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Wetting transparency of graphene
Javad Rafiee1†, Xi Mi2†, Hemtej Gullapalli3, Abhay V. Thomas1, Fazel Yavari1, Yunfeng Shi2,
Pulickel M. Ajayan3* and Nikhil A. Koratkar1,2*
We report that graphene coatings do not significantly disrupt
the intrinsic wetting behaviour of surfaces for which surface–
water interactions are dominated by van der Waals forces.
Our contact angle measurements indicate that a graphene
monolayer is wetting-transparent to copper, gold or silicon,
but not glass, for which the wettability is dominated by
short-range chemical bonding. With increasing number of
graphene layers, the contact angle of water on copper gradually
transitions towards the bulk graphite value, which is reached
for ∼6 graphene layers. Molecular dynamics simulations
and theoretical predictions confirm our measurements and
indicate that graphene’s wetting transparency is related to
its extreme thinness. We also show a 30–40% increase in
condensation heat transfer on copper, as a result of the
ability of the graphene coating to suppress copper oxidation
without disrupting the intrinsic wettability of the surface.
Such an ability to independently tune the properties of
surfaces without disrupting their wetting response could have
important implications in the design of conducting, conformal
and impermeable surface coatings.

Graphene is a single-atom-thick sheet of sp2-hybridized carbon
atoms arranged in a hexagonal honeycomb lattice. It possesses
a unique combination1,2 of high specific surface area, chemical
stability, mechanical strength, flexibility, high electrical and thermal
conductivity, tunable bandgap, as well as being optically transpar-
ent. The optical absorption of a single graphene layer is shown to
be ∼2.3% over the visible spectrum3–5, which combined with its
high electrical conductivity6–8 could lead to transparent conductive
electrodes9–11. In spite of intense activity in graphene research, there
are very few reports studying water–graphene interactions12–14,
which could be important if graphene is to be used in conformal
coatings.Motivated by this, we performedwater contact-anglemea-
surements on graphene sheets deposited on a variety of substrates.
On surfaces such as copper, gold or silicon, where van der Waals
forces control the wetting, we find that graphene remains transpar-
ent to the substrate wetting behaviour and remains non-invasive
to the substrate/water interface. We call this effect the wetting
transparency of graphene. To our knowledge this is the first report
of such wetting transparency and could open the door to a variety
of applications. In particular, hydrophobic and super-hydrophobic
surfaces have low surface energy and are generally electrically
insulating. Conformal coating of graphene on such surfaces could
result in a new class of conductive super-hydrophobic surfaces with
possible uses in a variety of applications15–18.

Large-area monolayer graphene films were synthesized by
chemical vapour deposition (CVD) on Cu foils using the liquid
precursor hexane19. After growth, a thin poly(methylmethacrylate)
(PMMA) film was coated on the graphene/Cu substrate. The
underlying Cu substrate was dissolved in dilute HNO3, and the
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film was transferred onto both Si and Au substrates. Films with
a varying number of graphene layers (N ), from monolayer to
N > 10, were also deposited on Cu and glass substrates. Control
of the number of layers was carried out by varying the growth
time in CVD, as demonstrated in our previous work19. Atomic
force microscopy was used to measure the film thickness, which
gave estimates of the number of graphene layers in each sample.
Graphene-coated Cu and glass samples withN values ranging from
1, 1–2, 2–3, 4–6, 6–9, 8–12 and 10–15 were prepared. Figure 1a–c
shows optical micrographs of large-area graphene film deposition
on Cu, glass and Si, respectively. The deposited graphene is several
cm in in-plane dimensions and forms a uniform conformal coating
with nophysical breaks. ARaman spectroscopy study (using 514 nm
wavelength excitation) was used to confirm the approximate
number of graphene layers on the Cu substrates. Figure 1d shows
measured Raman spectra for the 2D peak for graphene films with a
varying number of layers. A clear shift in the position of the 2D peak
with number of layers is observed (Fig. 1d,e), from∼2,680 cm−1 for
monolayer graphene to∼2,715 cm−1 for the N > 10 sample. These
results are consistent with the literature; for example, Ferrari et al.20
have reported that, as the number of layers in graphene films is
reduced, the 2D peak shifts towards a lower frequency range, and
for single-layer graphene it appears between 2,650 and 2,700 cm−1.

