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Hydrophilicity of Graphene in Water through Transparency
to Polar and Dispersive Interactions

Liubov A. Belyaeva, Pauline M. G. van Deursen, Kassandra |. Barbetsea,

and Grégory F. Schneider*

Establishing contact angles on graphene-on-water has been a long-standing
challenge as droplet deposition causes free-floating graphene to rupture.

The current work presents ice and hydrogels as substrates mimicking water
while offering a stable support for graphene. The lowest water contact angles
on graphene ever measured, namely on graphene-on-ice and graphene-on-
hydrogel, are recorded. The contact angle measurements of liquids with

a range of polarities allow the transparency of graphene toward polar and
dispersive interactions to be quantified demonstrating that graphene in water
is hydrophilic. These findings are anticipated to shed light on the inconsisten-
cies reported so far on the wetting properties of graphene, and most particu-
larly on their implications toward rationalizing how molecules interact with

graphene in water.

The wetting properties of graphene are more complicated than
those found in regular solid-liquid interfaces. Free-standing
graphene possesses no bulk phase and is only composed of
a single atomic layer of carbon atoms separating two liquid
media. Graphene is therefore subjected to a variety of non-
specific interactions with adsorbates at the graphene-liquid
interfaces.!

Wetting transparency, opacity, hydrophilicity, and hydropho-
bicity of graphene remain under debate. Intensive recent studies
report evidence for the wetting transparency of graphene, sug-
gesting that the wettability of graphene is governed by the
wettability of the underlying support.l'3l Other studies report
complete wetting transparency of graphene when deposited on
gold, copper, and silicon, but not glass, where interactions with
water are considered short-range.’! A later experimental work
supported by molecular dynamics simulations suggests partial
transparency of graphene and indicates that wetting transpar-
ency does not occur for superhydrophilic or superhydrophobic
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substrates,B¥) and a number of papers sug-
gests full wetting opacity of monolayer
graphene irrespective of the substrate
with contact angle values similar to water
contact angle on graphite.*% Conse-
quently, contact angle values of water on
graphene vary from 33° for graphene on
silicon®?! to 90°-127° for graphene respec-
tively on silicon carbide, silicon oxide,
and copper!*”! despite a large number of
theoretical studies suggesting that water
contact angle values on graphene should
be similar to the one of graphite.l!*% So
far, contradictions and inconsistencies
have partially been suggested to be caused
by the presence of adsorbates, graphene
defects, and surface charges.’®*]

Concerning the wetting properties of graphene in water, the
direct measurement of the contact angle of water on graphene-
on-water—i.e., depositing a droplet of water on graphene floating
on water—has been technically impossible due to the imme-
diate rupture of graphene upon droplet deposition (Figure 1a,b)
resulting from growth- and handling-induced cracks and
tears.1%13] Probing wetting properties of graphene in water and
water solutions is, however, particularly important for applica-
tion in sensing, water filtration, fuel cell membranes, and more
generally when graphene is exposed to water from the both
sides.lV1+-16] Here, we show that graphene is surprisingly hydro-
philic when floating on water. Additionally, by changing the
polarity of the liquid used to measure contact angles (both of
the drop and of the solution), we calculated the surface energy
of graphene showing that monolayer graphene is transparent
to both polar and dispersive interactions—i.e., fully transparent
to wetting—with the condition that the substrate/graphene/
liquid interface is smooth and free of contaminations. In the
contrary case—that is when graphene is physically transferred
from the growth substrate to another support—graphene usu-
ally does not conform perfectly the target substrate resulting in
the screening of short-range polar interactions while long-range
dispersion interactions are fully transmitted. The latter often
occurs when graphene is transferred with the use of a polymer
yielding surface corrugations, wrinkles, contamination, large
sample-to-sample variations, and immense discrepancies in
contact angle measurements.

