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ABSTRACT: The surface energy of graphene and its chemical
derivatives governs fundamental interfacial interactions like
molecular assembly, wetting, and doping. However, quantifying
the surface energy of supported two-dimensional (2D) materials,
such as graphene, is difficult because (1) they are so thin that
electrostatic interactions emanating from the underlying substrate
are not completely screened, (2) the contribution from the
monolayer is sensitive to its exact chemical state, and (3) the
adsorption of airborne contaminants, as well as contaminants
introduced during transfer processing, screens the electrostatic
interactions from the monolayer and underlying substrate,
changing the determined surface energy. Here, we determine the
polar and dispersive surface energy of bare, fluorinated, and hydrogenated graphene through contact angle measurements with water
and diiodomethane. We accounted for many contributing factors, including substrate surface energies and combating adsorption of
airborne contaminants. Hydrogenating graphene raises its polar surface energy with little effect on its dispersive surface energy.
Fluorinating graphene lowers its dispersive surface energy with a substrate-dependent effect on its polar surface energy. These results
unravel how changing the chemical structure of graphene modifies its surface energy, with applications for hybrid nanomaterials,
bioadhesion, biosensing, and thin-film assembly.
KEYWORDS: graphene, wettability, surface energy, chemical functionalization, 2D materials

1. INTRODUCTION

Understanding of complex nanoscale surface−liquid inter-
actions is critical to realizing applications in diverse fields
including biosensing,1−3 molecular assembly,4 and energy
transport.5 One emerging area is understanding the surface−
liquid interactions in two-dimensional (2D) materials, whose
atomic-scale thickness and diverse electronic transport
mechanisms open up new fundamental properties, oppor-
tunities, and challenges. For example, 2D materials like
graphene are both highly sensitive to changes in their
environment and highly deformable, making them excellent
candidates for materials having reconfigurable surface proper-
ties,6 ultrasensitive disease detection,1,7 and that can be
interfaced with cells.8,9 For all of these applications, the
surface energy of graphene is a key parameter governing
processes such as liquid wettability, protein adsorption,10−12

and cell adhesion and growth,13,14 making it important to
characterize. Moreover, the van der Waals surface of graphene
is chemically inert, making it difficult to selectively design the
surface interactions needed for many of the applications.
A promising strategy is to leverage vapor phase chemical

functionalization of graphene with hydrogen and fluorine,
which modifies its chemical structure to produce hydrogenated
graphene (HGr)15−17 and fluorinated graphene (FGr),
respectively.18−20 Compared with bare graphene, these
chemical functionalizations strongly modify wettability13,17

and surface friction,21 enhance cell adhesion,13,17 and
encourage thin-film growth via atomic layer deposition
(ALD) or chemical bath deposition.22−24 Moreover, function-
alized graphene can be patterned17,25 and integrated into
devices,26,27 opening up the possibilities of guiding wettability
and site-selective adsorption.
Critical to the rational design in these applications is

quantifying the changes in surface energy for different kinds of
graphene functionalization. Surface energy is a property
dominant in many molecular and liquid interfacial interactions.
Nevertheless, despite numerous studies, disagreements about
the surface energy of bare graphene remain for at least three
reasons. First, the surface energy of supported graphene is not
a fixed value as it is affected by its supporting substrate, leading
to so-called wetting translucency.28−32 Second, transferring
graphene from its growth substrate to a target substrate
typically involves several processing steps that can contaminate
its surface with various ions and residues, affecting the intrinsic
surface interactions. Finally, the adsorption of volatile organic
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compounds onto a surface in ambient conditions is a
confounding factor across all of interfacial science.33−37