Static water contact-angle measurements were performed by
placing droplets of de-ionizedwater on the various graphene-coated
substrates (see Methods). For statistics, 6–10 separate measure-
ments were performed at different locations on the sample surface
and the results were averaged to obtain the mean and standard
deviation. The precautions taken to clean and prevent oxide layer
formation on the substrates, and to remove residual PMMA from
the graphene surfaces before performing the wetting experiments,
are described in the Methods. Figure 2a shows the measured results
for the water contact angle on Si and on a ∼300 nm thick Au film
on Si, with andwithout amonolayer graphene coating. The baseline
(uncoated) Si and Au contact angles are ∼32.6◦ and ∼77.4◦,
respectively. Amonolayer graphene coating results in only a∼1–2%
increase in the contact angles of Si andAu. Thewetting transparency
seen for the sessile water drop was also observed for the advancing
water contact angle, as shown in Supplementary Fig. S1. Typical
values of the contact-angle hysteresis are also provided in the
Supplementary Information. Figure 2b shows the results of wetting
experiments performed on Cu substrates with a varying number of
graphene layers. Baseline Cu has a water contact angle of ∼85.9◦,
which increases by ∼0.7% to 86.2◦ for monolayer graphene. The
contact angle then continues to increase very gradually to∼86.6◦ for
2–3-layer graphene. Beyond four graphene layers there is a relatively
sharp increase to ∼88.3◦ in the contact angle. The water contact
angle finally saturates at the bulk graphite value (∼90.6◦) for more
than six graphene layers. These results indicate that monolayer
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Figure 1 |Graphene film deposition. a–c, Large-area continuous graphene films deposited on Cu (a), glass (b) and Si (c) substrates. Scale bar in the optical
micrographs is∼1 mm. d, Raman spectra of graphene films with varying thickness (number of layers) deposited on Cu substrates. e, 2D Raman peak
position plotted for different numbers of graphene layers on Cu. Consistent with the literature, the 2D Raman peak shifts monotonically from∼2,680 cm−1

for monolayer graphene to∼2,715 cm−1 for 10-layer graphene.

graphene coatings offer wetting transparency to the underlying
substrate. In spite of no direct contact between the water and the
substrate, the water molecules seem unaffected by the presence of
the graphene and experience almost the same adsorption energy to
the substrate. The implication of this is that, for surfaces such as
Si, Au or Cu, conformal graphene coatings may be used to modify
the electrical and thermal conductivity, chemical stability and other
properties of the substrate without altering in any significant way its
intrinsic wettability.However, we find that thewetting transparency
of graphene breaks down on surfaces such as glass, where the water
contact angle is dominated by short-range chemical forces (hydro-
gen bonding with water). Baseline glass (with no graphene coating)
cleaned by piranha etching showed a water contact angle of∼20.2◦
(Fig. 2c); the ideal water contact angle for clean glass is∼0◦, but can
be as large as ∼30◦ if the surface is allowed to relax. A monolayer
graphene coating results in an abrupt increase (Fig. 2c) in contact
angle to ∼48.1◦, followed by a further increase to ∼94◦ as the
number of graphene layers on the glass is increased to∼6–9 layers.

To understand the experimental observations, we have per-
formed molecular dynamics (MD) simulations to calculate the
contact angles of water droplets on the Cu surface with various
numbers of graphene layers in-between. MD simulations are gen-
erally limited to nanometre-sized water droplets, which leads to
non-negligible line tension force at the tri-phase junction. There-
fore the predicted contact angle is usually system-size dependent
and, consequently, the macroscopic contact angle must be obtained
from the extrapolation of contact angles at different droplet sizes21.
This necessitates multiple simulations with droplets of different
sizes, which is computationally expensive. Here we implemented a
new approach that is free of the system-size effect on the contact
angle. More specifically, we have employed a thin slab water droplet

(Supplementary Fig. S2) instead of the commonly used truncated
dome-shaped water droplet geometry. The advantage of this ap-
proach is that the contact line between water and the substrate
is straight and thus there is no contribution of the line tension
due to curvature in the Young’s equation. Thus, the macroscopic
contact angle can be directly calculated through fitting the x–z
projection (Supplementary Fig. S2) of a nanometre-sized droplet.
This new water droplet geometry yields satisfactory results when
compared with a water droplet with the conventional geometry21
(Supplementary Table S1).

