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Wetting phenomena are ubiquitous and impact a wide range of applications. Simulations so far have largely

relied on classical potentials. Here, we report the development of an approach that combines density-

functional theory (DFT)-based calculations with classical wetting theory that allows practical but

sufficiently accurate determination of the water contact angle (WCA). As a benchmark, we apply the

approach to the graphene and graphite surfaces that recently received considerable attention. The

results agree with and elucidate the experimental data. For metal-supported graphene where electronic

interactions play a major role, we demonstrate that doping of graphene by the metal substrate

significantly alters the wettability. In addition to theory, we report new experimental measurements of

the WCA and the force of adhesion that corroborate the theoretical results. We demonstrate

a correlation between the force of adhesion and WCA, and the use of the atomic force microscope

(AFM) technique as an alternative measure for wettability at the nanoscale. The present work not only

provides a detailed understanding of the wettability of graphene, including the role of electrons, but also

sets the stage for studying the wettability alteration mechanism when sufficiently accurate force fields

may not be available.
Wetting phenomena are ubiquitous in a variety of practical
issues, including adhesion,1 friction,2 interfacial thermal
conductance (Kapitza conductance),3,4 to name just a few. Gra-
phene has emerged as an important material for applications
where water wettability plays a major role, e.g., as a lubricant,5

small-molecule gas sensor,6,7 desalination membrane,8,9

protective coating from electrochemical degradation,10 promo-
tive coating for dropwise condensation,11 etc. Among these
applications, to wet or not to wet is the key problem.12,13 More
recently, doping-induced tunable wettability was reported for
graphene.14,15

Interactions between the wetting liquid and the solid it rests
on are responsible for the wetting properties of a surface. The
binding energy of individual molecules on the solid surface,
obtained by quantum-mechanical calculations, has at times
been used as an indicator of wettability.14,16 A better indicator,
however, is the water contact angle (WCA), an experimentally
easily accessible parameter that characterizes macroscopically
a surface's wettability by water.17,18 Large WCA, >90�, signies
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hydrophobic behavior, whereas small WCA, <90�, signies
hydrophilic behavior. The past few years have witnessed
increasing efforts to understand the wetting mechanism of
graphitic carbon surfaces. Theoretical calculations of WCAs of
graphitic carbon surfaces have so far been done primarily using
classical potentials, by constructing an analytical interaction
potential between water and the solid surface based on inter-
atomic Lennard-Jones potentials19–21 or classical molecular
dynamics (CMD) simulations.19,22–29 In those pioneering studies
with the work-of-adhesion approach, one rst computes the
work of adhesion of a water slab on a surface and then employs
the Young-Dupré equation that relates the work of adhesion to
the WCA.19,25–28 Alternatively, CMD can be sued to measures the
shape of a water droplet on a surface and extract the WCA.22–24

Though these approaches have provided signicant insights
into wetting behavior,19,22–28 they depend on the availability of
reliable classical potentials. The construction of such potentials
becomes a difficult task when many atomic species are present.
For example, the interplay between ions such as Ca2+, Mg2+,
SO4

2�, Na+ and Cl� in saline water and calcite (CaCO3) surfaces
is responsible for the wettability alteration for oil recovery.30,31

There are also cases, e.g., monolayers on metallic substrates,
where explicit electron doping effects may play a major role,
requiring electronic-structure calculations. While density
functional theory (DFT) is the method of choice for predictive,
This journal is © The Royal Society of Chemistry 2018
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atomic-scale calculations of interactions at the solid–water
interface, the major difficulty lies in the limited time and length
scales achievable by quantum MD (QMD) simulations.32 So far
there exists only one report of QMD simulations of water
nanodroplets, on graphene and hexagonal boron nitride
monolayers.33

