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Non-wetting of condensation-induced droplets on
smooth monolayer suspended graphene with
contact angle approaching 180 degrees

Haidong Wang® ", Daniel Orejon® 23°, Dongxing Song', Xing Zhang® '™, Glen McHale® 2,
Hiroshi Takamatsu®, Yasuyuki Takata?3# & Khellil Sefiane?3%

Superhydrophobicity is usually achieved by a combination of chemical hydrophobicity and
surface topography due to an inability to attain complete non-wetting on the smooth surface
of existing materials. Here, we experimentally report high non-wetting of condensation-
induced droplets with contact angles approaching 180° on a smooth surface of suspended
monolayer of graphene. Such highly non-wetting droplets are found on suspended monolayer
graphene open to the water vapour saturated environment on both sides. Simultaneous
observations of droplets condensing on monolayer and multilayer supported and suspended
graphene demonstrates that this non-wetting behaviour may be unique to suspended
monolayer graphene. These results anticipate that interactions between liquid molecules
across a suspended monolayer isolated from a bulk substrate may induce high non-wetting
beyond that possible on smooth hydrophobic or atomically flat supported monolayer

surfaces.
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processes from the self-cleaning of biological surfaces to

the anti-icing and anti-fouling properties of surfaces, hence
designing surfaces with desirable wettability and functionalized
properties is paramount to many current industrial and everyday
applications as well as developing technologies!~3. Chemistry is
the fundamental design tool used to tailor the wettability of a
surface from hydrophilic to hydrophobic with polymer materials,
such as Teflon™ (polytetrafluoroethylene). The intrinsic water
repellency of Teflon™ is amongst the highest known to science
and is exemplified by a contact angle, 6, of ca. 120" observed when
a small droplet of water partially beads up when deposited onto a
flat smooth Teflon™ surface (Fig. 1a)*. This has been an absolute
and fundamental limit (and barrier) in water repellence for any
smooth material to date. To address the desire to create complete
non-wetting surfaces, the last few decades of research has focused
on amplifying the intrinsic hydrophobicity of surfaces through
topographic structuring to create superhydrophobicity via a bed-
of-nails (“Lotus”) effect>=?, or generating a vapour layer between
the substrate and the liquid (“Leidenfrost”)!0-11,

The prevailing strategy to achieve super water repellency has
been to replace the solid-liquid interface by increasing fractions of
liquid-vapour interface. The presence of micro- and/or nano-
structures has been an imperative requirement to confer a surface
with superhydrophobic properties starting with contact angles for
water and other fluids on smooth surfaces limited to 120° or
less!2-1>, The principle of these surfaces is to manipulate surface
structure and/or the intrinsic wettability of the outermost surface
so that capillary penetration between surface features is
unfavourable®14-16. The droplet then bridges across tips of sur-
face features and effectively sits on a composite of the solid and
air (Fig. 1b). In the simplest model for a droplet resting above the
surface features in the Cassie-Baxter (CB) state, the cosine of the
observed macroscopic contact angle, cp, is a weighted average
using the solid (S) surface fraction, ¢, and the air fraction,
(1 — ¢,)'®17, Thus, the contact angle approaches complete non-
wetting when the solid surface fraction vanishes. Conceptually,
when the length scale of surface features becomes vanishingly
small a droplet supported entirely by air and a droplet sur-
rounded by only air will adopt a completely spherical shape with
0 cg — 180°, under the action of surface tension to minimize its

The wetting properties of solids control a wide range of
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surface free energy. Such an ideal situation is similarly observed
when a droplet touches a very hot surface, which is above its
Leidenfrost point”-8 or at ambient temperature on a low-pressure
environment!819 where instantaneous vaporization of a layer of
water occurs resulting in a beaded-up spherical droplet resting on
a layer of its own vapour (Fig. 1c).