To quantify and rationalize the hydrophobicity of graphene
in wet environment, we introduce ice and hydrogels as models
of liquid water. In fact, the water molecules at the surface of
ice are in a supercooled liquid state retaining an amorphous
liquid-like structure.'’-2!l This makes the surface of ice an
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Figure 1. Graphene free-floating on liquid water, ice, and hydrogels. a) Water contact angle (WCA) measurements of graphene floating on a water sur-
face. Left: water droplet before being deposited on the surface of chemical vapor deposition (CVD)-graphene floating on an aqueous solution of copper
etchant. Right: a water droplet after being deposited on the surface of graphene sinks through the graphene, preventing the measurement of the contact
angle. The rupture and consequent breaking of the graphene is also seen in the case of pure water instead of APS solution. b) Time lapse photographs
of a water droplet sinking through a graphene/copper stack floating on the surface of an aqueous solution of ammonium persulfate (copper etchant)
as a function of copper etching time (from left to right). Photographs were taken from the top of the droplet (top images) and from the side (bottom
images). The water droplet was dyed with Rhodamine B for optimal visualization. c) Photograph and optical microscopy image (inset) of a monolayer
of graphene on ice. d) Photograph and optical microscopy image (inset) of a monolayer of graphene on a 4% agarose hydrogel.

eligible aproximation of the surface of water. As for hydrogel a
low weight percent agarose has a low surface concentration of
polymer chains relative to that of interstitial water and, for that
reason, has been used as a quasisolid model for water surface
properties since the 1960s.2223 By experimentally measuring
the contact angle of graphene on water, we observed the lowest
contact angle reported for graphene so far: 30° + 5° on ice and
10° £ 2° on a 4 wt% agarose hydrogel.

Importantly, the cleanliness of the graphene surface and of
the graphene-substrate interface are critical factors for reli-
able contact angle measurements. Great care must be taken
to avoid or minimize contamination by e.g. polymer residues
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and hydrocarbon adsorbates. For details on our cleaning (e.g.,
from polymer residuals or hydrocarbon adsorbates), handling,
and control measurements protocols, we refer the reader to the
Supporting Information.

To illustrate the nessecity of a solid-like support for con-
tact angle measurements, we shall shortly consider graphene
on liquid water (Figure 1). Intact graphene floats on water—
presenting a graphene-on-water surface—but the contact
angle of its surface cannot be measured because free-floating
graphene immediately breaks apart when a droplet of water
is casted onto the graphene top surface, inducing excessive
mechanical and interfacial stress resulting in cracking and
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tearing of graphene (Figure 1a). Those microcracks might result
from the growth, %113 appear during copper etching!!%12 or
simply under the droplet pressure. The water droplet therefore
sinks through graphene even if the droplet is deposited before
copper is completely etched away, i.e., when the dynamic stress
in graphene is minimized (Figure 1b).

To overcome this limitation and to probe the wetting prop-
erties of graphene in water we replaced liquid water under-
neath graphene with water ice and hydrogels (Figure 1c,d).
These systems are especially benign to graphene as they avoid
using a protective polymer (usually poly(methyl methacrylate)
(PMMA)) layer that always yields contamination such as
polymer left-overs.

In the ice system, graphene grown by chemical vapor deposi-
tion (CVD) on copper (see Methods in the Supporting Infor-
mation for details) is placed on the surface of an aqueous
solution of 0.5 M ammonium persulfate (APS), which etches
copper. After cool-down and the solidification of water, the con-
tact angle of a droplet of water deposited on graphene-on-ice
was measured. To prevent water condensation, the chamber
was flushed with dry air during the process of water freezing
and measurement. Another possible source of inaccuracy in
measurements is strain in graphene that may be induced upon
freezing of water. However, we will show later that it does not
affect the wetting transparency, as in the case of strain no sig-
nificant change in graphene-ice distance occurs to screen the
interactions since the contact angle and surface energy of gra-
phene on ice are very close to those of bare ice.

Remarkably, the water contact angle (WCA) on graphene-on-
ice at 0 °C is 30° £ 5° which is only 13° greater than the water
contact angle of pure ice and 30° smaller than the water contact
angle of freshly exfoliated graphite (see Figure 2a). Repeating
the experiment with double layer graphene increases the WCA
to 35° on average. At —20 °C the WCA also showed similar
hydrophilic behavior of graphene when deposited on ice (see
Figure 2a). To prevent the water droplet from instant freezing
at the moment of its deposition on graphene we added 18% of
nitric acid (see Methods in the Supporting Information). This
addition yields slightly smaller contact angles compared to
experiments carried at 0 °C due to the increase in the polarity
of the liquid droplet: 11° + 3° for ice, 18° £ 4° for monolayer
graphene on ice, 34° + 5° for bilayer graphene on ice, and
57° £ 2° for graphite. The effect of added nitric acid on the
contact angle and on the surface energy was accounted by the
approach typically used for an electrolyte solution (experimental
details and calculations of the surface energy can be found in
the Supporting Information). One and two layers of graphene,
therefore, transmit a major portion of water—water interactions,
although the bilayer is less hydrophilic and screens a noticeable
part of the interactions due to the increased thickness.