We use a series of systems, each of which contains 4,000 H2O
molecules, to obtain the contact angles of the wetting systems
of H2O/N-layer-graphene/Cu (see Methods for the selection of
MD parameters). The dimensions of these systems are 307.7Å×
22.2Å× 200Å. Representative snapshots for a water droplet on
Cu with no graphene (seen as bulk Cu), 1-layer graphene, 3-layer
graphene and 6-layer graphene (seen as graphite) in-between are
shown in Fig. 3a–d respectively. The plot of the predicted contact
angle versus number of graphene layers is shown in Fig. 3e. It is clear
that the contact angle increasesmonotonically from∼84.1◦ to∼93◦
(from bulk Cu to graphite) with an increasing number of graphene
layers, in agreementwith the experimental observations. Above four
layers of graphene, the contact angle seems to saturate at the bulk
graphite value. The water contact angle for the monolayer graphene
coating on Cu is∼2.3% greater than the baseline uncoated Cu sub-
strate. These trends are qualitatively very similar to the experimental
observations shown previously in Fig. 2b, although there are some
quantitative differences; which is to be expected given the various
non-ideal effects (for example, substrate roughness, wrinkling of
graphene sheets and so on) that are notmodelled in the simulations.
Note that the cut-off for van der Waals interactions (see Methods)
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Figure 2 |Wetting transparency of graphene. a, Water contact angle
measurements for Si and Au substrates with and without a monolayer
graphene coating. The intermediate graphene layer has no significant
impact on the baseline wettability of the underlying substrate. b, Water
contact angle measurements on Cu substrates with different numbers of
graphene layers. There is<0.7% change in the contact angle of the Cu
substrate in the presence of monolayer graphene. Beyond four graphene
layers there is a sharp decrease in the wettability, with the water contact
angle finally saturating at the bulk graphite value for more than six
graphene layers. c, Water contact-angle measurements on glass with
different numbers of graphene layers. The wetting transparency effect of
monolayer graphene that was seen for Cu, Au and Si is not observed on the
glass substrate.
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Figure 3 |Molecular dynamics simulation of water contact angle on the
graphene/Cu system. a–d, Snapshots for 4,000 H2O molecules on bulk Cu
(a), monolayer graphene on a Cu substrate (b), 3-layer graphene on a Cu
substrate (c) and graphite (d). Yellow, blue, red and green dots represent
Cu, C, O and H atoms, respectively. e, Predicted contact-angle variation
with an increasing number of graphene layers on the Cu substrate.

in our simulations was set to be 20Å (∼six layers of graphene).
Therefore, the observed wetting transparency in the MD simula-
tions is not an artefact of a small van derWaals cut-off.

The wetting transparency of graphene on Cu can be understood
in terms of how the graphene layer affects the adsorption energy of
water on the Cu substrate. The adsorption energy has been shown
to be related to the contact angle22,23. Consider a water molecule
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adsorbed on the Cu substrate. It interacts with neighbouring Cu
atoms within the interaction range. On the insertion of single-
layer graphene between the water molecule and the Cu substrate,
only the topmost layer of Cu is replaced by carbon whereas
the majority of the Cu neighbours essentially remain the same
(Fig. 4a). The predicted adsorption energy for Cu substrates with
different numbers of graphene layers is shown in Fig. 4b. The
simulations indicate that the adsorption energy of water on Cu
differs by only 0.4%, with or without the monolayer graphene
coating. Thus, thewetting transparency of graphene ismainly due to
its two-dimensional non-close-packed thin-sheet geometry, which
only slightly perturbs the adsorption energy of watermolecules with
the substrate. The adsorption energy decreases monotonically with
an increasing number of graphene layers and saturates at ∼four
layers. The contact angle of water should increase with decreasing
adsorption energy (if other parameters are not changed), thus
explaining the predicted contact-angle results shown in Fig. 3e.

The wetting transparency of graphene films (absent of strong
short-range chemical bonding) can also be understood from
continuum modelling using the effective-interface-potential
approach24–27. The basic idea is to consider the solid/liquid
interfacial energy W (h), defined as the excess free energy per unit
area it takes to bring two interfaces from infinity to a certain
distance h (refs 24,25). By this definition, W can be calculated
from the integration of molecular pair-wise interactions across
the interface25. This approach has been successfully applied in the
literature for understanding the dewetting of thin films25,27.