Whilst the current strategy to achieve complete non-wetting is
able to produce completely beaded up droplets, it does not address
the fundamental question of how to achieve superhydrophobicity
or non-wetting on a continuous and smooth solid surface. It does,
however, highlight that a key issue is the interaction of the droplet
with the solid substrate. In that regard, we anticipate that reducing
the thickness of the substrate, ¢, to a size comparable or less than the
interaction length scale between the liquid and solid may effectively
remove the interaction with the substrate or surroundings with the
consequent expected change from wetting to non-wetting beha-
viour approaching contact angles ca. 180°. However, for a
membrane-like substrate its rigidity scales as 3, and so it com-
pletely wraps itself around the liquid droplet even if the substrate is
hydrophobic, such as Teflon™ (Fig. 1d); this effect is known as
Capillary Origami?0-22. In view of the above, a strategy for
exploring wetting and water repellency, beyond that possible on
smooth hydrophobic substrates and without using topographic
structuring, is to (i) use a membrane of a material allowing for
long-range interactions beyond its thickness, and (ii) suspend the
membrane across a gap between two surfaces to avoid the occur-
rence of Capillary Origami.

To demonstrate this strategy, we therefore created mono and
multilayers of graphene on a silicon substrate patterned with holes
and trenches. The suspended monolayer graphene may have neg-
ligible interaction with water on top, known as the “wetting
transparency” suggested in the literature?3-2>. We were able to
create solid membranes of differing thicknesses (i.e. layers) either
backed by silicon or bridging across gaps and so backed by its own
vapour (or vacuum). By condensing droplets across the entirety of
the surface it was then possible to investigate both the effects of
membrane thickness and the solid (i.e. supported) versus vapour
(or vacuum) backing of the membrane (i.e. suspended) on the
observed wetting properties (Fig. le, f).

Direct experimental observations of micrometre/picoliter droplets
condensing on monolayer suspended graphene showed non-wetting

(c)
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Fig. 1 Schematic representation of wetting and non-wetting of liquids on various materials. a Non-wetting on bulk rigid Teflon™ and on surface coated
with a thin film of Teflon™, b non-wetting on superhydrophobic structured Teflon™ bed of nails, € non-wetting on a very hot rigid material, d wetting of
hydrophobic Teflon™ thin film wrapping itself around the droplet as in Capillary Origami20, e wetting on suspended and on supported multilayer graphene,
and f wetting on supported monolayer graphene and non-wetting on suspended monolayer graphene where non-wetting droplet is highlighted by a red

dashed circle.

2 COMMUNICATIONS MATERIALS | (2022)3:75 | https://doi.org/10.1038/543246-022-00294-8 | www.nature.com/commsmat


www.nature.com/commsmat

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-022-00294-8

ARTICLE

droplets with contact angles as high as 175°, whereas wetting droplets
with contact angles near or below 90° are reported on supported
monolayer and on supported and suspended multiple layers gra-
phene. Simultaneous observations on suspended and supported
graphene for monolayer, two layers, four layers and multilayer,
statistical analysis, and additional considerations on pinning and
sample quality demonstrate that non-wetting of water droplets on
smooth monolayer with contact angles above those on Teflon™ may
be possible by removing the water-surface interactions beyond the
first surface layer in the case of graphene. Wettability manipulation
through suspended graphene through control of the environment
behind the suspended graphene layer suggest great potential for
microfluidic applications and calls for further investigations on other
monolayer materials.

Results

Suspended monolayer graphene characterisation. For our
experimental observations, we used monolayer (1L), 2 layers
(2 L) and 4 layers (4 L) of graphene and multilayer graphite (ML)
supported and suspended over holes and trenches. For simplicity,
we henceforth refer to suspended graphene with the superscript
U and to supported graphene with the subscript g,. Surface
characterization of the fabricated 1 L substrate is shown in Fig. 2.
More details and description of the surface fabrication and
characterization for all fabricated and characterised substrates are
given within the ‘Methods’ section in sub-sections: Substrate
fabrication and Sample characterization of 1L suspended gra-
phene, and within the accompanying Supplementary Note 1 and
Supplementary Note 2, respectively. More specifically Figs. S1, S2,
S3 and S$4 in the accompanying Supplementary Note 2.1 provide
optical microscopy and scanning electron microscopy (SEM)

(d)

snapshots of both supported and suspended 1L, 2L, 4L and ML
graphene, respectively. While Figs. S5 and S6 accompanying
Supplementary Note 2.2 show atomic force microscopy (AFM)
experimental observations on suspended and supported (over
different types of substrates) 1 L graphene and supported 2L, 4L
and ML graphene.

