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Under ambient conditions, water adlayers are known to coat
all hydrophilic surfaces and often dominate the surface

behavior.1�4 Studies of themicroscopic structures of water adlayers
on hydrophilic surfaces and under ambient conditions2,5�8 have
yielded deep insights into adsorption and wetting phenomena. In
contrast, the interaction of water vapors with hydrophobic
surfaces, while equally important, is not understood. The com-
mon wisdom is that due to the weak water-surface interaction,
water on hydrophobic surfaces, at least to a first approximation,
can be treated through macroscopic considerations, that is, water
in equilibrium with its vapor.4 At equilibrium, an isolated,
macroscopic droplet of water would completely evaporate into
the ambient environment as long as the relative humidity (RH) is
<100%. Since the attraction between water molecules and a
hydrophobic surface is weaker than the self-interaction between
water molecules, water droplets on hydrophobic surfaces would
similarly completely evaporate� thus no adsorption should take
place at equilibrium.

Recent experiments, however, have indicated that a significant
amount of water is adsorbed on hydrophobic surfaces under
ambient conditions.9,10 Notably, the adsorbed amount of water
on wax-coated, hydrophobic glass surfaces was actually found to
be higher than that on hydrophilic glass surfaces.10 One possible
explanation is that water may aggregate as microdroplets on
hydrophobic surfaces; thus the water-covered area is small while
the total adsorbed amount is high.9 This hypothesis is supported
by computer simulations.9,11 Alternative explanations have in-
cluded, for example, that the surfaces in question were porous,
and so led to water absorption (rather than adsorption).10 The
existing results were obtained frommacroscopic studies averaged

over large areas of surfaces, and so no direct, microscopic
evidence has been provided for the presence of micro (or
nano)-droplets. In particular, the size and location of such
microdroplets can potentially yield clues as to their origin. Such
microscopic/nanoscale information would facilitate our under-
standing of the water/hydrophobic surface interface.

Here we report on the use of graphene templating8,12 to
investigate the microscopic structures of adsorbed water on
hydrophobic surfaces. By employing graphene sheets to preserve
and template the adsorbed water, we provide direct topographs
of the system through atomic force microscopy (AFM), and we
investigate water adsorption on three distinct hydrophobic
surfaces: H-terminated Si(111), highly oriented pyrolytic gra-
phite (HOPG), and trimethylchlorosilane (TMCS)-functional-
ized mica. We find the hypothesized “microdroplets” on
hydrophobic surfaces do exist, but in fact are actually “nanodro-
plets”. They range between∼10�100 nm in size with an average
size that is highly surface dependent. However, on all surfaces
studied, their occurrence is closely associated with atomic-scale
surface defects and step-edges, thus resolving at least one major
question associated with water adsorption on hydrophobic
surfaces. Furthermore, we show that the nanodroplets wet
hydrophobic surfaces well, thus indicating that surface processes
at the atomic/nanometer scale are guided by completely different
physics when compared to the macroscopic world.

Each of the three well-defined hydrophobic surfaces investi-
gated here has its own characteristic pattern of atomic defects,

Received: October 17, 2011

ABSTRACT: The interaction of water vapor with hydrophobic surfaces
is poorly understood. We utilize graphene templating to preserve and
visualize the microscopic structures of adsorbed water on hydrophobic
surfaces. Three well-defined surfaces [H�Si(111), graphite, and func-
tionalized mica] were investigated, and water was found to adsorb as
nanodroplets (∼10�100 nm in size) on all three surfaces under ambient
conditions. The adsorbed nanodroplets were closely associated with
atomic-scale surface defects and step-edges and wetted all the hydro-
phobic substrates with contact angles <∼10�, resulting in total water adsorption that was similar to what is found for hydrophilic
surfaces. These results point to the significant differences between surface processes at the atomic/nanometer scales and in the
macroscopic world.
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and so a relationship between the surface morphology and
adsorbed water structures can be established. We previously
reported the use of graphene templating for studying adsorption
processes of water and small organic molecules on (hydrophilic)
mica surfaces,8,12 and, more recently, graphene templating of
single DNA molecules has also been demonstrated on mica
substrates.13 However, the generalization of this technique to
hydrophobic substrates is nontrivial. Particularly, the technique
relies on the identification of graphene sheets deposited on
atomically flat surfaces that are in equilibrium with the vapors
of interest.8,12 This can be a daunting task considering graphene
is only a single layer of carbon. For the basal planes of HOPG, we
identified the edges of deposited graphene sheets through dark-
field scattering microscopy. For H-terminated Si(111) surfaces,
we found the contrast of graphene sheets can be enhanced by
proper filtering of the micrographs obtained from a CMOS
camera. For surface-functionalized mica surfaces, we found the
optical properties of the substrate are not noticeably affected by
surface-functionalization, so graphene sheets can be identified, as
reported previously, through optical microscopy.8,14 The identi-
fication of deposited graphene on all three substrates permitted
the extension of the graphene templating technique to hydro-
phobic surfaces. See Methods and Figures S1 and S2 in the
Supporting Information for details.