Volatile organic compounds (VOC) are compounds that
have a high vapor pressure and low water solubility. These
VOC are emitted from a wide range of human-made chemicals
and can adsorb to surfaces and screen intrinsic surface
interactions.33 In the case of atomically thin 2D materials,
the adsorbed layers can be many times thicker than the
material itself, preventing accurate measurements.38−41 Most
studies do not simultaneously account for all of the
aforementioned challenges, leading to contradictory results
routinely being reported on the surface energy and wettability
of supported bare graphene.42−46 In the case of FGr and HGr,
it is unclear how the added out-of-plane bond affects the
surface energy of supported graphene and what contribution, if
any, the substrate will have through wetting translucency.
Moreover, the relative strength and interdependence of these
different phenomena are currently unknown. This knowledge
is necessary to rationally design functionalized graphene for a
variety of applications, including the ones discussed thus far.
In this study, as shown schematically in Figure 1, we

characterized the wettability and corresponding polar and
dispersive surface energies of supported monolayer graphene
and its functionalized counterparts (FGr and HGr). To ensure
consistent results, we used a transfer process that limited
contamination and then systematically examined the relative

surface energy contributions from the chemical functionaliza-
tion, adsorption of VOC, and the supporting substrate. Using
the dispersive and polar surface energy of bare graphene
supported by SiO2 and Parylene C (ParC) as references, our
results show that hydrogenating graphene raises its polar
surface energy with little effect on its dispersive surface energy.
Fluorinating graphene lowers its dispersive surface energy and
has a substrate-dependent effect on its polar surface energy.
The polar surface energy of FGr supported by SiO2 is nearly
the same as that of bare graphene supported by SiO2.
However, the polar surface energy of FGr supported by
Parylene C (the tested supporting substrate with lower polar
surface energy) is lower than the polar surface energy of bare
graphene supported by Parylene C. The adsorption of VOC
lowers the polar surface energy of bare graphene. Meanwhile,
the polar surface energy of all graphene types tested is higher
on SiO2, the higher polar surface energy supporting substrate
tested. The results reported here can be used to rationally
design the surface energy of graphene and other 2D materials
for applications in bioadhesion, biosensing, and thin-film
assembly.

2. METHODS

To determine the polar and dispersive surface energies of each
sample, we made contact angle measurements with a micro-
goniometer using polar and nonpolar probe fluids, and then applied

Figure 1. (a) Schematic showing the various parameters under study to probe the affect they have on the determined surface energy of graphene.
We used water and diiodomethane as polar and nonpolar probe liquids, respectively, for contact angle measurements and subsequent surface
energy analysis, as well as SiO2 and Parylene C as high and low surface energy supporting substrates, respectively, for (b) the various graphene
functionalizations tested (i.e., bare graphene, VOC-Gr, HGr, and FGr).

Figure 2. (a) Raman spectra of the SiO2 substrate, as well as bare graphene, HGr, and FGr supported by SiO2 (left) and the same for ParC (right).
(b) XPS spectra of the C 1s core-level spectra comparing bare graphene, HGr, and FGr.
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Fowkes’ theory to extract the surface energies (see Sections S1 and
S2, Supporting Information).47,48 We used deionized water (CAS:
7732-18-5, Thermo Scientific) as the polar probe fluid and
diiodomethane (CAS: 75-11-6, Sigma-Aldrich) as our nonpolar
probe fluid. We examined the influence of the supporting substrate
on the surface energy of graphene by transferring monolayer graphene
to substrates with different surface energy. Supporting Information,
Section S3 provides descriptions of the detailed methods used for
substrate preparation, graphene transfer, and cleaning. We used
polished silicon wafers having an annealed 285 nm thick silicon
dioxide (SiO2) layer (thermally oxidized, Nova Electronic Materials)
as our higher surface energy supporting substrate. We deposited 200
nm of Parylene C (ParC) onto the SiO2 wafers, which served as our
lower surface energy supporting substrate, using chemical vapor
deposition (CVD, SCS Labcoter 2, Specialty Coating Systems).