In this paper, we adopt the method based on the work of
adhesion and the Young-Dupré equation, and employ an
approximation that allows practical but sufficiently accurate
DFT-based determination of the WCA. Benchmark calculations
conrm that graphitic carbon surfaces are nonpolar and
intrinsically hydrophilic, with their wettability determined by
the dispersive interaction. The WCA gradually decreases with
increasing number of graphene layers N, while a monolayer of
adsorbed hydrocarbons is sufficient to render graphene
hydrophobic, complementing similar results obtained using
classical potentials.20,21,25,34 In the presence of a metal substrate,
electronic structure comes into play and electron doping of the
graphene sheet by the metal substrate alters the wettability of
graphene. We report new WCA and AFM (atomic force micros-
copy) measurements for Cu-supported monolayer and multi-
layer graphene that further corroborate the theoretical results.
Finally, we demonstrate a correlation between the force of
adhesion and WCA, and the use of the AFM technique as an
alternative measure for wettability at the nanoscopic scale.
Theory

Starting with the Young-Dupré equation,35 the work of adhesion
Wadh is related to the surface tension g of a two-phase interface
(S-solid; L-liquid; V-vapor) by

Wadh ¼ gSV + gLV � gSL ¼ gLV(1 + cos q) (1)

We note that g in the Young-Dupré equation is the free
energy per unit area when an interface is created.36–38 Wadh then
is the free energy difference when the two surfaces SV and LV
are brought together to create the interface SL. Leroy et al.
demonstrated through classical MD simulations that given the
interaction between water and graphene, Wadh only weakly
depends on the water model used.26 It is then clear from eqn (1)
that an independent evaluation of Wadh immediately yields
a value for the WCA if one uses the experimentally determined
value for gLV (72.8 mJ m�2, independent of the surface as the
solid phase is not involved),39 as is adopted throughout the
present calculations.

The task of evaluating Wadh has so far been undertaken by
classical MD simulations, primarily for carbon-based materials
such as graphene and graphite for which accurate classical
potentials are available. The enthalpy part of Wadh can be
calculated directly from the total energies of the system with
a water slab on and off the surface. For the entropy part,
however, one must perform a series of calculations along
a reversible thermodynamic integration path19,25–27 as the water
slab is lied off the surface (e.g. by the action of a phantom
wall25). Implementing this methodology using QMD simula-
tions is, however, currently impractical.
This journal is © The Royal Society of Chemistry 2018
Nevertheless, we note that, for graphitic carbon surfaces, the
entropic contribution toWadh is a constant 33% of the enthalpic
contribution, regardless of the number of graphene layers.25 We
shall, therefore, implement the method by approximating Wadh

as 67% of the energy of adhesion Eadh obtained via QMD
simulations, for which only the two end states are involved. We
will extend this approximation to hydrocarbon-contaminated
surfaces and to graphene on metal substrates. The approach,
therefore, represents a trade-off between accurate entropy
calculations and introduction of explicit electronic-structure
effects that are altogether absent in CMD, but are likely to be
important, especially in the case of graphene on metal
substrates. The present results set the stage for future evolution
of the theory as computer performance increases.

Results

A quantitative determination of the WCA requires an accurate
description of the water–graphene interaction in the rst place.
The level of sophistication depends on the choice of the density
functional. The present calculations adopt the widely-used (for
its general applicability) PBE functional.40 To properly account
for the vdW interaction, the Grimme dispersion correction41

with a global scaling factor of 0.35 is used. To demonstrate the
accuracy of our choice, we compare the binding energy of
a water monomer on a free-standing graphene sheet with that
calculated by the more sophisticated (but computationally
impractical for subsequent WCA calculations) DFT-based
random phase approximation (RPA),42 as shown in Fig. 1a. A
close agreement is found.

A hydrophilic WCA of 74� is then obtained for suspended
monolayer graphene, compared to the measured value of 85� �
5�.43 Given the approximations made, the agreement is satis-
factory. The calculated WCA of suspended multilayer graphene
gradually decreases as the number of graphene layers N is
increased, in agreement with previous theoretical results,20,21,25

as shown in Fig. 1b. The trend of decreasing WCA as a function
of the number of graphene layers is also in qualitative agree-
ment with calculations using the empirical Fowkes
approach.44–46 In the Fowkes approach, the interfacial tension
gSL is divided into a polar (polar chemical bonds, e.g. hydrogen
bonding) part and a nonpolar (dispersive or van derWaals) part.
Wadh is then approximated by the geometric mean of the
dispersive and polar component of the surface tension
2(gd

LVg
d
SV)