Interestingly, graphene suspended on a hydrogel provides
results very similar to graphene on ice. In the graphene-
hydrogel system developed for contact angle measurements,
CVD graphene grown on copper is supported by a 4% agarose
gel network while APS solution contained in the gel etches the
copper.24

Graphene on hydrogel is hydrophilic, with a contact angle of
10° + 2° for single layer graphene. Optical microscopy images
of graphene on hydrogel after contact angle measurement with
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water (left) and diiodomethane (right) are shown in Figure 2b.
The microscopy images show that multiple cracks have formed
after the deposition of a water droplet (Figure 2b, left) while
an intact surface is preserved during the deposition of organic
liquids (Figure 2b, right). The cracking under the influence
of water is attributed to the strong interactions between water
underneath graphene and water in the droplet. Despite the
appearance of cracks, no water leaks away into the gel, as water
droplets attain a stable shape three seconds after the deposition
of the droplet—during which the droplet spreads out. More-
over, graphene coverage, despite cracks, was still well above
95%, with no noticeable cracks on the periphery of the droplet.
It's worth noting that analogous crack analysis was not possible
for ice samples due to technical limitations: the sample has to
be cooled down so the liquid droplet does not evaporate after
the contact angle measurement. Therefore we could not inspect
the surface of graphene on ice with a microscope after the con-
tact angle measurement.

By measuring contact angles of water-immiscible solvents
on hydrogels with a range of agarose concentrations, a linear
extrapolation was made to 100% water.??l Figure 2c shows
the linear extrapolation of the contact angle of diiodomethane
on hydrogel composed of 1-4% agarose (see Figure S1 in the
Supporting Information for the extrapolation with 1-methyl-
naphtalene). From the extrapolation, the contact angle of dii-
odomethane on water would be 41°. Conversely, such data
cannot be gathered for graphene-on-hydrogel, because gra-
phene relies on a high (4%) agarose concentration for mechan-
ical support.

In summary, two independent experiments have proven that
when placed in a water-like environment, graphene, surpris-
ingly, presents hydrophilic properties very close to those of pure
water. In other words, graphene is transparent to water—water
interactions. Studying only graphene-water interactions, how-
ever, is not sufficient for understanding graphene wetting prop-
erties and claiming its wetting transparency.

For that reason we also conducted contact angle measure-
ments with other liquids possessing different polarities (Table S1
in Methods of the Supporting Information). With all probed
liquids graphene deposited on ice and hydrogel showed a con-
tact angle similar to the contact angles on pure ice (Figure 2d,e).
Contact angles with organic liquids seem to be more reliable
than those with water, as no damage to the graphene structure
occurs during the measurement (see Figure 2b for comparison).

To explain the inconsistencies in literature on the water
contact angle of graphene, we first questioned whether the
great variety of WCA reported for graphene suggests that gra-
phene transmits only a part of the interactions. In that case,
transparency or opacity of graphene to wetting is determined
by the dominating type of interactions between the droplet
molecules and the substrate and its transmission through
a graphene layer. Depending on the chemical nature of the
adsorbate and adsorbent, all intermolecular interactions can
be divided into two main groups: site-specific polar (hydrogen
bonding, dipole—dipole, and dipole-induced interactions) and
nonspecific dispersive interactions (London-van der Waals
interactions).?>2! Polar interactions appear whenever the elec-
tron density or a positive charge is localized along the bonds.
Dispersive interactions appear due to instantaneous dipole
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Figure 2. Contact angles of graphene on ice and hydrogel. a) WCA of graphene on ice measured at —20 °C, 0 °C, and for graphene on a 4% agarose
hydrogel measured at 19.5 °C. WCA were measured for bare ice/hydrogel, monolayer graphene, and bilayer graphene. b) Contact angle photographs
(insets) and optical microscopy images of the graphene after dropcasting water (left) and diiodomethane (right) on top of graphene floating on a
4% agarose hydrogel. The process of dropcasting a droplet of water typically causes graphene cracking while dropcasting of an organic liquid leaves
no visible damages on graphene. c) Hydrogel as a water model: diiodomethane contact angles for an agarose hydrogel with different water content.
d) Contact angles of graphene on a 4% agarose hydrogel with diiodomethane and 1-methylnaphtalene as liquid droplets. e) Contact angles of graphene
on ice with methylbenzoate, nitromethane, and ethylene glycol.