As shown in Figure 1b, we systematically compared the effect of
each different chemical functionalization on the polar and dispersive
components of the surface energy of graphene. Specifically, we
compared the cases of no graphene (bare substrates), bare graphene
(Gr), graphene after VOC adsorption (VOC-Gr), hydrogenated
graphene (HGr), and fluorinated graphene (FGr). Supporting
Information, Sections S4 and S5 provide detailed methods used to
conduct functionalization and sample storage. Briefly, to make the
samples, we transferred chemical vapor deposition (CVD) grown
graphene onto each substrate. We used established dry transfer
techniques, which minimize doping and residue at the graphene-
substrate interface.49,50 Figure S1 shows optical and atomic force
microscopy topography images of the transferred graphene,
confirming that the graphene was clean with minimal particles or
damage which might affect measurements. Finally, the graphene was
annealed in a reducing atmosphere. To systematically study and
minimize the effects of VOC adsorption, we used a pressurized inert
gas vessel filled with adsorbents to house and transport samples until
measurement or functionalization. Finally, we used established
processes to functionalize the graphene by leaving the sample in
ambient conditions for VOC adsorption,38−41 exposure to indirect
hydrogen plasma for hydrogenation,15,17,51 or exposure to XeF2 gas
for fluorination.18,52

To confirm sample quality, functionalization, and chemical bonding
we used Raman spectroscopy and X-ray photoelectron spectroscopy
(XPS) (see Section S6, Supporting Information). Figure 2a shows the
Raman spectra of the substrates, bare graphene, HGr, and FGr on
SiO2 and ParC. The bare graphene on SiO2 sample showed the G and
2D peaks at 1596 ± 1 and 2684 ± 2 cm−1, respectively,53,54 with a
∼1.3 intensity ratio. The D-peak at 1360 ± 1 cm−1 is less than 0.16 of

the intensity of the G-peak, indicating a low but nonzero defect
density. These values are comparable to those for annealed CVD-
grown monolayer graphene.55 In comparison, the HGr and FGr
spectra show a suppressed 2D peak and increased D-peak due to sp3
bond formation with the hydrogen and fluorine, respectively.21 The
spectra of the functionalized graphene on the ParC substrate show
similar trends.

Figure 2b shows the XPS spectra of bare, HGr, and FGr on SiO2.
Bare graphene exhibits the sp2 bond peak in the C 1s core-level
spectra centered at 284.14 ± 0.02 eV. For HGr, this peak is
broadened and one more peak emerges at 285.42 ± 0.15 eV,
indicating the conversion of sp2 to C−H bonds.56 For FGr, another
peak emerges at 287.18 ± 0.03 eV, indicating the formation of semi-
ionic C−F bonds.20 Thus, both the Raman and XPS spectra confirm
the hydrogenation and fluorination of graphene.

3. RESULTS

Next, we examine the effect that the adsorption of airborne
contaminants has on the contact angles measured on the
samples. A challenge in interpreting the measured water
contact angle on graphene and other surfaces is the effect of
adsorption of VOC under ambient measurement conditions,
which screen the true surface interactions, and can lead to a
wide range of measured contact angles from 37 to 90°.39,57 To
examine the effects of VOC adsorption, as plotted in Figure 3a,
we exposed bare graphene supported by SiO2 to ambient lab
conditions for approximately 24 h while periodically perform-
ing advancing contact angle measurements with both water
and diiodomethane (see Section S1, Supporting Information).
We measured the advancing contact angle, as opposed to the
receding or so-called static contact angle because it is far less
sensitive to surface chemical heterogeneities and topographical
features.33 Between measurements, the sample was placed top-
up in a petri dish with no lid in a laboratory located in Urbana,
IL.
Figure 3a plots the advancing contact angle as a function of

ambient exposure time for water (teal circles) and diiodo-
methane (orange squares) probe liquids on bare graphene
supported by SiO2. Each data point represents the average and
standard error from three to five sequential contact angle
measurements with distinct droplets for each probe fluid on
the same region. The diiodomethane contact angle on