Figure 1a,b shows the results we obtained on HOPG surfaces
under ambient conditions (∼40% RH). After graphene-templat-
ing, droplet-like structures are observed across the samples where
the HOPG surface is covered under the deposited graphene
sheets. Meanwhile, no droplets are observed on bare HOPG
surfaces without graphene coverage. RH-dependent experi-
ments indicate that both the number density and the sizes of
the droplets are reduced for samples prepared at low RH
(Figure 1c), confirming that the observed droplets are adsorbed
water. These results demonstrate that the graphene-templating
method can lock down the otherwise highly diffusive water
molecules, thus permitting a mapping of the adsorbed water
on the HOPG surface.

The very large majority of the observed droplets are lined up
along the step edges of the HOPG substrate (A,B in Figure 1b)
with droplets rarely observed over the large terrace areas (C in
Figure 1b). The droplets are typically 100�300 nm in lateral
dimensions, 5�15 nm in height (hence “nanodroplets”), and
slightly elongated along edges. Larger, highly elongated nano-
droplets spreading along the edges are also occasionally observed

(A in Figure 1b). The exact height varies and is not a multiple of
the bilayer height in ice crystals (0.37 nm),15 implying that the
adsorbed water nanodroplets are liquid-like. In contrast, we
previously found that water adsorbs as crystal-like adlayers on
hydrophilic mica surfaces at room temperature,5,6,8 forming
mesa-like structures with the exact height of the ice crystals.8 The
nanodroplets appear somewhat self-organized; an averaged
nanodroplet-to-nanodroplet separation of ∼450 nm was mea-
sured at ∼40% RH (Figure 1b inset). A previous study of
droplets from a KOH solution deposited on HOPG surfaces
also found a nearly uniform distribution of droplets along step
edges.16

Our results indicate that on the hydrophobic graphite surfaces
(contact angle of water ∼90�),17�19 nanodroplets 5�15 nm in
height are apparently nucleated at the 0.335 nm high step edges
of graphite. This observation demonstrates that atomic scale
defects, which are present even in the most ideal cases, play
significant roles in determining adsorption and wetting proper-
ties. By integrating the heights of all the adsorbed water
nanodroplets, we found that the total amount of surface adsorbed
water at 40% RH (as in Figure 1b) is ∼73% of a monolayer. In
comparison, using the same integration method, the amount of
water adsorbed on a hydrophilic mica surface at 40%RH is∼45%
of a monolayer. Thus, the step-induced nucleation of nanodro-
plets on HOPG leads to a highly hydrophobic surface that
adsorbs more water than the model hydrophilic surface of
clean mica.

Figure 2 presents the results for H-terminated Si(111),20

which is another well-characterized hydrophobic surface
(contact angle of water ∼90�).21,22 After graphene templating,
nanodroplets are again revealed across the surface only for
regions that are covered by the deposited graphene (the small
droplets that appear on the left of the black dashed line in
Figure 2a; in comparison, the two large, particle-like features that
appear on both the graphene-covered and bare Si(111) surfaces
are unknown debris on the surface). Similar to the case for
HOPG, the nanodroplets are observed along step edges, but
considerable numbers of nanodroplets are also observed on the
terraces (Figure 2ab). By comparing with atomically resolved
scanning tunneling microscope images (Figure 2c), we infer that
the water nanodroplets on the terraces could be assigned to etch
pits, a class of atomic defects that are hard to avoid during the
wet-chemistry preparation of H-terminated Si(111).23 These
etch pits, which are typically only a single atomic layer in depth