1/2 + 2(gpLVg
p
SV)

1/2.47 For nonpolar surfaces the polar part
vanishes, and therefore the wetting behavior of graphitic carbon
surfaces is predominantly determined by the dispersive inter-
action with water molecules, as demonstrated experimentally by
contact angle and surface energy measurements.48

The density and dipole moment proles of water molecules
near the surface are considered to have direct relevance on the
WCA.49 In agreement with previous DFT theoretical results on
the structure of water layers on graphene,50 we nd that there is
a depletion region of 2.5 Å adjacent to the surface, aer which
the rst interfacial water layer rises sharply to its peak at around
3.15 Å, as shown in Fig. 1c. Furthermore, no signicant elec-
tronic doping of graphene is induced from the wetting of
RSC Adv., 2018, 8, 16918–16926 | 16919
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Fig. 1 (a) Binding energy of a water monomer on suspended graphene surface. The solid and dashed curves show the results for the “two-leg”
and “one-leg” configurations respectively calculated with the PBE-D (s ¼ 0.35) functional, compared to the RPA benchmark results42 shown by
triangles. The insets are the side and top views of the “one-leg” and “two-leg” structures. (b) Calculated WCA as a function of the number of
graphene layers N. (c) Water density profile along the surface normal. The shaded area shows the first wetting layer. (d) Orientation angle
distribution of water molecules in the first wetting layer.
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a water slab, consistent with previous DFT total-energy and
structural relaxation calculations.51 The orientation angle
(dened as the angle between the H–O–H bisecting vector and
the surface normal) distribution of water molecules in the rst
wetting layer (shaded area in Fig. 1c) reveals the nonpolar
nature of graphitic carbon surfaces. As shown in Fig. 1d, water
molecules in the rst wetting layer preferably have their dipole
moments pointing parallel to the surface (4 � 90�). It is note-
worthy that the distribution appears to be “bi-modal” for
monolayer graphene and gradually merges into “unimodal”
with increasing N.

The nonpolar nature of graphitic carbon surfaces in both dry
and wet conditions is further manifested from a Mulliken
population analysis52 at the electronic structure level. The
ensemble average of Mulliken charges on carbon atoms in the
topmost graphene surface hQi are obtained for monolayer and
multilayer graphene. For both “dry” and “wet” surfaces, these
Mulliken charges are on average 4, equal to the valency of the
carbon atoms regardless of the number of graphene layers. This
demonstrates that the nonpolar nature is robust against water
wetting, and therefore it is sufficient to describe the water–
16920 | RSC Adv., 2018, 8, 16918–16926
carbon interaction with the Lennard-Jones potential, as has
been done in many prior classical MD simulations.19,22–28

To further test our calculations, we also investigated the
effect of hydrocarbon contaminations. Due to the illusive effect
of airborne hydrocarbon contaminants,21,53,54 graphitic carbon
surfaces were oen observed to be hydrophobic,55 while the
water wettability of graphene has been reported to vary from
“wetting transparency”56 and “wetting translucency”57 to
“wetting opaqueness”58 (the graphene coating has no effect,
partly alters, or completely dominates, respectively, the WCA of
the underlying surface). Here we model hydrocarbons with
a monolayer of methane CH4 (adsorbed on graphene). The
contamination density is one-sixth of the graphene carbon
atom density. We then study the water wettability of the
contaminated graphene surface, which appears to be hydro-
phobic, as shown in Fig. 2b. The contaminated surface exhibits
strong water repellency, as already manifested in the water
density prole in Fig. 2b. This is in qualitative agreement with
previous classical MD simulations,34,59 and demonstrates that in
experiments care needs to be exercised to ensure that the
samples are free of hydrocarbon contaminations. Indeed the
WCA of Cu-supported graphene has been found to increase by
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) Calculated andmeasuredWCA as a function of the number of graphene layersN on Cu substrate. (b) Water density profile of graphene
contaminated by hydrocarbons (CH4).
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25� upon exposure to ambient air.53 The induced hydrophilic-to-
hydrophobic wettability alteration arises from the weaker vdW
interaction between hydrocarbons and water.