moments of all atoms and molecules and, therefore, always pre- ~ Owens and Wendt?®! or Fowkes!??! theory the total surface ten-
sent themselves regardless of chemical nature of the interacting  sion of a liquid or a solid can be represented as a sum of polar
molecules. These two types of interactions can be quantified  and dispersive components corresponding to polar and disper-

in terms of surface energy components.??’ According to the  sive interactions
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and all four components can be related according to the
Owens—Wendt equation

oL (cos(9+1)_\/§\/g+\/oﬁ
S

= 3
2Jo? Jo? ©)

We also calculated the surface energies by the Fowkes
model???l and found them in good agreement with those cal-
culated according to the Owens—Wendt model (see Figure S2
in the Supporting Information). Detailed calculations of sur-
face energies using the Owens—Wendt theory and results of
the Fowkes calculations can be found in the Supporting
Information.

Probing contact angles of liquids with different polarities
allows the determination of the polar ¢ and dispersive o§
components of the solid and identifies the character of the
interactions between the droplet and the solid.?’! We exam-
ined the variation of ¢§ and o§ caused by the addition of
a graphene layer in order to determine what interactions are
transmitted or screened by the graphene and to what extent.
Water, diiodomethane, and 1-methylnaphthalene were chosen
because of their compatibility with the hydrogel matrix. Their
polar and dispersive components are tabulated (see Table S1 in
Methods of the Supporting Information). Water, methyl ben-
zoate, nitromethane, and ethylene glycol were chosen as test
liquids for ice due to their low freezing points and known polar
and dispersive components; and water, diiodomethane, for-
mamide, nitromethane, and methyl benzoate were chosen for
Si0,/Si, polydimethylsiloxane (PDMS), and copper (Table S1 in
Methods of the Supporting Information).

In addition to ice and water, which are predominantly polar,
two complementary types of substrates were selected, namely
substrates with similar polar and dispersive components (i.e.,
SiO,/Si wafers and PDMS), and a substrate with a dominating
dispersive component (i.e., copper). Importantly, because gra-
phene has not been transferred on copper, ice, and hydrogel
(see Methods in the Supporting Information for the details on
the samples preparation), it conforms to the surfaces allowing
for a perfect adhesion.?®! On the contrary, graphene being
transferred from copper onto another solid substrate cannot
conform as effectively to the surface and possesses multiple
out-of-plane irregularities such as wrinkles, buckling’s, fold-
ings, and so on,?’3% resulting in larger graphene-substrate
separation and, consequently, poorer adhesion.?8]

As shown in Figure 2, graphene does not alter contact
angles of all tested liquids when deposited on top of copper,
ice, or hydrogel, and, consequently, transmits both polar and
dispersive interactions (Figure 3). We must note here that an
increase in the number of graphene layers results in poorer
reproducibility due to contamination, defect formation, and
uncontrollable interlayer distance occurring during the transfer
of the layers on top of each other (we purchased the multilayer
samples from Graphenea, which is prepared by the “repeat
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transfer” method). The error margins are therefore wider for
bilayer graphene than those for monolayer graphene, and error
margins for three- and four-layer graphene did not allow us
to draw a conclusion on the average contact angle value (see
Figure S3 in the Supporting Information). Importantly, in all
cases graphene showed contact angles different from the con-
tact angle of freshly exfoliated (to avoid airborne hydrocarbons
contamination) graphite measured to be 61° £ 3° which is con-
sistent with previously reported values.[®31-33]

The transparency effect for ice, hydrogel, and copper is even
more evident from the surface energy chart (Figure 3b). Sur-
face energy calculations are based on the contact angle meas-
urements with various liquids and are, in that respect, a more
comprehensive characteristic of the interactions than a contact
angle measurement. Notably, the total surface energy of gra-
phene supported by a substrate is different from the total sur-
face energy of graphite (52 = 2 mJ] m™) for all tested substrates
and equals the surface energy of the bare substrate itself with
the only exception of PDMS, as shown in Figure 3b (=60 m] m~2
for ice, =64 m] m~? for hydrogel, and =43 m] m~2 for copper).
Thus, although graphene is often considered as a graphite-like
material and expected to have graphite-like wetting behavior
and surface energy,>”# clearly, its surface energy and wetting
properties are governed by the bulk medium underneath. Fur-
thermore, presence of graphene does not affect the distribu-
tion of polar and dispersive forces between the molecules of
adsorbate and adsorbent for all types of substrates (the case of
PDMS will be discussed further below). Noteworthy, surface
energies and polar and dispersive components of the surface
energies of ice, graphene-on-ice, hydrogel, and graphene-on
hydrogel are all very close to those of pure water, which indi-
cates that ice and hydrogels are suitable as water models for
probing wetting properties.