Condensation experimental characterisation. Direct contact
angle measurements of sessile droplets on suspended graphene
(1LSYS) are scarce to date as a consequence of the impossibility to
create large suspended graphene regions, by current fabrication
and cleaning procedures, large enough to allow for macroscopic
sessile droplet deposition or microgoniometry direct wettability
measurements. Note that the minimum size of droplets generated
via microgoniometry is at least one order of magnitude greater
than the fabricated area of 115926, Thus, to date, the wettability
of graphene has been assessed exclusively by indirect methods
such as measuring the contact angle of a bubble immersed in
water in contact with monolayer graphene?’ or rolling a droplet
of water over monolayer graphene powder?8. Hereafter, to allow
for the immediate and intimate visualization of the interactions
between droplets with sizes in the order of micrometres in dia-
meter or smaller (femtoliter droplets) and the different suspended
and supported graphene substrates, we make use of the excellent
spatial resolution provided by Environmental Scanning Electron
Microscopy (ESEM) (FEI Versa 3D™, Hillsboro, Oregon, USA).
We would like to note here that despite the excellent spatial
resolution of ESEM, there are other shortcomings associated such
as the impossibility of carrying out receding contact angle mea-
surements of micrometre-sized droplets and hence contact angle
hysteresis characterisation.

100 nm
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Fig. 2 Surface characterization of 1L graphene. a Scanning electron microscopy (SEM), b atomic force microscopy (AFM) height image of an area of
7.5%7.5um?, ¢ tunnelling electron microscopy (TEM) and d Raman spectroscopy. Figure 2b also includes the root mean square surface roughness of
suspended monolayer graphene, R,3YS = 0.4 nm. Inset of Fig. 2c bottom-right includes enlarged high-resolution TEM image and top-right shows Electron

Diffraction (ED) pattern of 1LSYs, Figure 2d shows Raman spectra of 1L, 2L,

4 L graphene and ML graphite, where the intensity ratio between 2D band

(~2700cm~) and G band (~1580 cm~") correlates to number of layers with an 12D/IG ratio of nearly 5 for 1L5US in agreement with ref. 34.
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Although most of the research work making use of ESEM
reports on the qualitative interactions between condensing
droplets and solid surfaces?®3%; Zhang et al. recently reported,
quantitatively, on the wettability of suspended monolayer
graphene over a holey substrate atop a Tunnelling Electron
Microscopy (TEM) grid, i.e., closed holes?!. Here seemingly as in
the work of Zhang et al., we provide further quantification on the
contact angles adopted by wetting and non-wetting droplets on
suspended and supported monolayer and multilayer graphene
samples. ESEM experimental observations on suspended mono-
layer graphene over a holey substrate atop a TEM grid with closed
holes similar to those reported by Zhang et al. were also carried
out in our work and can be seen in Fig. S8 in the accompanying
Supplementary Note 3. To highlight is the remarkable agreement
on the contact angles reported by Zhang et al.3! and those
reported in the accompanying Supplementary Note 3 and Fig. S8
for droplets sitting fully on the suspended graphene as well as for
droplets resting partially on both suspended and supported
graphene with closed holes.

Figure 3 presents direct ESEM experimental observations of
condensation on 1LYS, 21848, 4158 and MLSY with open holes in
time. While the accompanying Supplementary Movies 1 to 6
contain the ESEM images of the 6 panels (a—f) presented in Fig. 3
and were captured at approximately 1 frame every 5s high-
lighting the quasi-steady state of our observations.

Figure 3a-c shows non-wetting droplets growing in a quasi-
steady state on 1L with contact angles approaching 180° before
spreading, whereas on 21U, 41, and MLS“ (Fig. 3d-f)
droplets grow in a quasi-steady state in the partial wetting regime.