Having validated the approach of predicting WCA from the
energy of adhesion Eadh, we resolve outstanding issues of
practical concern. We carried out WCA experiments on mono-
layer and multilayer graphene on Cu foil. The results of the
present calculations and experimental data are in excellent
agreement, as shown in Fig. 2a. For monolayer graphene on
copper foil, there exists a spread of prior experimental data
ranging from 44� (ref. 21) to 61�,60 while our measurement is
close to its upper bound. We believe the spread can be partly
attributed to the difference in the annealing procedures, which
is related to the removal of residual hydrocarbons. Besides, the
strain mismatch caused by the difference in thermal expansion
between graphene (negative) and Cu (positive) could induce
surface roughness, which inuences the water wettability.
Compared with suspended monolayer and multilayer graphene
(Fig. 1b), the trend of WCA is reversed to be increasingly
hydrophobic with increasing N. Cu-supported graphene is more
hydrophilic with a WCA of 58� than suspended monolayer
graphene. Since water completely wets Cu (111) surface, this
demonstrates that themajor part of the interaction with water is
established by the topmost graphene surface.

In the presence of a metal substrate, the electronic structure
comes into play. In addition to the dispersive interaction with
water, a metal substrate could also effectively polarize graphene
by electron redistribution and doping. Graphene can no longer
be considered as nonpolar. As a result, the doped graphene
interacts with water through not only dispersive but also polar
forces. Indeed, in experiments the wettability of graphene could
be tuned toward more hydrophilic by either electrical doping14

or chemical doping.15

The electronic structure is naturally incorporated in our
approach. In the presence of a metal substrate, previous DFT
calculations have found a systematic increase in the adsorption
energy of a water monomer.61 In order to further explore the role
This journal is © The Royal Society of Chemistry 2018
of electronic structure on the WCA of monolayer graphene on
a metal substrate, we calculated the WCA for monolayer gra-
phene on two different metal substrates, Cu (111) and Ni (111).
The results are shown in Fig. 3a. For G/Cu (111), the natural
substrate-graphene distance is 3.3 Å, and the calculated WCA is
58�. For G/Ni (111), two delicate competing binding mecha-
nisms exist:62,63 a chemisorbed state at around 2.1 Å and
a physisorbed state at around 3.3 Å. At its chemisorption state,
complete wetting (q ¼ 0�) is predicted. The strong affinity for
water is also manifested in the water density prole (inset of
Fig. 3b).

It is noteworthy that G/Ni (111) at its physisorption state is
more hydrophilic than G/Cu (111) with a WCA of 38�, albeit the
substrate-graphene distances of the two systems are very close.
Note that in the Grimme dispersion correction41 scheme, the
same correction parameters are used for Cu and Ni. Also, as
shown in the inset of Fig. 3b, water density proles of the two
systems are quite similar. Therefore, it is reasonable to expect
that dispersive interactions in these two systems make similar
contribution to Eadh. Clearly, the dispersive interaction alone
cannot fully account for the difference in the water wettability
(as much as 20�).

A closer examination reveals the effect of doping induced by
the metal substrate. For all three metal-supported graphene
studied in this work, the Mulliken charges on graphene are
larger than 4 (the valency of carbon atom), indicating that
electrons are transferred from the metal substrate to graphene.
This is also manifested in the planar-averaged electron density
difference DrðzÞðrwaterG=MetalðzÞ � rMetalðzÞ � rwaterG ðzÞÞ: For example,

the amount of charge transfer for G/Ni (111) at its physisorption

state is estimated to be 0.003 e Å�2, while the corresponding
Fermi level is 0.38 eV above the Dirac point (calculated from the
projected density of states). The comparison between “dry”
surface and “wet” surface suggests that the electron transfer is
accomplished mainly from the metal substrate, i.e. water
wetting does not alter the intrinsic charge transfer of metal-
RSC Adv., 2018, 8, 16918–16926 | 16921

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03509a


Fig. 3 Calculated for graphene on Cu (111), (chemisorbed) Ni (111) and (physisorbed) Ni (111) metal substrates: (a) �: WCA; � and � : Mulliken
charge before (dry) and after (wet) water wetting; (b) planar-averaged electron density difference and water density profile (inset).
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supported graphene. It is then clear that compared to G/Cu
(111), G/Ni (111) at its physisorption state is more hydrophilic
by 20�, which correlates with the more signicant charge
transfer (0.01 Mulliken charge e� per carbon atom), as shown in
Fig. 3a. The charge transfer is further enhanced (0.08 Mulliken
charge e� per carbon atom) for G/Ni (111) at its chemisorption
state, which correlates again with an even pronounced water
wettability (complete wetting).