Figure 3. (a) Apparent advancing contact angle of water (orange squares) and diiodomethane (teal circles) as a function of time on bare graphene
supported by SiO2. Insets: optical images illustrating the contact angle at two different times (0 min and 1480 min). The scale bar is 200 μm. Each
data point represents the average and standard error from three to five sequential contact angle measurements with three to five distinct droplets for
each probe fluid on the same region. (b) Corresponding dispersive (purple) and polar (green) surface energy components as a function of time of
bare graphene on SiO2 extracted from data plotted in (a). (c) Comparison between the dispersive and polar surface energy components of SiO2
and graphene on SiO2 (blue) as well as Parylene C and graphene on Parylene C (black). All measurements in (c) are taken within 5 min of air
exposure to minimize the impact of VOC contamination and probe intrinsic substrate and graphene surface properties. The uncertainties are shown
in (a−c) and are frequently smaller than the symbol size.
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graphene fluctuates between 40 and 45° for the duration of the
experiment. In contrast, the advancing water droplet contact
angle on graphene increases from an initial value of 76.2 ± 0.6
to 92.9 ± 0.6° in the first 100 min, then levels off. We attribute
the small fluctuation of the contact angle measurements over
time to the heterogeneity of the samples and the inability to
perform measurements at the exact same location consistently.
Supporting Information, Figure S2 confirms that the trends are
reproducible on a second sample. Figure 3b plots the
corresponding change in the polar and dispersive surface
energy components versus ambient exposure time. We extract
the separate components by inserting the water and diiodo-
methane contact angles into Fowkes’ theory (see Section S2,
Supporting Information). Over time, the change in dispersive
surface energy of graphene on SiO2 reduces to less than the
error between measurements, only decreasing from γd = 37.1 ±
0.1 mJ/m2 to γd = 36.8 ± 0.3 mJ/m2. In contrast, the polar
surface energy decreases significantly, from γp = 5.4 ± 0.2 mJ/
m2 to γp = 0.8 ± 0.1 mJ/m2.
The measurements show that the water contact angle is

dictated by the adsorption of VOC for samples exposed to air
for over an hour, regardless of any previous treatment. To
minimize the influence of VOC adsorption and to enable the
measurement of intrinsic properties, we built a custom airtight
vessel (Supporting Information, Figure S3), filled it with
adsorbents (HS-600, Hydrosil International) tailored for a
wide range of VOC, then pressurized it with inert argon gas
(99.999% purity). We used the vessel to store and transport
samples between fabrication and measurement locations.
Supporting Information, Table S1 shows that storing samples
in the vessel effectively minimizes the adsorption of VOC. This
experimental measure was especially necessary for the
chemically functionalized HGr and FGr samples as traditional
methods of cleaning bare graphene, such as annealing or UV
exposure, degrade the functionalization.15,18,52 For all sub-
sequent data, the samples were exposed to ambient conditions
for <5 min between removal from the annealing system and
contact angle measurements.
Figure 3c compares the surface energy of characteristic

substrates with and without bare graphene before VOC
adsorption. To minimize the potential influence of different
sample processing conditions, we measured regions with and
without the graphene on the same substrates. Table 1
summarizes the measured contact angles and extracted surface
energies for every measured combination. The dispersive
surface energy of SiO2 increased by 17% with the addition of

bare graphene. The polar surface energy of SiO2 decreased by
51% with the addition of bare graphene. Conversely, the
dispersive surface energy on ParC decreased by 10% with the
addition of bare graphene. The polar surface energy of ParC
increased by 125% with the addition of bare graphene.
Figure 4 compares how different chemical functionalizations

influence the resulting surface energy of graphene supported by

SiO2 (Figure 4a) and ParC (Figure 4b). Table 1 lists the
corresponding contact angles and surface energies for each
substrate. Each functionalization has a unique effect on surface
energy. Adsorption of VOC on graphene supported by SiO2
and ParC reduces the dispersive surface energy by 12 and 6%,
respectively, while more significantly reducing the polar surface
energy by 83 and 86%, respectively. Fluorination of graphene
(FGr) supported by SiO2 and ParC significantly reduces the
dispersive surface energy by 38 and 41%, respectively.
However, fluorination leads to opposite behavior for polar
surface energy on the two substrates. On SiO2, fluorination
raises the polar surface energy by 6% while on ParC
fluorination lowers the polar surface energy by 78%. Hydro-
genation of graphene (HGr) leads to opposite behavior in the
change of dispersive surface energy on the two substrates. On