5m, 552 Pa

As shown in Fig. 3a—c, non-wetting droplets grow from around
110° to 175° with an average contact angle of around 160°.
Figure 3a-c shows droplets growing in a quasi-steady state with
an increasing contact angle and base diameter until the droplet
reaches the supported graphene and then suddenly spreads as in
Fig. 3a, b and Fig. S9 (top) and Fig. S9 (middle) in the
accompanying Supplementary Note 3. This growth with both
contact angle and base diameter increasing is different from the
advancing constant contact angle mode reported during con-
densation on superhydrophobic surfaces, which is attributed to
the absence of nanoscale pinning as well as the quasi-steady
growth conditions imposed!>26. It is worth noting that during
droplet growth in the quasi-steady state in both cases the base
diameter increases with time, though they occur at different rates,
which cannot rule out the absence of nanoscale pinning on
suspended monolayer graphene. The different base diameter
growth rates could be attributed to chemical and/or physical
heterogeneities of the surface. In these two cases, the last
snapshot/frame before the droplet spreads as a consequence of
the advancing droplet contact line reaching the supported
graphene region is adopted for the representation of the non-
wetting droplet contact angles in Fig. 4. Here, we define “non-
wetting droplet” as a droplet with a measured contact angle (or
advancing contact angle henceforth referred to as contact angle)
larger than 120°, which was known to be the hydrophobic limit/
barrier for any smooth hydrophobic surface set by Teflon™ 411,
Non-wetting droplets were found to be reproducible on the same
sample even after five condensation-evaporation cycles. This
evidences the differences in wettability between 1LS“S when

9m, 551 Pa

~ 10m,562Pa

Fig. 3 ESEM experimental observations of condensation. a-c 15", d 2 L5YS, e 4 L5YS, and f MLSYS in time (see accompanying Supplementary Movies 1 to
6). Non-wetting water droplets are only observed on suspended graphene (1L5YS). We note here that experimental observations on a, b and ¢ correspond
to 2 different samples prepared by the same fabrication procedure reported in section 4.1 Sample Fabrication and in the accompanying Supplementary
Note 1. Relative condensation time with respect to the first frame, environmental pressure and scale bars reported from ESEM experimental observations
are included for each frame (more details on the ESEM experimental procedure and observations can be found in Section 4.3 ESEM Experimental

Observations and within the accompanying Supplementary Note 3).
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Fig. 4 Wettability on supported and on suspended monolayer and multilayer graphene. (circles) Contact angles, CA or 6 (deg), of droplets on
suspended: 1L5YS, 2 SUS, 4 15US, and MLSYS, and (diamonds) contact angles of droplets on supported: 1L, 2Ls,p, 4Ly and MLg, where N refers to the
number of layers. For each case, 10 to 20 independent CA measurements are reported. Theoretical CA trend based on the minimum Lennard-Jones (L-J)
potential for suspended graphene as in ref. 24 is plotted as a green solid line, while blue dashed line includes theoretical CA calculation of supported
graphene on copper (Cu) from ref. 23, for comparison. ESEM snapshots of (top) droplets on 1L5US, 215Us, 415Us and MLSUS samples, and (bottom) droplets
on gyp, 2Lsup Alsyp and ML, samples are also included for comparison. Non-wetting droplets on 1LUS are represented as red circles. CA measurements
of wetting droplets on suspended monolayer graphene supported over a TEM grid with closed holes from (open stars) our work Fig. S8(b) in the
accompanying Supplementary Note 3 and (closed stars) the work of Zhang et al.3" are included for comparison. Advancing CA (closed triangles) and
receding CA (open triangles) of large-area 1L graphene drape from ref. 32 are also included (note that the x-axis representation for suspended monolayer
graphene with closed holes is slightly shifted so that the two conditions can be readily identified).

compared to 1Lg,. This is further ascertained with the observations
of the main droplet in Fig. 3b, which initially grows in the non-
wetting regime while the base of the droplet is on 11", and as the
droplet grows bigger and the triple contact line touches the
supported region (1Ly,,) the droplet suddenly spreads, ie., it
transitions from non-wetting on 1L to partial wetting on 1Lgyp.
The largest contact angle of a droplet on 115" approaches 180° as
in the right side of Fig. 3b, which resembles the ideal shape of a free-
standing droplet in vacuum and/or in air. To further confirm that
the presence of non-wetting droplets with contact angles
approaching 180° is solely an inherent property of 1L“, Fig. 4
includes independent contact angle measurements on both 1L, 2 L,
4L and ML suspended and supported graphene at different
condensation intervals. In addition, Fig. 4 shows experimental
observations of droplets on 1L, 2L, 4L and ML samples
simultaneously on both supported and suspended regions. And
provides a direct quantitative comparison between the contact
angle measurements for monolayer graphene suspended over
closed holes of this work and that of Zhang et al.31. The suspended
and supported graphene areas are marked in Fig. 4 and they can be
clearly distinguished by the position of the edges.