In terms of the empirical Fowkes approach, graphene is
made effectively polar due to the electrostatic interaction
induced by electronic redistribution. It is then immediately
obvious that the water hydrophilicity of graphene is closely
correlated with the amount of electrons transferred from the
underlying metal substrate, as shown in Fig. 3a. The electron-
transfer-induced polar interaction is therefore identied as
being responsible for the difference in the water wettability of
metal-supported graphene. Note that the surface tension of
water has more polar component (51.0 mJ m�2) than dispersive
component (20.8 mJ m�2). This suggests that doping provides
an efficient way to alter the water wettability of graphene, as has
been reported in experiments.14,15

Classical MD simulations of nanodroplets to obtain theWCA
are more common than the work-of-adhesion approach. For
example, the interaction of a gas molecule with the surface of
a water droplet is actively investigated recently.64,65 For a nano-
droplet on a surface, such simulations entail a sizable uncer-
tainty due to the line tension effect,20 while the simulation time
required for equilibration is nanoseconds.24 Since there is only
one reported QMD simulation of a nanodroplet,33 in which the
WCA of graphene monolayer was found to be 87�, we performed
such simulations to compare with the present results and check
the inherent uncertainty. We nd that a relatively long simu-
lation time is required in order for the WCA to reach
equilibrium.

The initial conguration of the droplet is taken from a cubic
box of water having density 1 g cm�3 pre-equilibrated for 10 ps
at 360 K. As shown in Fig. 4a, theWCA of monolayer graphene is
not geometrically well-dened until 10 ps. Unable to determine
16922 | RSC Adv., 2018, 8, 16918–16926
a statistically signicant boundary of the droplet, we estimate
the WCA to be around 90�, close to that reported in ref. 33
(simulated with a different functional, and a longer simulation
time). We believe the agreement is fortuitous. At the picosecond
time scale and nanometer length scale, caution needs to be
exercised to measure the WCA. The droplet simulation, on the
other hand, makes no assumption on the entropy. Clearly, both
the nanodroplet and work-of-adhesion approaches need more
powerful computers to eliminate their current shortcomings
and establish themselves as accurate methods for WCA calcu-
lations by QMD simulations.

While WCA quanties the water wettability of a surface on
a macroscopic length scale, the force of adhesion |Fadh| (the
attractive maximum of the force prole) measured/simulated by
AFM provides an alternative measure on a nanoscopic scale.66–73

A relation between the two quantities is highly needed, since it
enables the high-resolution characterization of wettability. For
this purpose, we examine the correlation between WCA and
|Fadh|. We have measured the force proles exerted on Cu-
supported monolayer and multilayer graphene, which exhibit
a decreasing |Fadh| with increasing N, as shown in Fig. 5a. The
trend of decreasing |Fadh| corresponds well with the decreasing
hydrophilicity reported in Fig. 2a. Indeed, this correlation has
been demonstrated experimentally over a wide variety of
surfaces.74

The DFT-simulated AFM energy proles are shown in the
main panel of Fig. 5b (see Methods for technical details). The
calculated energies (symbols in the main panel) are tted to the

Buckingham potential35 VðdÞ ¼ A e�Bd � C
d6

; and the forces of

adhesion |Fadh| are taken from the derivatives. In line with the
AFM measurements in Fig. 5a, for Cu-supported graphene the
DFT-simulated |Fadh| also exhibits a decreasing trend with
increasing N (from lled triangle to empty triangle in Fig. 5b).
This agreement is satisfactory, demonstrating that the simu-
lated AFM technique (see Methods for details) provides a reli-
able representation of the AFM measurement.
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Temporal evolution of a water nanodroplet (containing 125 water molecules) on free-standing graphene. (b) Density contour of the
nanodroplet from the last 2 ps trajectory. The solid line denotes schematically for the boundary of a spherical cap of 12 Å cap radius and 90� cap
angle located 3 Å above graphene.