Table 1. Summary of the Water and Diiodomethane Advancing Contact Angle (ACA) Measurements with Corresponding
Dispersive and Polar Surface Energy Values for All Samples Tested

substrate surface water ACA (deg) diiodomethane ACA (deg) γd (mJ/m2) γp (mJ/m2)

SiO2 68.1 ± 2.6 47.5 ± 0.7 35.7 ± 0.2 9.6 ± 1.7
Gr 75.4 ± 1.5 35.8 ± 0.6 41.7 ± 0.2 4.7 ± 1.0
VOC-Gra 92.9 ± 0.6 45.4 ± 0.5 36.8 ± 0.3 0.8 ± 0.1
HGr 39.3 ± 0.3 36.4 ± 1.4 41.4 ± 0.3 23.4 ± 0.3
FGr 84.6 ± 0.6 64.6 ± 2.2 25.9 ± 0.3 5.0 ± 0.4

Parylene C 87.6 ± 0.1 35.6 ± 0.2 41.7 ± 0.0 1.2 ± 0.1
Gr 83.6 ± 2.0 43.9 ± 1.4 37.6 ± 0.3 2.7 ± 1.1
VOC-Gra 96.8 ± 0.3 48.1 ± 1.1 35.3 ± 0.6 0.37 ± 0.01
HGr 46.2 ± 3.1 37.3 ± 1.6 40.9 ± 0.3 19.7 ± 2.3
FGr 103.7 ± 0.7 71.1 ± 0.6 22.3 ± 0.0 0.6 ± 0.2

aMeasurements obtained for VOC-Gr supported by SiO2 and Gr supported by SiO2 were obtained from different samples. The same is true for
VOC-Gr supported by Parylene C and Gr supported by Parylene C.

Figure 4. Plots of polar versus dispersive components of surface
energies of bare graphene (purple), VOC-contaminated graphene
(green), fluorinated graphene (red), and hydrogenated graphene
(blue) supported by (a) SiO2 and (b) Parylene C (ParC). Arrows
show the relative change in surface energies of functionalized versus
bare graphene. Each data point is the average calculated surface
energy and standard error obtained from three to five water and
diiodomethane contact angle measurements on the sample. The
arrows indicate the change compared with bare graphene on each
substrate.
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SiO2, hydrogenation slightly lowers the dispersive surface
energy by 1%, while on ParC hydrogenation raises the
dispersive surface energy by 9%. Finally, hydrogenation
significantly increases the polar surface energy by 398 and
630% on SiO2 and ParC, respectively.

4. DISCUSSION

To understand the change of the polar and dispersive surface
energy of graphene due to VOC adsorption and each type of
chemical functionalization, we need to understand how the
interconnected roles of nanoscale screening, charge transfer
between graphene and its supporting substrates, and dipoles
produced by molecular bonding influence each surface energy
type. Dispersive interactions originate from temporary
fluctuations in the electron density surrounding an atom or
molecule.58 Dispersive interactions are not site-specific as they
exist between all matter. The strength of these interactions
scales with the polarizability of the atoms/molecules involved,
and are not additive; that is, the interaction between two
bodies is affected by the presence of other bodies nearby.
Nondispersive, or polar, interactions arise from Coulombic
interactions between atoms and molecules, and the polar
surface energy scales with the strength of these polar
interactions. Typical examples include dipole−dipole (Kee-
som), dipole-induced dipole (Debye), hydrogen-bonding, and
pi−hydrogen interactions. Polar interactions are site-specific
and can be present or absent depending on the system under
consideration.58,59
Our results show differences in the polar and dispersive