Figure 4 shows that droplets on 115" have contact angles as high
as 175° while droplets on 1L, display contact angles close to or
below 90°. In the case of 2L, 4L and ML, contact angles of droplets on
both suspended and supported samples are practically the same and
in the partial wetting regime with values close to 90° or below 90°,

which are also similar to those reported here for water droplets on
1Lq,, and consistent with the literature?2. Non-wetting contact angles
on 118" reported in this work and in Fig. 4 differ from the dynamical
contact angles (102° advancing contact angle and 60° receding
contact angle) of large-area 1L graphene drape’??? and from
the wetting contact angles reported on partially suspended monolayer
graphene (solid surface fractions as low as 5%) in the work of
Ondarguhu et al.3*. Non-wetting behaviour reported in this work is
mainly due to the complete suppression of any substrate interaction,
which is entirely removed from underneath the footprint of the
droplets coupled with the presence of an adsorbed layer of water
above and below the 1L as per the high humidity environmental
conditions studied under ESEM. Note that spreading of a non-
wetting droplet growing on 11" was observed once the advancing
contact line of the non-wetting droplet reached the 1Ly, as shown in
Fig. 3b. In addition, the agreement between the wettability of
suspended monolayer graphene supported over a TEM grid with
closed holes reported both in this work (accompanying Supplemen-
tary Note 3 and Fig. S8) and that of Zhang et al.3! is further provided
within Fig. 4. The occurrence of partially wetting droplets reported on
11" with open holes is attributed to the current inability of the
scientific community of fabricating 100% full crystalline, wrinkle-free
and clean suspended graphene of the sizes required. The presence of
amorphous regions, wrinkles and hydrocarbons may induce surface
defects which in turn decrease the energy barrier for nucleation
favouring condensation on those regions®>30. This provides a
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plausible and reasonable explanation for the occurrence of the
bimodal contact angle distribution showing both wetting and non-
wetting droplets on the same 115

Discussion

Nucleation. In macroscopic wetting studies, to assess the extent of
pinning the droplet contact line is advanced or receded by addition
or withdraw of liquid to the droplet. In contrast, in the ESEM
approach the contact line advances by condensation of molecules
and, significantly, can overcome small irregularities on the surface.
Although nanoscale defects can induce pinning?’, the quasi-steady
droplet growth imposed where condensing molecules build up at the
triple phase contact line and at the liquid-gas interface can overcome
the pinning energy barrier via thermal fluctuations and/or external
forces’®. In addition, it is worth noting that condensation shall
preferentially take place on such topological or chemical defects;
however, based on the Kelvin equation, the cluster size necessary for
nucleation is orders of magnitude larger than any of the defects
measured on our 1159 reported in Fig. 2b. To estimate the extent of
this we consider the critical droplet radius for nucleation, r., by
making use of the Kelvin equation r, = 2Ty, /hep AT where T, is
the temperature of the vapour, yy, is the liquid-vapour interfacial
tension, hy, the latent heat of vapour to liquid phase-change, p the
density of the liquid and AT the subcooling temperature36-3°. In the
present conditions where ESEM works near the liquid-vapour
saturation curve?9, r, is of the order of tens of nanometres, which is
one order of magnitude greater than the smallest sized nucleated
droplet observed and two orders of magnitude greater than the
average of the defects found in 115" (see calculations on r, versus AT
in the accompanying Supplementary Note 5 and Fig. S11, and AFM
characterization of 1L" in Fig. 2b and in the accompanying Sup-
plementary Note 2.2). This estimation points out that the cluster size
of the molecules required for nucleation is orders of magnitude
greater than the defects present. This suggests that pinning of the
contact line by small defects on the nm scale is unlikely to explain the
observation of non-wetting droplets on 1L,