The relation between the work of adhesion (which equals the
negative of interfacial energy), surface free energy and contact angle
(θ) can be described by the Young–Dupre equation24:

γ (1+cosθ)=Wad= |W (h)| (1)

The surface tension of water γ is taken21,25 as 0.072 Jm−2. To
calculate the interfacial energy W , we first consider the generic
half-space fluid interacting with a half-space substrate (the situation
of water on Cu and water on graphite). The classic model of wetting
assumes that the interaction of two surfaces is the summation of all
themolecular pair-wise interactions across the interface. Thuswhen
the van derWaals interaction is chosen in a 12-6 Lennard-Jones (LJ)
form, the interfacial energy can be expressed as24

W (h)=
c
h8
−

A
12πh2

(2)

where h is the separation between the surfaces of interest. The
Hamaker constant, A, is taken as AH2O-Cu = 12.2× 10−20 J and
AH2O-graphite= 9.08×10−20 J, following the A12= (A11A22)1/2 mixing
rule24,28. Here, c denotes the strength of short-range repulsion,
which is taken so as to match the contact angles for water on
graphite and water on Cu obtained from our experiments (85.9◦
for water on Cu and 90.6◦ for water on graphite): cH2O-Cu =
2.52× 10−80 Jm6, cH2O-graphite = 0.98× 10−80 Jm6. The equilibrium
separations are found to be ∼1.77Å and ∼1.59Å for water on Cu
and water on graphite, respectively.

Next, we consider the situation of water on the Cu substrate
with graphene in-between. The interfacial energy for this case can
be expressed as24,25,27

W (h) =
cH2O-graphite

h8
−

cH2O-graphite
(h+d)8

+
cH2O-Cu
(h+d)8

−
AH2O-graphite
12πh2

+
AH2O-graphite
12π(h+d)2

−
AH2O-Cu

12π(h+d)2
(3)

where h is the separation between water and the substrate and d
is the thickness of the graphene film. When d = 0, equation (3) re-
duces to the correct form for the work of adhesion for water on a Cu

b

c

6.1
0 1 2 3

Number of graphene layers

4 5 6

6.2A
ds

or
pt

io
n 

en
er

gy
 (

kJ
 m

ol
¬

1 )
6.3

6.4

6.5

6.6

6.7

80
0 1 2 3

Number of graphene layers on Cu slab

4 5 6 7

85

90

C
on

ta
ct

 a
ng

le
 (
°
)

95

100

Water on graphite

Water on Cu

MD simulation
Classic model

a

Figure 4 |Mechanism of wetting transparency. a, From bottom to top,
illustration of the interaction range of water molecules on Cu substrates
without graphene and covered with monolayer graphene, 3-layer graphene
and 6-layer graphene, respectively. b, Predicted adsorption energy of water
on Cu substrates with different numbers of graphene layers. Monolayer
graphene deposition yields a minimal change in the adsorption energy.
c, Comparison of the molecular-dynamics predictions with continuum
predictions based on the classical effective-interface-potential approach.

substrate. When d approaches infinity, equation (3) reduces to the
correct form for water on graphite. Figure 4c shows the comparison
of contact angles for water on Cu with different numbers of layers
of graphene for both the classical continuum model (equations (1)
and (3)) and the MD model. The thickness of one graphene layer
is assumed to be ∼0.34 nm in the simulations. Both the classic and
theMDmodels qualitatively reproduce the contact-angle transition
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Figure 5 | Condensation heat-transfer enhancement. a, Test set-up
showing the graphene-coated Cu sheet mounted on a thermally insulated
cooling block in an environmental chamber. Cooling fluid passing through
the block controls the surface temperature of the Cu sheet and the heat
flux. An array of thermocouples are used to measure the temperature of the
Cu sheet surface, the ambient temperature and the 1D heat flux through the
cooling block. b, Measured condensation heat-transfer coefficient (H) for
bare Cu and graphene-coated Cu at a relative humidity of∼10% in the
chamber for different values of the difference (1T) between ambient
temperature and the temperature of the Cu sheet.

observed in the experiments (Fig. 2b). These results indicate that
the wetting transparency of graphene is attributable to its extreme
thinness. The van derWaals interaction (equation (3)) is calculated
by integrating the interaction of all themolecules in the fluidwith all
the molecules in the substrate. This integration implies additivity,
which therefore results in wetting transparency of the ultrathin
graphene monolayer to the relatively long-range van der Waals in-
teractions. This analysis also explains why the wetting transparency
breaks down for surfaces such as glass. In spite of its extreme
thinness, the presence of graphene at the water/glass interface will
disrupt the short-range chemical interactions that play a dominant
role in determining thewater/glass contact angle. Therefore, for sur-
faceswhere chemistry plays the dominant role, the graphene coating
will not provide wetting transparency. Note that the contact-angle
transition in terms of graphene layer thickness is slightly different
(Fig. 4c) in the classic model and the MD model (MD being
closer to experimental observations). This is probably because the
continuum model considers only the film thickness and does not
account for the atomic-level discreteness of the graphene film.