Fig. 5 (a) Measured AFM force profiles for Cu-supported monolayer and multilayer graphene. (b) DFT-simulated AFM energy profiles for free-
standing monolayer graphene (G) and bilayer graphene (BLG), Cu-supported monolayer graphene (G/Cu) and bilayer graphene (BLG/Cu), and
Ni-supported graphene at the physisorption (G/Niphys) and chemisorption (G/Nichem) states. The inset shows a correlation between |Fadh| and
WCA (both simulated by DFT).
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We further demonstrate the correlation between |Fadh| and
WCA with the simulated AFM technique. As shown in the inset of
Fig. 5b, a larger |Fadh| corresponds to a smaller WCA (more
hydrophilic). Many trends found inWCA are faithfully reproduced
by |Fadh|. For example, Cu-supported graphene is less hydrophilic
with increasingN (from lled triangle to empty triangle), while this
trend is reversed for free-standing graphene (from lled circle to
empty circle). Also, chemisorbed Ni-supported graphene is much
more hydrophilic than the physisorbed one (from empty square to
lled square). With the established correlation, it is therefore
feasible to characterize wettability with the AFM technique, which
is particularly advantageous at the nanoscale. Another possible
advantage of the AFM technique lies in its ability to quantify the
affinity of strongly hydrophilic surfaces where WCA yields
complete wetting.
This journal is © The Royal Society of Chemistry 2018
Conclusions

The WCA is an economical measure of the water wettability of
a surface. The absence of a suitable method to compute WCAs
at the electronic-structure level has been troublesome for the
iterative interplay of wettability between theory and experiment.
Large uncertainties in the determination of WCAs prevail in
both theory and experiment. By noting that the relative wetta-
bility is oen of practical concern, we developed an approach
that combines classical wetting theory with QMD simulations,
allowing practical but sufficiently accurate determination of the
WCA. The present work paves the way for studying wettability at
the electronic-structure level from rst principles, which is
particularly suited when the electrostatic forces are determining
RSC Adv., 2018, 8, 16918–16926 | 16923
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such as in the electrowetting phenomenon75 and in the low-
salinity waterooding technique.76

We have validated our approach with a case study on
graphitic carbon surfaces. We have shown that due to their
nonpolar nature, graphitic carbon surfaces are mildly hydro-
philic and their wettability is completely determined by the
dispersive interaction with water. The WCA gradually reduces
with increasing number of graphene layers N, while a mono-
layer of adsorbed hydrocarbons is sufficient to render graphene
hydrophobic. These ndings are in agreement with previous
theoretical calculations based on classical potential simulations
and with experimental measurements. We then further resolve
the outstanding issue regarding the intrinsic effect of electron
doping on the wettability of metal-supported graphene. In
addition to the dispersive interaction, we nd that upon elec-
tron transfer graphene becomes polar, and therefore its inter-
action with the polar component of the surface tension of water
is invoked. This further alters the water wettability of graphene
to be strongly hydrophilic. We also nd a correlation between
the adhesion force and the WCA, demonstrating the feasibility
of characterizing wettability with the AFM technique.

The gap between experiment and theory is still to be bridged
and a great deal of work is required to resolve other existing
controversies. For example, progress has beenmade to compute
the wettability of 2D materials beyond graphene such as
hexagonal boron nitride77,78 and molybdenum disulde,79–82

where the development of universally accepted force elds is
still in progress. The dependence of WCA on surface
morphology at the nanoscale is also under active investiga-
tion.83–85 Finally, it was reported that the wettability of the
calcite/oil/brine system depends on a variety of factors such as
brine concentration86 and temperature.87 It has been proposed
that ions present in seawater altering the surface charge of
calcite is responsible for wettability alteration.30,88 We believe
the present work opens the avenue to study such underlying
mechanisms at the atomic scale in order to enhance oil
recovery.