Statistical analysis. Statistical analysis reported in the accom-
panying Supplementary Note 4 indirectly demonstrates that the
occurrence of non-wetting droplets with contact angles
approaching 180° is unique to suspended monolayer graphene.
While at the same time it rules out the occurrence of such non-
wetting droplets on supported mono- to multilayer and sus-
pended double to multilayer graphene. A total of 0 non-wetting
droplets with contact angles approaching 180° were reported on
these substrates from more than 3200 droplets analysed while the
occurrence of non-wetting with contact angles approaching 180°
was intrinsic to suspended monolayer graphene with 100% of the
occurrences on these five tested samples (samples #1 to #5 in Fig.
S7 in the accompanying Supplementary Note 3). While one
would expect that the greater contamination, roughness and/or
pinning on 1L, 2L, 4L and multilayer suported graphene provide
additional sites for the occurrence of non-wetting, our observa-
tions attribute this unique behaviour to suspended monolayer
graphene Fig. S7 in the accompanying Supplementary Note 5.
Moreover, the simultaneous occurrence of spherical non-wetting
and partial wetting droplets on 1L and 1L, respectively,
shown in Fig. 4 within the same frame under the same tem-
perature and pressure conditions provides evidence for unique
non-wetting properties of 1LS%. On other hand, the rather low
occurrence of non-wetting droplets with contact angles
approaching 180° (10.7% out of 112 droplets analysed) is attrib-
uted to other factors such as cleanliness, amorphousness, wrin-
kles, contamination, etc. Complete statistical data and analysis is
shown in the accompanying Supplementary Note 4 and Fig. S10.

Unfortunately, further insights and considerations on the low
occurrence of non-wetting contact angles approaching 180° are
not possible with current available graphene fabrication proce-
dures and experimental observation methodologies to date.

Pinning considerations. Further, nanoscale defects increase in size
and number as the number of graphene layers increases; hence if
pinning on such defects were to be the reason for the non-wetting
droplets observed, such behaviour should have been reported on the
rest of supported and suspended graphene substrates with multiple
layers. Despite the greater degree of nanoscopic defects and rough-
ness of 1Lgp, 2L, 4L and ML, when compared to 1L (see Fig. 2 and
in the accompanying Supplementary Note 2.2 and Figs. S5 and S6),
which should promote contact line pinning, the lack of non-wetting
droplets on of 1L, 2L, 4L and ML (0 drops out of more than 2000
observations) suggests that surface contamination, roughness and/or
pinning may not be the mechanism for the non-wetting behaviour
with contact angles approaching 180° reported here on 1L5%S. An
intrinsic limitation in these experiments is that because of the small
volume of the imaged droplets limited by the 1159 sample size and
the quasi-steady ESEM imaging technique utilized, any receding of
the triple contact line before complete evaporation cannot be
captured.

Theory. Theoretical trends based on the Lennard-Jones (L-J)
potential offer a reasonable explanation for the contact angles of
wetting droplets reported on multilayer graphene but cannot explain
the case of suspended monolayer?%. Under ESEM operating condi-
tions, the environment is saturated with water vapour and hence the
suspended graphene layer over a trench is surrounded by water
vapour where the polar interactions of water molecules above and
below graphene could act across this one atomic layer, as suggested
in recent works?3. Recent ESEM experiment of water condensation
on single side of graphene®! and additional experiments reproducing
the conditions reported in ref. 3! carried out in this investigation so
to validate our approach (accompanying Supplementary Note 3 and
Fig. S8) indicate that non-wetting droplets can be seen exclusively on
suspended monolayers open to the ambient on both sides and not on
monolayer graphene where either of the sides is closed to the
environment. The present findings may be relevant to further
understanding monolayer wettability and offer additional elements
on the wetting translucency and the high slippage of graphene upon
interaction with water molecules as reported recently2341-43,

Additional considerations. Although experimental observations
and statistical analysis show the occurrence of non-wetting droplets
with contact angles approaching 180° on suspended monolayer
graphene; before drawing the conclusion, we would like to sum-
marise the limitations of the methodology used in this study.
Although the experimental technique adopted permits a dynamic
observation (1 frame every 4 or 5s) with a rather good spatial
resolution (from few tens of pixels per micrometre to hundreds of
pixels per micrometre), we acknowledge that the large tilting angle
coupled with the opaqueness of water to the ESEM electron beam
and to the simultaneous occurrence of condensation over the sub-
strate may hinder the accurate measurement or influence to some
extent the wettability and contact angle measurements reported here.
Nonetheless, although there may be some differences in the contact
angles reported, distinction between non-wetting (contact angles
approaching 180°) and wetting is perfectly identifiable from the
observations. We also note here that the different dynamics of the
advancing motion of the contact line are attributed to the slow
droplet growth in the quasi-steady regime, so to allow imaging, and/
or to the presence of chemical and/or physical heterogeneities on the
surface, which cannot be quantified with current available
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characterisation techniques. As well as we would have expected the
occurrence of non-wetting droplets on other fabricated substrates if
pinning alone were to be the sole reason for the observations
reported. On the other hand, the statistical analysis proposed has
been limited to the number of experimental observations and sub-
strates used. Although the number of observation could be increased
which can influence the percentage of non-wetting occurrences with
contact angles approaching 180° on suspended monolayer graphene,
a single non-wetting occurrence does support the unique behaviour
when compared to the other studied samples. While the adsorption
of water molecules on both sides of the suspended graphene
monolayer represents a plausible mechanism, we expect other rea-
sonable arguments or mechanisms may follow so to further com-
plement the proposed one to account for the observations reported.
Last, although our graphene samples were prepared following tra-
ditional chemical vapour deposition (CVD) methods reported in the
literature and local measurements of both Raman, AFM, TEM and
electron diffraction (ED) patterns suggest on the cleanliness and high
quality of the studied sample, we acknowledge that such local
measurements do not ensure the high quality of the suspended and
supported graphene over the large fabricated areas.