The ability of graphene to passivate a surface without disrupting
its wetting properties could have significant practical benefit for
condensation heat-transfer applications29,30. Typically, Cu is the

material of choice for condensation heat transfer because of its very
high thermal conductivity, but when exposed to the environment
it is oxidized. The oxide layer acts as a thermal barrier, which
reduces the heat transfer coefficient at Cu interfaces. Coating
Cu with graphene has been shown29 to prevent oxidation, which
will improve the heat transfer. However, if the coating material
disrupts the intrinsic wettability of Cu, then this can adversely
affect condensation heat transfer. For example, if the Cu surface
becomes strongly hydrophilic, condensed water forms a liquid
film30 on the surface that can act as an interfacial thermal barrier.
Conversely, if the Cu surface becomes strongly hydrophobic, the
nucleation density of condensed water drops diminishes30, which
also adversely affects the heat transfer. The graphene coating is
unique in that it can passivate Cu oxidation without changing
the intrinsic interaction of water with the Cu surface. To study
the potential benefit of this, we performed condensation heat-
transfer experiments on a Cu sheet (∼40mm in diameter) with
and without monolayer-graphene deposition. As discussed in the
Methods, the growth procedure of graphene on Cu reduces any
native oxide present on the Cu surface. The graphene layer, once
formed, prevents29 any subsequent oxidation of the Cu surface.
Figure 5a depicts the test set-up, which involves controlling the Cu
sheet temperature below ambient temperature at a fixed humidity
level in an environmental chamber. The Cu sheet was mounted
on a specially designed cooling-block (insulated with Delrin to
maintain 1D heat conduction). The block was cooled by flowing
fluid through internal serpentine channels inside the block. A chiller
was used to control the cooling-fluid temperature and thereby
vary the heat flux being extracted from the sample surface. To
determine the heat-transfer coefficient, H , the convective heat-
transfer equation30 was used:

Q̇=H×A×1T (4)

where Q̇, A and 1T are the heat-transfer rate, the heat-transfer
surface area and the difference between ambient temperature and
the surface temperature of the Cu sheet. The heat-transfer rate (Q̇)
was measured using an array of thermocouples embedded inside
the cooling block (Fig. 5a) together with the 1D heat-conduction
equation30. Figure 5b shows the measured H for bare Cu and
Cu with a monolayer graphene coating at a relative humidity of
∼10% and ambient temperature of ∼60 ◦C. The graphene-coated
Cu shows an approximately 30–40% increase inH over awide range
of 1T . Enhanced condensation heat transfer is important for heat
exchangers used in chip cooling, as well as for de-humidification
and water-harvesting applications.

To summarize, we have shown that the extreme thinness,
homogeneity and chemical inertness of graphene make it an ideal
coating material from the point of view of wetting transparency.
For certain systems (for example, wetting of polystyrene films
on Si), relatively thick SiO layers of several nm in thickness25
are able to provide transparency to polystyrene wetting on Si. In
contrast, for water on solid surfaces (for example Cu), ultrathin
coatings are necessary for wetting transparency. This is illustrated
in Supplementary Fig. S3, where we compute the water contact-
angle transition from Cu to graphite for carbon film coatings
on Cu with thicknesses of 0.34 nm, 0.7 nm and 1 nm using the
continuum model (equation (3)). It is clear that even ultrathin
0.7 nm or 1 nm coatings fail to provide wetting transparency.
The wetting transparency effect becomes apparent only when the
coating thickness is reduced to ∼0.34 nm (that is, the thickness
of graphene). Sputtered oxide or polymer films cannot rival such
extreme levels of thinness. Moreover, water can form hydrogen-
bonding networks with oxide layers (for example, SiO used in
ref. 25), as was also observed for glass (Fig. 2c), which will disrupt
the wetting transparency. In contrast, graphene’s basal plane is
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chemically inert and less prone to oxidation compared with other
materials. Graphene is also mechanically strong and highly flexible,
which makes it an ideal material for conformal coating of large-
area substrates. Furthermore, graphene is conductive, providing
an entirely new method to independently tune the electronic
properties of a surfacewithout changing its wetting properties.