Methods
WCA simulation

Electronic structure calculations are performed in the basis of
linear combinations of localized atomic orbitals, as imple-
mented in the SIESTA package.89 A variationally optimized
double-z polarized (DZP) basis set is used. Aer structural
relaxations through total-energy and force calculations, DFT-
based QMD simulations are performed. In order to correctly
describe the density and diffusivity of liquid water at room
temperature (with the PBE functional),90–92 an elevated
temperature of 360 K is maintained by the Nosé–Hoover ther-
mostat. For each MD simulation, a trajectory of 3 ps is used for
production aer an equilibration stage of 2 ps, with a time step
of 0.5 fs. In the production stage, snapshots are taken every 10
fs. The simulation supercell contains 4 � 7 rectangular unit
cells (112 C atoms for graphene, almost square surface) and 125
water molecules (pre-equilibrated in a cubic box). The initial
positions and velocities of water molecules on multilayer
16924 | RSC Adv., 2018, 8, 16918–16926
graphene are generated from the nal snapshot of monolayer
simulations. Four layers are used to represent fcc metal (111)
substrates, with the lattice constant adapted to the optimized
in-plane lattice constant of graphene. Ghost orbitals93 are
introduced to correct for the basis set superposition error
wherever necessary.

AFM force simulation

The AFM simulation is performed using DFT total-energy and
force calculations with a 10-atom silicon tip. The four silicon
atoms at the tip apex and the graphene layer are allowed to
relax, while the six silicon atoms at the tip base and the
substrate are held xed. The tip is placed atop the hollow site of
graphene at distance d. The Grimme dispersion correction41 is
used to properly account for the vdW interaction.

WCA measurement

A Kyowa DM-701 contact angle machine is used for the static
contact angle (SCA) measurement and FAMAS (interface
Measurement & Analyses System) is used to analyze the results.
SCAs are measured at ambient conditions and all the samples
are annealed in a vacuum oven at 80 �C for 24 hours. The
average SCA values and standard deviations are calculated
using 12 measurements.

AFM force measurement

The AFM data are collected in ambient conditions in standard
dynamic AFM,94 i.e. in particular in amplitude modulation AFM,
since it allows recovering the full force versus distance
prole.53,95 In our experiments, the effective radius R was
monitored in situ with the use of the critical amplitude Ac
method that provides a functional relationship in dynamic AFM
between the minimum free amplitude A0 required to reach the
repulsive regime and R, i.e. R ¼ 4.75 (Ac)

1.1 as reported else-
where96 was used here to monitor R throughout the experi-
ments. The amplitude-phase distance data are converted into
force F versus distance d proles by employing the Sader–Jarvis–
Katan algorithm.94,97,98 In this algorithm, the raw amplitude A
and phase 4 data comprise the input while the force F versus
distance d proles comprise the output. A Cypher AFM from
Asylum Research and standard OLYMPUS cantilevers
(AC160TS) with k z 30 N m�1, Q z 400, and f0 z 280 kHz are
used in all experiments. A total of 100 force proles are recon-
structed on each sample on at least 5 different locations within
each sample.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was supported in part by the Gas Subcommittee
Research and Development under Abu Dhabi National Oil
Company (ADNOC) and by the McMinn Endowment at Van-
derbilt University. Computations were carried out at the
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03509a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ee
 2

01
8.

 D
ow

nl
oa

de
d 

on
 2

6.
01

.2
6 

16
:4

2:
07

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
National Energy Research Scientic Computing Center, a DOE
Office of Science User Facility supported by the Office of Science
of the U.S. Department of Energy under Contract No. DE-AC02-
05CH11231, and the Extreme Science and Engineering
Discovery Environment (XSEDE), which is supported by
National Science Foundation grant number ACI-1053575.
References

1 A. J. Meuler, J. D. Smith, K. K. Varanasi, J. M. Mabry,
G. H. McKinley and R. E. Cohen, ACS Appl. Mater.
Interfaces, 2010, 2, 3100.

2 J. G. Vilhena, C. Pimentel, P. Pedraz, F. Luo, P. A. Serena,
C. M. Pina, E. Gnecco and R. Pérez, ACS Nano, 2016, 10, 4288.
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Rev. Lett., 2011, 106, 026101.

