
displaced flakes show a Moire ́ pattern almost identical to that
of the first graphene layer underneath (Figure S3 (SI)),
indicating that the corrugation and orientation of the second
graphene layer is similar to that of the first layer.25 In addition,
stripe-like water structures are observed on the exposed areas of
the Ru substrate.

The detachment of graphene fragments is attributed to the
intercalation of water that weakens the interaction of C with the
Ru substrate. Intercalation is facilitated by the gaps opened by
the splitting of the graphene at line defects. It propagates from
the edges to the interior, as indicated in Figure 2d. The
intercalated water decouples the graphene from the Ru
substrate, causing the loss of the Moire ́ pattern, as shown in
Figure 2e. Similar effects have been observed with other
chemical species like oxygen.26,27 Intercalation of water has also
been observed between graphene and mica under humid
environments,28 indicating that water intercalated between
graphene and a hydrophilic substrate (such as mica and Ru) is
more energetically favorable. The structure of the intercalated
water is of great interest but unfortunately is not revealed by
the STM images, which show mostly a superposition of the
atomic structure of the graphene and the intercalated layer.
Confinement due to the intercalation might force different
molecular orientations and hydrogen bonding geometries, as
predicted theoretically for water confined between graphene
sheets,29 which may change the activation barrier for reactions,
such as the dissociation of water.30 This is a very interesting
topic that deserves further investigation.
The process of graphene fragmentation, flake displacement,

and water intercalation amplifies as more water is added to the
surface at higher temperatures. Figure 3 shows STM images
acquired after another submonolayer water exposure (2 × 10−10

Figure 2. STM images of the graphene surface after water exposure. (a) Clusters are formed on top of the graphene surface after water exposure at
77 K. (b) After annealing to 90 K for 5 min, water stripes are observed decorating some defect lines. The Moire ́ patterns on each side show different
orientations (as indicated by the arrows), indicating a dislocation there. (c) Graphene splits into fragments along line defects, opening gaps between
them, as indicated by arrows. The bright stripes are attributed to water. (d) Graphene flakes detached from the substrate moved on top of the first
overlayer. Exposed areas of Ru substrate decorated with water stripes are visible. Decoupled graphene (no Moire ́ pattern) due to water intercalation
is observed along the edges of the split fragments, as indicated by the yellow arrows. (e) Expanded view image showing the atomic-scale structure of
water intercalated graphene at the edge of a fragment. Imaging parameters: Vs= −1.5 V, It = 4 pA (a−d); Vs= −16 mV, It = 0.5 nA (e).
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Torr, ∼1 min) at 110 K. More gaps are opened along line
defects, as indicated by yellow arrows in Figure 3a, and more
water is observed on the exposed Ru substrates. Meanwhile, the
extent of water intercalation under the graphene has also
increased, as shown in Figure 3b. Some of the intercalated
graphene regions are relatively smooth, as shown in Figure 3c,
and the height profile along the red line shows that the
apparent height of the intercalated area is about 0.6−0.8 Å. In
other intercalated regions, the surface topography is uneven
with apparent heights varying from 1 Å to 5 Å (Figure 3d).
These observations indicate that the spatial distribution and
thickness of the water layer under the graphene is not
uniform.28

After annealing to 200 K for 30 min, the water adsorbed on
the exposed Ru substrate has completely dissociated forming a
(2 × 1) structure (the inset of Figure 4a), which is known to be
formed by adsorbed oxygen atoms.31 Many more fragments of
the initial graphene film have been split and displaced to other
areas (about 50% in Figure 4a). Because the water-induced
rupture of the graphene occurs at line defects, the resulting
graphene flakes are defect-free. It is important to point out that

similar water exposure and annealing experiments on graphene
areas with very few defects did not result in the splitting of
graphene (see Figure S4 (SI)). The rupture of the strained C−
C bonds at line defects should be facilitated by a catalytic
interaction with the Ru substrate, as there are no reports of
similar graphene splitting effects so far in the extensive work
published about graphene on various substrates in humid
environments. In contrast with other substrates, the epitaxial
graphene on Ru(0001) is strongly corrugated by 1.5 Å, which
may increase the stress and weaken the C−C bonds,21,22 thus
enhancing their reactivity, especially at the defects.12 The
dissociation of water at strained C−C bonds leading to their
rupture is the key reaction that propagates and splits the
graphene along line defects.18,32−34 This process is reminiscent
of the oxygen-driven unzipping of graphene33,34 and carbon
nanotubes,35 while the difference is that here it occurs at a
much lower temperature with water as the oxidant. The
adsorption energy of water, ∼0.40 eV on the Ru(0001)
surface,36 is comparable to the activation energy for oxygen
intercalation between graphene and Ru (0.38 eV),27 and thus