Methods
MD simulations. For the graphene/Cu system, the interlayer spacings are 2.09Å
for Cu–Cu, 3.4Å for graphene–graphene and 2.8Å for graphene–Cu. Cu(111)
surfaces are chosen to match the graphene lattice, which is stretched by about 4%
(C–C bond distance to 1.48Å). We use the flexible SPC model22 for water–water
interactions, which consists of coulombic interactions between partial charges
on O (−0.8476e) and H (+0.4238e) atoms, and an O–O LJ interaction with
εO–O = 0.6502 kJmol−1, σO–O = 3.166Å and a cutoff of 10 Å. Harmonic bond and
angle constraints are used to keep the O–H distance close to 1 Å and the H–O–H
angle close to 109.47◦. LJ potentials are used for both C–O and Cu–O interactions.
The LJ parameters are determined as εC–O = 0.3975 kJmol−1, σC–O = 3.19Å,
εCu–O = 0.7113 kJmol−1 and σC–O = 3.19Å to match the experimental contact
angles for water/graphite and water/Cu. A LJ cutoff of 20 Å is used for Cu–O and
C–O; we intentionally selected a long cutoff (∼6 times the equilibrium separation
between water and graphene) to avoid an artificial wetting-angle transition due
to the cutoff value for the intermolecular force field. For simplicity, the Cu and
graphene layers are fixed throughout the simulation. This is acceptable, as it has
been shown that the water contact angle is almost identical on either rigid or flexible
substrates21. We start the simulation using molecules placed in a well-defined
order on substrates and then let them relax in the NVT ensemble at 298K for a
sufficiently long time (∼500 ps) to obtain a relaxed water droplet on the substrates.
Then the sample evolves for 500 ps in the NVE ensemble for data collection.
The temperature fluctuation is less than 5K. We carried out all MD simulations
using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS;
http://lammps.sandia.gov/) package.

Contact-angle measurements. The contact angle was measured using a
Ramé-Hart M500 digital goniometer equipped with a dispensing needle (VICI
Precision Sampling, CA, USA). First, a 1 µl water droplet was generated using the
automatic dispenser of the goniometer, based on four time-controlled volume
steps of 0.25 µl close to the sample surface. The sessile droplet was formed by fixing
the needle and approaching the substrate parallel to the needle direction with a
gentle feed rate of a few micrometres per minute. All the tests were carried out in
an air environment at room temperature. The axisymmetric drop-shape analysis
profile (ADSA-P) method13 was used to estimate the contact angle of the water
droplet on the solid surface.

Substrate cleaning. To establish thewetting effect, it is essential to take extreme care
to verify that the surfaces are clean. The surface of the glasswas cleanedusing piranha
solution (60% sulphuric acid+40% hydrogen peroxide). The glass substrates were
soaked in freshly prepared piranha solution for 1 h, followed by a thorough rinse
with deionized (DI) water, followed by methane, and then blown dry with dry
argon. The substrates were stored in sterilized boxes to avoid any contamination.
Si substrates were cut into smaller pieces and used. These substrates were first
sonicated in amixture of 1:1 acetone and isopropyl alcohol (IPA). The Si wafers were
then dipped into 50% hydrofluoric solution to remove any native oxide present on
the surface, rinsed with DI water, and blown dry with dry argon. As the growth pro-
cedure of graphene on Cu foils involves heating them in an hydrogen atmosphere
to ∼950 ◦C, any native oxide present on the Cu surface is reduced. Graphene is
then grown on this oxide-free Cu surface by passing a carbon source. The graphene
layer, once formed on the Cu, will act as a barrier to prevent any oxidation of the Cu
surface, as shown in ref. 29. The PMMA on the graphene surface was removed by
dissolving it using acetone, followed by an IPA rinse. Any trace PMMA remaining
on the graphene filmwas evaporated by heating the samples to∼375 ◦C in a furnace
with constant argon–hydrogen flow and holding the temperature for∼1 h.
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