13 P. Guo, Y. Tu, J. Yang, C. Wang, N. Sheng and H. Fang, Phys.
Rev. Lett., 2015, 115, 186101.

14 G. Hong, Y. Han, T. M. Schutzius, Y. Wang, Y. Pan, M. Hu,
J. Jie, C. S. Sharma, U. Müller and D. Poulikakos, Nano
Lett., 2016, 16, 4447.

15 A. Ashraf, Y. Wu, M. C. Wang, K. Yong, T. Sun, Y. Jing,
R. T. Haasch, N. R. Aluru and S. Nam, Nano Lett., 2016, 16,
4708.

16 X. Li, H. Qiu, X. Liu, J. Yin and W. Guo, Adv. Funct. Mater.,
2016, 27, 1603181.

17 A. Kozbial, Z. Li, J. Sun, X. Gong, F. Zhou, Y. Wang, H. Xu,
H. Liu and L. Li, Carbon, 2014, 74, 218.

18 A. Kozbial, X. Gong, H. Liu and L. Li, Langmuir, 2015, 31,
8429.

19 B. Ramos-Alvarado, S. Kumar and G. P. Peterson, J. Chem.
Phys., 2015, 143, 044703.

20 C.-J. Shih, Q. H. Wang, S. Lin, K.-C. Park, Z. Jin, M. S. Strano
and D. Blankschtein, Phys. Rev. Lett., 2012, 109, 176101.
This journal is © The Royal Society of Chemistry 2018
21 Z. Li, Y. Wang, A. Kozbial, G. Shenoy, F. Zhou, R. McGinley,
P. Ireland, B. Morganstein, A. Kunkel and S. P. Surwade, Nat.
Mater., 2013, 12, 925.

22 M. Khalkhali, N. Kazemi, H. Zhang and Q. Liu, J. Chem.
Phys., 2017, 146, 114704.

23 D. Sergi, G. Scocchi and A. Ortona, Fluid Phase Equilib., 2012,
332, 173.

24 J. Li and F. Wang, J. Chem. Phys., 2017, 146, 054702.
25 F. Taherian, V. Marcon, N. F. A. van der Vegt and F. Leroy,

Langmuir, 2013, 29, 1457.
26 F. Leroy, S. Liu and J. Zhang, J. Phys. Chem. C, 2015, 119,

28470.
27 V. Kumar and J. R. Errington, J. Phys. Chem. C, 2013, 117,

23017.
28 F. Taherian, F. d. r. Leroy and N. F. van der Vegt, Langmuir,

2013, 29, 9807.
29 W. W. Zhong, Y. F. Huang, D. Gan, J. Y. Xu, H. Li, G. Wang,

S. Meng and X. L. Chen, Phys. Chem. Chem. Phys., 2016, 18,
28033.

30 P. Zhang, M. T. Tweheyo and T. Austad, Colloids Surf., A,
2007, 301, 199.

31 S. J. Fathi, T. Austad and S. Strand, Energy Fuels, 2011, 25,
5173.

32 S. Meng, L. F. Greenlee, Y. R. Shen and E. Wang, Nano Res.,
2015, 8, 3085.

33 H. Li and X. C. Zeng, ACS Nano, 2012, 6, 2401.
34 Y. Wu and N. Aluru, J. Phys. Chem. B, 2013, 117, 8802.
35 R. G. Mortimer, Physical chemistry, Elsevier Academic Press,

2008.
36 P. Roura and J. Fort, J. Colloid Interface Sci., 2004, 272, 420.
37 G. Whyman, E. Bormashenko and T. Stein, Chem. Phys. Lett.,

2008, 450, 355.
38 R. Shuttleworth, Proc. Phys. Soc., London, Sect. A, 1950, 63,

444.
39 N. Vargaik, B. Volkov and L. Voljak, J. Phys. Chem. Ref. Data,

1983, 12, 817.
40 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,

1996, 77, 3865.
41 S. Grimme, J. Comput. Chem., 2006, 27, 1787.
42 J. Ma, A. Michaelides, D. Alfe, L. Schimka, G. Kresse and

E. Wang, Phys. Rev. B: Condens. Matter Mater. Phys., 2011,
84, 033402.

43 T. Ondarçuhu, V. Thomas, M. Nuñez, E. Dujardin,
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