As opposed to graphene-on-ice, graphene-on-hydrogel or gra-
phene-on-copper, graphene transferred onto a Si/SiO, wafer or
onto a PDMS slab showed significantly different wetting prop-
erties than the substrate underneath it (Figure 3a; Figure S4 in
the Supporting Information). Moreover, measurements for gra-
phene on SiO,/Si (but not for bare SiO,/Si wafers, which were
reproducible) were highly irreproducible with all tested liquids
with WCA varying from 40° to 90° (Figure S4 in the Supporting
Information) and were therefore not included in the present
analysis. This can be attributed to the different graphene-
substrate adhesion forces that result from sample to sample
variation occurring during the transfer process. Although elec-
tronic properties of graphene on Si/SiO, are well defined in lit-
erature, it seems that contamination and even subtle alterations
of adhesion forces, that have no effect on the electronic proper-
ties, can crucially affect the wetting properties of graphene.

Transfer of graphene to PDMS is more straightforward
and, importantly, does not involve coverage of graphene with
another polymer than PDMS, permitting reproducible CA
measurements (see Methods in the Supporting Information for
more details on the transfer).

After transfer of graphene onto PDMS the WCA
increased from 33° £ 5° to 91° £ 1° (see Figure 3a) and the
total surface energy decreased from 60 £ 1 to 34 + 1 m] m™?
(Figure 3b). The polar component dropped drastically from
34+ 1to 2+ 1 m] m? whereas the dispersive component

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Water contact angle of graphene deposited on ice (—20 °C), hydrogel (19.5 °C), PDMS (19.5 °C), and copper (19.5 °C) versus WCA of
pristine ice, hydrogel, PDMS, and copper. b) Polar and dispersive components of the surface energy of graphene deposited on ice, hydrogel, PDMS,
and copper versus pristine ice, hydrogel, PDMS, and copper. The polar and dispersive components of the surface energy were calculated according

the Owens—Wendt theory.

remained almost unchanged at 26 £ 1 m] m™2. Given the full
transparency of graphene to both types of interactions demon-
strated above for “well-conforming” substrates, the selective
screening of the polar interactions therefore originates from
the mismatch in conformation between the surface of gra-
phene and PDMS caused by the transfer process. The lack
of conformity between a substrate and graphene transferred
on top of it has been independently proven by the atomic
force microscopy (AFM) analysis of the surface morphology
of PDMS with and without graphene (Figure S5 in the Sup-
porting Information). Graphene transferred to PDMS rather
represents the roughness pattern of copper than of PDMS
which results in conformational mismatch and breakdown of
the wetting transparency of graphene (Figure S5 in the Sup-
porting Information). Polar interactions are short-range and,
therefore, evanesce upon increasing the adsorbate-adsorbent
distance, whereas long-range dispersion interactions can still
be fully transmitted.l**-*"] This implies that the observed polar
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component of 2 + 1 mJ m™ can be attributed to the inherent
polar component of graphene.

Noteworthy, to exclude the influence of adsorbed contami-
nants from air,®l samples of graphene on copper and SiO,/Si
were annealed before the measurements (see the Supporting
information for more details).

The mechanical fragility of a single layer of graphene floating
on the surface of water has prevented so far to probe the surface
hydrophilicity by means of contact angle measurements. On
water—ice or hydrogels contact angle measurements show that
graphene is hydrophilic and transparent to water-water interac-
tions. Importantly, we demonstrated that the interface between
the graphene layer and underlying substrate plays an important
role: graphene transmits polar and dispersive interactions if the
graphene-substrate interface is clean and not corrugated, other-
wise polar interactions are screened while dispersive interactions
are transmitted. In applications where graphene is suspended
between two liquids, these results now shed light and propose

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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a radically different understanding of the wetting properties of
graphene and will have prompt implications in understanding
how hydrophobic and hydrophilic molecules interact with the
surface of a 2D material subjected to full wetting transparency.
We believe that our work will also inspire several research com-
munities to (re)consider how hydrophilicity and hydrophobicity
of 2D materials and molecules are defined.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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