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ABSTRACT: We report the intrinsic water contact angle
(WCA) of multilayer graphene, explore different methods of
cleaning multilayer graphene, and evaluate the efficiency of
those methods on the basis of spectroscopic analysis. Highly
ordered pyrolytic graphite (HOPG) was used as a model
material system to study the wettability of the multilayer
graphene surface by WCA measurements. A WCA value of 45°
± 3° was measured for a clean HOPG surface, which can serve
as the intrinsic WCA for multilayer graphene. A 1 min plasma
treatment (100 W) decreased the WCA to 6°, owing to the
creation of surface defects and functionalization by oxygen-containing groups. Molecular dynamics simulations of water droplets
on the HOPG surface with or without the oxygen-containing defect sites confirmed the experimental results. Heat treatment at
near atmospheric pressure and wet chemical cleaning methods using hydrofluoric acid and chloroform did not change the WCA
significantly. Low-pressure, high-temperature annealing under argon and hydrogen reduced the WCA to 54°, close to the
intrinsic WCA of HOPG. Raman spectroscopy and atomic force microscopy did not show any significant change for the HOPG
surface after this treatment, confirming low-pressure, high-temperature annealing as an effective technique to clean multilayer
graphene without damaging the surface. Time-of-flight secondary ion mass spectrometry indicated the existence of hydrocarbon
species on the surface of the HOPG sample that was exposed to air for <5 min and the absence of these impurities in the bulk. X-
ray photoelectron spectroscopy analyses of the sample surfaces after the different cleaning techniques were performed to
correlate the WCA to the surface chemistry. X-ray photoelectron spectroscopy results revealed that the WCA value changed
drastically, depending on the amounts of oxygen-containing and hydrocarbon-containing groups on the surface.

1. INTRODUCTION

Graphene, as one of the carbon allotropes with sp2 hybrid-
ization, has a crystalline, single-layer, and hexagonal crystal
structure. Because of its superior electrical, thermal, and
physical properties, it has the potential to be used in the
development of transformative electronic, sensing, energy
storage, and separation technologies.1−5 The interaction of
graphene with water, or its wettability, is quantified by
measurement of the water contact angle (WCA). The WCA
is an important quantity for various applications that involve
direct interaction of the graphene surface with water molecules
(e.g., adsorption, adhesion, lubrication, surface condensation,
separation, and sensing) or as a general parameter in the
characterization of the physical and chemical properties of
graphene. Although the graphite−water interaction has been
studied over the past decades,6−10 the WCA of graphene is a
recent topic of interest.11−18 A summary of reported WCA
measurements of graphite and graphene materials [reduced

graphene oxide (GO), epitaxial graphene (EG), and chemical
vapor deposition (CVD) synthesized graphene] is presented in
Table 1.6,8−17,19−22 In the majority of previous works, graphite
is considered a hydrophobic material, with WCA values in the
range of approximately 80°−100° (e.g., 85°−98°).9−13
However, much lower WCA values for a clean, oriented
graphite surface have also been reported (e.g., WCA = 35° ±
4°).6 For graphene films, WCA values vary widely, from 33° to
143°, depending on the substrate, graphene characteristics, and
measurement methodology (Table 1).
Surface roughness,23 wetting transparency,17 and ambient

impurities6−8,16,24 may affect the WCA values. Surface rough-
ness and inhomogeneous topography have been observed for
both suspended and EG films.3,14,18,25 Hsieh et al. reported a
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WCA of 143° for graphene prepared from the reduction of GO
at 700 °C.14 The observed superhydrophobicity of the
graphene film was explained on the basis of the nonpolar
character of the surface and the roughness created by flakelike
voids between the graphene nanosheets.14 Recent research
suggests that the WCA of graphene might be influenced or
controlled by the molecular or electrostatic interactions of
water molecules with the substrate surface through a single- or
few-layer graphene film, a phenomenon known as wetting
transparency.15,17 The effect of air impurities and surface
contamination on the wettability of the graphite surface was
first investigated by Schrader in the 1970s.6,7 Schrader showed
that reducing the hydrophobic hydrocarbonaceous contami-
nation deposited naturally from air on an oriented graphite
surface reduced the WCA from a range of 50°−80° to 35° ±
4°. Recently, Li et al. used infrared spectroscopy and X-ray

photoelectron spectroscopy (XPS) to show that airborne
impurities increased the WCA of CVD-grown graphene films.16

Highly ordered pyrolytic graphite (HOPG) is one of the
purest forms of graphite, and its surface can represent the
graphene surface well. It is frequently used as a source material
for exfoliated graphene.26 Unlike graphene films grown on
different support materials, HOPG is composed of stacks of
multiple layers of highly ordered graphene layers. The
wettability of CVD-deposited or epitaxially grown graphene
films might be affected by the substrate properties and defects
or inhomogeneous deposition of graphene,3,20,25,27 whereas the
WCA measurement of HOPG under controlled contaminant-
free conditions could provide the intrinsic wettability of the
multilayer graphene surface. The intrinsic value of WCA is a
critical parameter that can be used to validate the simulated