Conclusions
Direct experimental observations of micrometre/picoliter droplets
condensing on monolayer suspended graphene are used to char-
acterize its inherent wettability. The observation of non-wetting
droplets with contact angles as high as 175° are reported exclusively
on a smooth atomically flat monolayer suspended graphene, whereas
wetting droplets with contact angles below 90° are reported on
supported monolayer and on supported and suspended multiple
layers graphene. Experimental observations demonstrate that non-
wetting of water droplets on smooth monolayer may be possible by
removing the water-surface interactions beyond the first surface layer
in the case of graphene. As water vapour molecules condense, these
form an ordered layer at both sides of the suspended graphene
interacting with each other first. Then further condensing water
molecules become shielded from the interactions with the graphene
and spherical droplets ensue so to minimise surface energy. This
suggests the maximum contact angle attainable on a smooth
hydrophobic surface may not be limited to that of Teflon™

The present observations open the door to wettability manip-
ulation through suspended graphene. This could be achieved
through control of the environment behind the suspended gra-
phene layer such as the use of microfluidics, which calls for the
further investigations on other monolayer materials.

Methods

Substrate fabrication. The fabrication procedure was as follows: monolayer gra-
phene was grown on copper foil by using standard chemical vapour deposition
(CVD) method**. Then, the graphene was transferred onto a SiO,/Si target sub-
strate by using common poly(methyl-methacrylate) (PMMA) transfer method. To
create well defined holes and trenches, prior to the graphene transfer procedure,
the SiO,/Si target substrate was subjected to electron beam (EB) lithography and
reactive ion etching (RIE). After the transfer procedure and in order remove the
PMMA layer, the SiO,/Si target sample coated with graphene and PMMA was
dipped into acetone at ~50 °C for more than 4 h. The warmth of the solvent as well
as the sufficient immersion time induced the thorough PMMA removal and
minimizes contamination and residual PMMA left on the graphene®44>. To avoid
the rupture of the membrane, the final step consisted on drying the graphene
sample by using an HITACHI HCP-2 supercritical point dryer. The high quality of
the suspended graphene sample was confirmed by scanning electron microscopy
(SEM), atomic force microscopy (AFM), tunneling electron microscopy (TEM) and
Raman spectroscopy (see Fig. 2 in the main text). In addition to monolayer gra-
phene (1 L), double-layer graphene (2L) and four-layer (4 L) samples were pre-
pared by stacking the monolayer graphene several times following the same CVD
growth and the same PMMA transfer procedures reported above®. On the other
hand, multilayer graphite (ML) sample was prepared by mechanical exfoliation
method and then transferred onto the substrate.