surface energy of bare graphene supported by SiO2 and ParC.
The polar surface energy of graphene supported by SiO2 is
higher than the polar surface energy of graphene supported by
ParC (Figure 3c), which suggests that the higher the polar
surface energy of the substrate, the higher the polar surface
energy of the supported graphene. This result is consistent
with others indicating that graphene is wetting translucent to
its supporting substrate.28−30 To validate these results, we
compare them with other studies. Table S2 shows that the
surface energy of bare graphene varies significantly as a
function of the supporting substrate, ranging from 0.2 ≤ γp ≤
14.4 mJ/m2 for the polar surface energy and 14.7 ≤ γd ≤ 47.8
mJ/m2 for the dispersive surface energy. Moreover, even on
the same substrate, there is a wide range of reported values for
the surface energy of bare graphene supported by SiO2. The
polar and dispersive surface energy of bare graphene supported
by SiO2 ranges from 1.5 ≤ γp ≤ 5.3 mJ/m2 to 14.7 ≤ γd ≤ 35.7
mJ/m2, respectively. Given this variability in reported values,
more systematic measures are required for analyzing the
surface energy of graphene. Our study implemented many
measures to ensure reproducible, high-fidelity results, including
dry transfer of the graphene, post-annealing in a reducing
atmosphere, and storing samples in a pressurized inert gas. Our
results show that, while there are observable shifts in both the
polar and dispersive surface energies, the relative change in the
polar surface energy compared with the initial value is much
larger than the shift in the dispersive energy, and more easily
interpretable.
In the case of VOC adsorption, the nonadditive nature of

dispersive interactions makes it challenging to identify the
cause of relatively small changes in dispersive surface energy,
especially considering the speed of adsorption and the
chemical similarity between graphene and VOCs.33 Despite
our best efforts, preventing VOC adsorption is practically

impossible, even under vacuum conditions.37 Thus, a few
layers of VOCs can quickly adsorb and alter the dispersive
interaction between graphene and our probe liquid. This is
evident in Figure 3a,b, where the diiodomethane contact angle,
and corresponding dispersive surface energy, changes little
with time, potentially indicating that the determined dispersive
surface energy is being driven by VOC adsorption. Moreover,
the polar surface energy decreases to zero over time due to
increased screening from VOC layers, which are mostly
composed of light, short-chained, nonpolar hydrocar-
bons.33,34,60 As more VOC layers adsorb with time, the polar
interaction potential emanating from the surface/substrate is
screened out, causing the water contact angle to rise and polar
surface energy to fall. The rise in hydrophobicity resulting from
VOC adsorption has been observed in other labs with
presumably distinct VOC adsorption conditions, indicating a
universality to the process and its effect on measured water
contact angles.39,40

Both types of chemically functionalized graphene modify the
in-plane sp2 bonds of pristine graphene to form out-of-plane
sp3 bonds, which modify its electronic structure and induce
out-of-plane dipole moments. First, the sp3 bonds open a
bandgap in the fluorinated/hydrogenated graphene and raise
the resistivity from ∼1 kΩ in pristine graphene to ∼10 GΩ in
functionalized graphene.21 Our results indicate that the change
in resistivity does not dominate the change in surface energies
or else both functionalization types would show similar
behavior, opposite of what is observed. Additionally, both
the C−F bonds and C−H bonds induce an out-of-plane dipole
moment compared with bare graphene,61,62 which contribute
to the change in surface energies of HGr and FGr. The low
polarizability of fluorine weakens dispersive interactions.63 As a
result, as we observe, the dispersive surface energy of FGr is
smaller than that of bare graphene and HGr. The C−F bond is
polar and thus generates a dipole. Therefore, one would expect
FGr to have a substantially higher polar surface energy than
bare graphene supported by either substrate. Nevertheless, we
do not observe a significant increase in the polar surface energy
of FGr supported by either substrate. This lower-than-expected
polar surface energy of FGr is well documented in other
fluorocarbons, a phenomenon known as “polar” hydro-
phobicity.62,64,65 The reason in these other cases is that the
C−F surface dipoles generate a short-range electric field that
decays within the core repulsion zone of the surface. As a
result, molecules in liquids do not get close enough to the
surface to strongly interact with the strong dipole moment of
the C−F bond, leading to a polar surface energy that is lower
than expected. This polar hydrophobicity interpretation is
consistent with the polar surface energy we determined in this
study for FGr supported by SiO2 and ParC.
The surface energy of all of the graphene samples tested (Gr,