Figure 1. Water adsorption on HOPG surfaces, visualized by graphene-templating. (a,b) AFM topographic images of graphene covering HOPG
surfaces under ambient conditions (∼40% RH). (Inset of b) Distribution of separation between neighboring nanodroplets along the step edges,
revealing a characteristic length scale of around 450 nm. (c) Another sample prepared at <3% RH. Inset: a drawing showing that water nanodroplets
(blue) mainly reside along the step edges.
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and a couple of nanometers across, are also roughly recognizable in
the AFM images for areas without graphene coverage (Figure 2a).
Like the step edges, these atomic scale defects are apparently also
capable of nucleating water nanodroplets that are much larger
than the defect sizes. The originally concave etch pits (Figure 2a,
right of the dashed line, and Figure 2c) become convex
(Figure 2a, left of the dashed line, and Figure 2b) in the
topographs when the adsorbed nanodroplets are preserved and
visualized by graphene templating. Such atomic defects are
generally absent from freshly cleaved HOPG surfaces,24 which
is consistent with our observation that nanodroplets on HOPG
are almost always at the terrace edges. On the H-terminated

Si(111) surface, the nanodroplets are ∼10�20 nm in lateral
dimensions, and 0.3�0.5 nm in height. Direct height integration
indicates that the amount of adsorbed water (∼15% of a
monolayer coverage) is lower than that which adsorbs on
hydrophilic mica surfaces under similar conditions. Adsorbed
water nanodroplets could help explain the recent experimental
finding that water vapor appears to significantly affect the
conductivity of H-terminated silicon-on-oxide(111) surfaces.25

Organically functionalized mica surfaces represent a third
interesting hydrophobic surface. Freshly cleaved mica surfaces
are hydrophilic but can be made hydrophobic through
silanization.26�28 Figure 3 presents the graphene-templating

Figure 2. Water adsorption on H-terminated Si(111) surface. (a) AFM topographic image of graphene covering H-terminated Si(111) surface under
ambient conditions (∼40% RH). (b) AFM topographic image of another graphene-templated sample. (c) Low-temperature (77 K) scanning tunneling
microscope topographic image of a H-terminated Si(111) surface. (d) A schematic showing that water nanodroplets (blue) reside along edges and at
etch pits.

Figure 3. Water adsorption on surface-functionalized mica. (a) AFM topographic image of graphene covering TMCS-functionalized mica under
ambient conditions (∼40% RH). (b,c) Close-up views of the areas indicated by the blue and green squares in a. (d) AFM topographic image of freshly
cleaved mica surface. Note the height scales for (c,d) are five times smaller than that for (a,b). (Insets in b�d) Two-dimensional Fourier transform of
each image. (e) A drawing showing the TMCS-functionalized mica surface. (f) Radial averaged intensity profiles versus frequency. Lorentzian fits are
indicated by red lines. Curves are vertically displaced for clarity. Characteristic frequencies of b and c are 1.34 � 10�2 and 1.30 � 10�2 nm�1,
respectively, both corresponding to a characteristic length of ∼75 nm.
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results obtained on mica surfaces functionalized by trimethyl-
chlorosilane (TMCS). TMCS treatment modifies the surface
hydroxyl groups into methyl groups (Figure 3e), and the surface
property changes from highly hydrophilic (contact angle of water
∼0�) to moderately hydrophobic (contact angle of water∼40�).
Nanodroplets are again observed under graphene-covered areas
(Figure 3a), which is similar to the other hydrophobic surfaces
investigated in this study, but fundamentally different from the
atomically flat islands observed for water adsorbed on the
hydrophilic mica surface.5,8 The nanodroplets are 20�40 nm
in lateral dimensions and 0.5�1.5 nm in height and distribute
uniformly across the surface (Figure 3b). A close-up inspection of
the TMCS-functionalized mica surface itself (Figure 3c) indi-
cates that the surface is characterized by randomly distributed
inhomogeneities at the atomic scale that are not present on the
freshly cleaved (nonfunctionalized) surface (Figure 3d). These
features are presumably defects or domain boundaries within the
TMCS surface layer,27 which appear as features with ∼10 nm
lateral dimensions and 1�3 Å in height, and are observed across
the entire surface. A Fourier transform of the images (Figure 3bc
insets) further shows that the distribution of water nanodroplets
(as visualized by graphene templating) and the distribution of
domainlike structures in the TMCS-functionalized mica surface
both correspond to a characteristic length of ∼75 nm in lateral
dimensions (Figure 3f). This result suggests that, similar to the
cases of HOPG and H�Si(111) surfaces, the adsorbed nano-
droplets are again associated with defects at the atomic scale.
Again, local height variations of a few angstroms are capable of
nucleating much larger nanodroplets. In comparison, no notice-
able inhomogeneity is observed on freshly cleaved mica surfaces
(Figure 3df), and water adsorbs as two-dimensional, faceted
islands of monolayer ice crystals, and nanodroplets are seldom
observed at ambient conditions.8 Volume integration of the
nanodroplets yields a ∼40% monolayer coverage for the ad-
sorbed water on the TMCS-mica surface. This percent coverage