Sample characterization. Within the accompanying Supplementary Information,
we follow the same nomenclature as established within the main text. We do
henceforth refer to suspended graphene with the superscript ¢ and to supported
graphene with subscript . From the surface characterization by optical micro-
scopy and SEM shown in Fig. 2a (main text), the successful fabrication of both
1L and 1 Ly, is demonstrated. 1L graphene was completely suspended (1LSU%)
over holes with up to 5 pm in diameter and over trenches of 5 um in width and tens
of micrometres in length. From Fig. 2a (main text), we note the optical trans-
parency of graphene to SEM as previously reported®. When looking into AFM
topography characterization, Fig. 2b (main text) shows that the roughness of 1Lsus
is slightly smaller than that of 1L, on the smooth substrate. The latter indicates
that the suspended graphene membrane is quite smooth and most of the polymer
residues have been removed from the surface. In addition, the lower-right inset of
Fig. 2¢ (main text) presents a high-resolution TEM image of 1LS% showing the
clean lattice with perfect honeycomb structure, which is characteristic of high-
quality graphene. From Fig. 2c (main text), some nanoscale islands of residues can
be perceived on the graphene, which may serve as nuclei for the condensation
experiment. In addition, ED pattern (top-right inset in Fig. 2c (main text)) exhibits
the perfect 6-fold symmetry of the carbon atoms, which is also characteristic of
high-quality graphene. Finally, Fig. 2d (main text) shows Raman spectra of 1L, 2 L,
4L and ML. For 11, the height of the 2D peak (~2700 cm~1) is almost twice as
large as that of the G peak (~1580 cm™!) evidencing the monolayer structure?®.
The height ratio between 2D and G peaks decreases as the number of graphene
layers increase. For ML sample, the 2D peak is much wider and shorter than the G
peak, which is consistent with literature. It is worth noting that the D peak
(~1300 cm™!) is almost absent for all four samples, which highlights the negligible
defects of the carbon lattice. Next, we include additional optical microscopy, SEM
and AFM topography characterization of 1L, 2L, 4 L and ML graphene fabricated
substrates. More details on the Sample Characterisation can be found in Supple-
mentary Note 2 of 1L Suspended Graphene.

ESEM experimental observations. Experimental observations of condensation
were undertaken in an environmental scanning electron microscope (ESEM) FEI
Versa 3D™ (Hillsboro, Oregon, USA), where temperature of the surface and the
vapour pressure of the environment could be finely controlled. Graphene sample
was fixed to a 45° sample holder using double-side carbon tape and then the
sample holder was fixed onto the Peltier stage also making use of double-side
carbon tape at the bottom of the holder, to allow for experimental observations
at a tilting angle of ca. 80° with respect to the electron beam. Owed to the
additional heat transfer resistances from the Peltier stage to the graphene
samples, i.e., two layers of double-side carbon tape and the sample holder, the
initial temperature of the Peltier stage was set to —1 °C on the graphene surface,
so0 to ensure a substrate temperature of near 0 °C, which was further confirmed
by additional measurements with an external thermocouple. Once the graphene
sample was placed on the Peltier stage, the chamber was vacuumed for several
minutes to ~1073 Pa, removing any presence of non-condensable gases, and
thereafter the chamber was set into environmental scanning electron microscopy
(ESEM) mode. Then, the vapour pressure was slowly increased at an approx-
imate rate of 20 Pa/min from ~100 Pa until the first nucleated droplets were
observed. The pressure rate was increased at the lowest rate of 6 Pa/min and/or
manually in increment steps of 1 Pa ensuing the condensate growth in a quasi-
steady state. As system pressure is increased the relative humidity, i.e., amount of
vapour water molecules in the environment, accordingly increases following the
liquid-vapour equilibrium saturation curve. Nonetheless, changes in the system
pressure and hence in the humidity were constrained within 1% per minute so to
minimise dynamic effects and disjoining pressure differences during the
observations. The temperature of the Peltier stage and the water vapour pressure
were precisely controlled with the xT Microscope Control software with an
average deviation from the liquid-vapour equilibrium saturation curve of
+0.3°C and +16 Pa and a maximum deviation of +0.7 °C and +30 Pa*0, while the
relative humidity content was above 95%. We note here that experimental
observations were carried out at an overall tilting angle of 80° with respect to the
electron beam, which should in turn introduce an error in the height of the
droplet of <2%, i.e., cos0° — cos10° = 0.015, and hence negligible effect on the
contact angles reported.

The dynamics of droplet growth was recorded by the software at 1 frame every
ca. 3. After each experimental observation, in order to evaporate the water
condensed, the vapour pressure was decreased at low rates to avoid the rupture of
graphene. More details on the Sample Characterisation via ESEM experimental
observations can be found in Supplementary Note 3 in the
accompanying Supplementary Information.

Data availability

Supplementary Information is available from the Communication Materials online article
or from the authors, while all the data that support the findings of this study or any other
datasheets or data generated during the current study are available from the first and
second authors as well as from the corresponding author upon reasonable request.
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