Figure 3. Additional water exposure at 110 K results in more graphene spitting and displacement. (a) STM image showing graphene splitting and
flake detachment after an additional submonolayer amount of water was deposited at 110 K. More cracks are opened along line defects (as indicated
by yellow arrows), and water adsorbs on exposed areas of the Ru substrate. (b) A close-up of the surface showing water on exposed Ru areas and
decoupled graphene (no Moire ́ pattern) due to water intercalation underneath. (c,d) Atomically resolved images of graphene fragments partially
intercalated with water, which decouples it from the Ru substrate (showing no Moire ́ pattern). Atomic structure of the graphene in the intercalated
part is resolved. The uneven distribution of water underneath is responsible for the variations in contrast. A height profile following the red line is
shown in (c) along with a schematic illustration below. Imaging parameters: Vs= −1.5 V, It= 5 pA (a,b); Vs= −16 mV, I = 0.2 nA (c); Vs= −16 mV, It
= 0.5 nA (d).
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Figure 4. Thermal evolution of the water-exposed graphene surface. (a) Almost half of the graphene overlayer has been displaced after annealing to
200 K for 30 min. Water is dissociated, forming a (2 × 1) structure on the exposed Ru substrate, which are attributed to O atoms (inset). (b,c)
Differential Auger spectra for the as-grown graphene (b) and water-exposed graphene (c), both acquired at 298 K. The peak ratio at 273 eV (lower
half/upper half) decreased from 3.62 to 2.73, indicating a decrease in the carbon coverage. Meanwhile, the oxygen peak at ∼512 eV became visible
because of water dissociation.

Figure 5. Water adsorption on graphene/Cu(111) surface. (a) An STM image of graphene on Cu(111), with an expanded view (3.4 × 3.4 nm2)
showing the atomically resolved graphene lattice in the inset. The dark lines indicated by arrows mark the grain boundaries. (b) Expanded view of
grain boundaries in the graphene (from the area in the red square in (a)), showing different lattice orientations (arrows) in each domain. (c) Water
clusters on the graphene surface after submonolayer water exposure at 77 K. (d) After annealing to 150 K for 15 min, displaced graphene fragments
were found occasionally, leaving the Cu substrate exposed. Imaging parameters: Vs = 200 mV, It = 15 pA (a); Vs = 14 mV, It = 0.5 nA (b); Vs= −380
mV, It = 15 pA (c,d).
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should provide enough energy to facilitate the water
intercalation.
Auger electron spectroscopy performed at room temperature

shows an apparent decrease in the carbon coverage of the
surface, as revealed by the decreased ratio between the
intensities of the lower and upper half of the Ru 273 eV
peak in the differential Auger spectrum.4 In the as-grown
graphene film, this ratio is 3.62 ± 0.13 (Figure 4b),
corresponding to a high carbon coverage. The ratio decreased
to 2.73 ± 0.16 after water exposure and annealing to 298 K
(Figure 4c), indicating a reduced carbon coverage. This
decrease is due to the displacement of flakes exposing bare
Ru metal and forming double layers, so that the C peak is
attenuated. Meanwhile, the oxygen peak at ∼512 eV becomes
visible. Auger spectra of clean Ru(0001) and O(2 × 1)-covered
Ru(0001) surfaces are shown in Figure S5 (SI).
To further elucidate the role of the Ru substrate in the

splitting of graphene, comparative experiments were performed
on epitaxial graphene on Cu(111) substrate, which was chosen
because it interacts more weakly with graphene and does not
dissociate water. Figure 5a shows an STM image of the
graphene film on Cu(111) substrate, with an expanded image
in the inset showing the atomically resolved structure. Dark
lines are observed (indicated by arrows), which are due to grain
boundaries.8 An expanded view of grain boundaries is shown in
Figure 5b, where the graphene lattice orientation is different in
each domain. After water exposure at 77 K, water clusters are
observed on the surface (Figure 5c), similar to the case of
graphene on Ru. Subsequent annealing to temperatures below
150 K did not produce much difference. However, after
annealing to 150 K for 15 min, some graphene fragments were
found split from the film and displaced to other locations, as
shown in Figure 5d. In contrast to the Ru case, the graphene
splitting was found only occasionally on the Cu surface (about
1% area of the graphene film), indicating that the chemical
nature of the substrate strongly affects the reactivity of the C−
C bonds in epitaxial graphene.37 In addition, we associate the
occasional splitting of graphene observed on Cu substrate to
the existence of more weakly interconnected domains, with a
much higher density of dangling C−C bonds at the boundary,
where water dissociation is facilitated.18,19

Finally, we also performed experiments with other molecules
(O2, H2, NH3), which, however, did not produce apparent
changes to the graphene on Ru(0001) with gas partial pressures
of up to 10−7 Torr and sample temperatures ranging from 77 to
298 K, indicating a much lower reactivity of these gases with
the graphene.26,27 The differences in reactivity between water
and the other molecules on graphene is very intriguing38 and
calls for theoretical studies to fully understand the phenomen-
on.

■ CONCLUSIONS
In summary, we have shown that water efficiently splits epitaxial
graphene on Ru(0001) at temperatures as low as 90 K,
resulting in numerous graphene fragments. The graphene
splitting initiates at line defects and is catalyzed by the
underlying Ru substrate through weakening the C−C bonds at
the defects. Water can also induce the splitting of graphene on
Cu(111), but far less effectively. Our studies shed light on the
impact of ambient gas adsorption on graphene, which can
greatly affect the quality of graphene and thus be an important
factor in graphene mass production and large-scale applications
in electronics. From another perspective, the water-induced

splitting of graphene can eliminate grain boundaries and
provide a method for tailoring graphene along line defects, with
potential applications in the production of single-crystal
nanosized graphene,39 where defects could be introduced first
using a variety of methods (seeded growth,11 photo- and
electron-beam lithography,40 for example). The detachment of
graphene films from metal substrates through water inter-
calation is also an attractive method worth exploring for
graphene exfoliation, which possesses the merits of simplicity
and reduced contamination. Intercalation is by itself an
important step in batteries, where Li is stored between graphite
sheets and other molecules can also insert. Our studies show a
method for fundamental studies of these phenomena.
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