is comparable to that on hydrophilic mica surfaces, although the
surface structure of the water is very different.

Although nanodroplets are observed on all three hydrophobic
surfaces, large size differences are found for different surfaces.
Statistically, the median sizes of water droplets on HOPG,
TMCS-mica, and H�Si(111) are ∼45 000, 190, and 40 nm,3

respectively (Supporting Information Figure S3). One possible
explanation for the large size differences is that the chemical
properties of surface defects (including step edges) are different
for the three surfaces. For example, the edge-plane sites of
HOPG are known to be highly reactive,29 and so may more
strongly bond water molecules.

To further interrogate the nanodroplet morphology, we have
carefully analyzed the cross-sectional profiles of the nanodroplets
(Figure 4). Semispherical cap-shaped profiles are observed for all
nanodroplets. One striking observation is that despite the
significant size differences, similar droplet shapes and aspect
ratios are retained for all three surfaces (Figure 4a). A linear
relationship is found between the height h and the basal
diameters d for all nanodroplets on the HOPG and TMCS-mica
surfaces (Figure 4cd), and similar d/h ratios in the range of
∼18�40 are obtained for those surfaces (Figure 4 ef). A previous
study on KOH solution nanodroplets deposited on HOPG
surfaces also found the apparent diameters to be about 1 order
of magnitude larger than the apparent heights.16 These large d/h
ratios indicate that the nanodroplets spread extremely flat on the
substrates (Figure 4b). The contact angles (θ) of the nanodro-
plets can be estimated30 as θ = 2 arctan(2h/d), which yields
5�12� for both surfaces (Figure 4 ef). For the H�Si(111)
surface, the d/h ratios are less certain due to the very small sizes of
nanodroplets and thus large uncertainties in profile measure-
ments. However, a similarly smallθ (∼3�10�) was also obtained.

These surprisingly small θ values indicate that the water
nanodroplets wet hydrophobic surfaces quite well. Recent stud-
ies on droplets of various liquids artificially deposited on solid

Figure 4. Cross-sectional profiles of the nanodroplets indicate that they wet the hydrophobic surfaces well. (a) The cross-sectional profiles of typical
nanodroplets observed onHOPG, TMCS-mica, and H�Si(111) surfaces under ambient conditions. The line colors, black, blue, and red, correspond to
the cases of water adsorption on HOPG, TMCS-mica, and H�Si(111), respectively. (b) The profiles plotted on a 1:1 x�z scale. (c,d) The height-
diameter relationship for nanodroplets on HOPG (c) and TMCS-mica (d) surfaces. Orange circles and green squares respectively represent the original
data and the data after correction for the broadening effects due to tip radius and graphene templating.13 (e,f) The diameter/height ratios (black) and
contact angles (red) for nanodroplets on the two surfaces. Note the vertical scales are the same for panel e (HOPG) and panel f (TMCS-mica).
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surfaces have also found that when the droplet diameter is
reduced to micrometer and submicrometer scales, drastically
reduced θ is observed.30�33 The reduced θ is often attributed to
the effects of the contact line tension (τ), which is a one-
dimensional analogue of surface tension for solid�liquid�vapor
contact lines.33�35 Theory predicts35�37 that τ should have a
characteristic length scale of around 1 nm, and to be on the order
of 10�10�10�11 J/m. This very small value means that quantita-
tive measurements of τ are difficult. Experimentally, τ can be
obtained via the modified Young’s equation,35 cos θ = cos θo �
τ/rγL, where θo is the contact angle for droplets in the macro-
scopic limit, r is the base radius of the droplet, and γL is the
liquid�vapor interfacial energy. By substituting the macroscopic
contact angles, the measured average sizes, and θ of the
nanodroplets on the three surfaces, we estimate τ to be∼�6.1�
10�9, �5.1 � 10�10, and �1.9 � 10�10 J/m for the HOPG,
H�Si(111), and TMCS-mica surfaces, respectively. These va-
lues are consistent with theory35�37 and previous experiments
(typical range:35,38 10�8�10�11 J/m).