FGr, HGr, and VOC-Gr) is translucent to the supporting
substrate as the polar surface energy for all graphene samples is
higher on SiO2, the more polar substrate. Since FGr has an
inherently low polar surface energy, we attribute the similar
polar surface energy of FGr/SiO2 and Gr/SiO2 to translucency
to the supporting substrate. In contrast, we observe a decrease
in the polar surface energy of FGr/ParC compared to Gr/
ParC. Since the polar surface energy of ParC is low, it is not
transmitted through the graphene films, thus allowing the
inherent hydrophobicity of FGr to dominate, resulting in lower
polar surface energy for FGr supported by ParC.28,62
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For HGr, the nonadditive nature of dispersive interactions
makes it challenging to identify the cause of relatively small
changes in dispersive surface energy, especially considering the
chemical similarity between HGr and VOC.33 The cause for
the large increase in the polar surface energy of HGr is harder
to identify. The dipole generated by the C−H bond is weak, so
it is unlikely to be the main contributor. Supporting substrates
with high polar surface energy are known to dope graphene,
indicating a charge transfer from graphene to substrate.44
Thus, it is possible that this charge transfer leaves the top side
of graphene with a partial positive charge that can then interact
strongly with the dipole of water molecules, raising the polar
surface energy and lowering the water contact angle. However,
we would expect the charge transfer from graphene to
substrate to scale with the polar surface energy of the
substrate. Nevertheless, we observe a similar increase in polar
surface energy for HGr/SiO2 and HGr/ParC of 18.7 ± 1.3 and
17.0 ± 3.4 mJ/m2, respectively, in comparison to Gr/SiO2 and
Gr/ParC, even though the SiO2 substrate has a polar surface
energy 800% larger than that of ParC. The final possible
contributor is that the hydrogen plasma used to hydrogenate
graphene is activating the substrate. Graphene is known to be
permeable to hydrogen ions66,67 and molecules.68 Hydrogen
ions could also pass through defects produced during the
transfer process or imperfect adhesion between the graphene
layer and its supporting substrate. Once under the graphene
layer, the ions can react to form polar functional groups on the
substrate (OH for SiO2 and HCl for Parylene C), raising the
surface energy of HGr through the effect of translucency. The
lack of control over the proton permeation or intercalation
processes leaves us unable to experimentally distinguish which
is the dominant mechanism. While our measurements do not
allow us to de-convolve these different possibilities, they set up
a framework that could be resolved through atomistic
simulations.

5. CONCLUSIONS

In summary, we explored the polar and dispersive surface
energy of bare, physically functionalized (VOC-covered), and
chemically functionalized (hydrogenated and fluorinated)
graphene on supporting substrates with different surface
energies. Our results show that the supporting substrates
with higher polar surface energy (SiO2) induces a higher polar
surface energy on all graphene samples tested. Further, the
polar and dispersive surface energy of graphene varies with the
type of functionalization. Physical functionalization, by way of
adsorption of VOC, screens the polar interaction potential
emanating from the substrate and/or graphene, lowering the
polar surface energy. Chemical functionalization, by way of
fluorination, has little effect on the polar interaction potential
of graphene while dramatically decreasing the dispersive
interaction potential, lowering the dispersive surface energy.
Chemical functionalization, by way of hydrogenation, has a
substrate-dependent effect on the dispersive interaction
potential of graphene but dramatically increases the polar
interaction potential, raising the polar surface energy on the
substrates tested.
Our results provide valuable guidance on how the polarity of

monolayer graphene is tuned by chemical functionalization,
which has many potential applications. For example, graphene
has been used as an atomically thin interface for molecular
assembly,4 hydrophobic and superhydrophobic coatings,69,70
biosensing,1−3 and cell adhesion.17 We expect this knowledge

to further inform the rational design of graphene interfaces
required for tunable and selective interaction with other
molecules.
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