It is surprising that we do not see a significant variation in θ
with nanodroplet size, although the influence of τ would be
expected to be reduced for larger droplet sizes. However, τ is
usually defined within the context of micrometer- to submic-
rometer- (∼100 nm) sized droplets associated with a homo-
geneous surface, and defects are not explicitly incorporated into
such models. For our measurements, each nanodroplet is asso-
ciated with a particular defect (or step edge). This implies that
the energy and structure of the defect, rather than the contact line
tension, likely make the dominant contributions to the nano-
droplet size and morphology. A second implication is that
bulklike contact angles are only observed for droplets that are
physically placed onto a macroscopic area of a surface. At
equilibrium, those deposited droplets would have evaporated.
For the hydrophobic surfaces explored here, only the defect-
associated nanodroplets are observed at equilibrium. In other
words, when the surface is in equilibrium with water vapor,
defect- (or step edge-) associated, low-contact angle (θ <∼10�)
nanodroplets dominate surface wetting.

Graphene templating provides a uniquemeans to preserve and
visualize the adsorbed water structures on hydrophobic surfaces.
Our results confirmed the presence of previously hypothesized
“microdroplet” structures,9,11 with the caveat that the structures
are actually “nanodroplets” of 10�100 nm in size. Moreover, we
found the occurrence of nanodroplets is closely associated with
defects at the atomic scale. For the HOPG surface, where step
edges are the only defects, nanodroplets predominantly reside
along step edges. For H�Si(111), defects are associated with
both step edges and etch pits, and nanodroplets reside at both
sites. For TMCS-mica, domainlike inhomogeneity in the mole-
cular surface layer provides the defects for water nucleation;
nanodroplets thus scatter across the surface at the same char-
acteristic frequency as those domains. This is in contrast to highly
hydrophilic surfaces, where previous studies have indicated
that small surface defects, including step edges, may assist in
the nucleation of surface water (ice) layers,7,8,39 but those defects do
not appear to influence the total amount of adsorbed water, except,
perhaps at very low relative humidity levels.

Recent studies have also suggested that for hydrophilic
surfaces, the first icelike water adlayer may render the surface
hydrophobic4,40,41 and so prevent subsequent water adsorption.
Our study indicates that for hydrophobic surfaces adsorbed water
nanodroplets are as ubiquituous as the atomic scale defects and

step edges that characterize such surfaces. Those defects appar-
ently dominate the morphology of adsorbed water under equi-
librium conditions, so that the nanodroplets wet the surface with
contact angles as small as a few degrees, thus leading to consider-
able total adsorption amounts. The result is that hydrophilic and
hydrophobic surfaces can contain nearly equivalent amounts of
adsorbed water but for very different reasons. Our results thus
exemplify how surface processes at the atomic/nanometer scales
can be completely different from the macroscopic world.

Our study also generalizes the graphene-templating technique8

to hydrophobic surfaces. An interesting question regarding this
new method is whether the deposited graphene could influence
the structure of the adlayers it preserves. All findings to date
across different systems, including the adsorption of water,8 small
organicmolecules,12 andDNAmolecules13 onmica, indicate that
graphene templating permits unprecedented high-resolution
views of adsorbed molecules, and the resultant data are wholly
consistent with previous findings. For the current study of water
adsorption on hydrophobic surfaces, by integrating the volumes
of the nanodroplets visualized by graphene templating,we obtained
total amounts of adsorbed water that are comparable to what was
estimated from previous macroscopic measurements.9,10 Our ob-
servation that the adsorbed nanodroplets wet the surface with small
contact angles is also in agreement with what was previously found
for small droplets artificially deposited on solid surfaces.30�33These
results indicate that for a broad class of systems graphene templat-
ing provides a relatively innocent structural probe.
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