Table 1. Reported Water Contact Angle (WCA) of Graphene and Graphitea

sample description graphene WCA (deg)
graphite/HOPG
WCA (deg) ref and notes

cleaved, oriented graphite annealed and evacuated at ultrahigh vacuum (a),
ion bombarded (b)

 35 ± 4 (a), 0 (b) 6; clean surface and water vapor
environment

HOPG as received (a), cleaved (b), sputtered (c)  95 (a), 62 (b), 5 (c) 8
polished graphite  85.7 ± 0.2 9
cleaved, high-pressure-annealed graphite  84.6 10
exfoliated graphene sheets, natural flake graphite 127 98.3 11
monolayer graphene, cleaved HOPG 93 ± 2 93 12
EG on SiC substrate, cleaved HOPG 92.5 91 13
GO reduced by heat treatment at 700 °C 143.2  14
CVD graphene on hydrophobic (b) and hydrophilic (l) SiO2 95 (b), 40 (l)  15
single-layer CVD graphene on Cu and cleaved HOPG 44 64.4 16; WCA measured quickly
single-layer CVD graphene on Si (a), Au (b), and glass substrates (c) 33.2 (a), 78.8 (b),

48.1 (c)
 17

CVD graphene on Cu (monolayer on Cu) and Ni (multilayer on Ni) 93.8 (Cu) 90.4 (Ni) 19
mono- and multilayer EG on SiC 72.9 (single) 91.6 (multi) 20
reduced GO on stainless steel 120  21
reduced GO on quartz 66.5−69  22
aHOPG, highly ordered pyrolytic graphite; EG, epitaxial graphene; GO, reduced graphene oxide; CVD, chemical vapor deposition.

Figure 1. Schematic diagram showing different WCA measurements or surface-cleaning methodologies for HOPG samples.
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interaction of water molecules with the graphene surface for
different applications, including separation and sensing.12,28

The main objectives of this work were to measure the
intrinsic wettability of the clean multilayer graphene surface
through WCA measurements of HOPG under controlled
conditions, to test methodologies for cleaning the HOPG
surface and preventing surface contamination, and to evaluate
characteristics of the HOPG surface through spectroscopic
investigations before and after using different treatment
methods.

2. MATERIALS AND METHODS
2.1. Material Preparation. An SP-1 or “calibration” grade HOPG

sample with dimensions of 10 × 10 × 2 mm3 was obtained from
Structure Probe, Inc. (West Chester, PA). The HOPG sample exhibits
a mosaic spread of 0.4° ± 0.1° and has a density of 2.27 g/cm3.
Ultrahigh-purity (UHP) argon and regular-grade hydrogen gases were
purchased from S.J. Smith (Urbana, IL). Water used for WCA
measurement is high-purity deionized (DI) water with average
resistivity of 16−18.2 MΩ cm supplied from laboratory water
purification systems (i.e., Thermo Fisher Smart2Pure water
purification system) and a cleanroom water purification system
(consisting of particle filter, softener, carbon filter, reverse osmosis
(RO) membrane, polisher resin bed, UV disinfection bulb, and
microfilter). For methods A1, B, and C, new plastic pipet tips were
used with the motorized droplet dispenser of the goniometer. For
methods A2, A3, D1, and D2, new syringes and needles were used and
cleaned with deionized water prior to the experiments.
The following methods were used to measure the intrinsic WCA of

HOPG by mechanical cleavage; to measure WCA in a contaminant-
free environment; and to clean the HOPG surface by using different
thermal annealing, ion bombardment, and chemical treatment
methods (Figure 1).
2.1.1. Method A1: Cleaving in Air Followed by WCA Measure-

ment in Air. After cleaving the HOPG sample by using adhesive tape,
the WCA was measured with a goniometer after 5 s and at other time
intervals. The whole process was performed in a class 100 clean room
at 21 °C and 40% relative humidity.
2.1.2. Method A2: Cleaving in Liquid Water Followed by WCA

Measurement in Water Vapor. A piece of adhesive tape was attached
to the sample surface, and the sample was submerged in a vial filled
with degassed (by purging with UHP argon for 20 min) DI water. The
sample was then peeled with a spatula while submerged in water (see
Figure S1a in the Supporting Information). The vial opening was
closed by using a septum and a three-way luer valve. From inside the
vial, air and liquid water were removed by applying a vacuum (see
Figure S1b in the Supporting Information). After removal of the liquid
water, the inside atmosphere of the vial was occupied by water vapor.
A water droplet was formed with a syringe and was carefully placed on
the HOPG sample. An image of the water droplet on the sample was
obtained for the WCA analysis.
2.1.3. Method A3: Cleaving in UHP Argon Followed by WCA

Measurement under UHP Argon. The HOPG sample was attached to
the bottom of a 20 mL vial with a piece of adhesive tape (see Figure S2
in the Supporting Information). A second piece of adhesive tape was
attached to the top surface of the sample. This piece was attached to
the HOPG surface in such a way that no visible air bubbles were
present, to achieve a uniform peeling surface. The other end of the top
adhesive tape was wrapped around a thin copper wire. This thin
copper wire was passed through a septum, which closed the opening of
the vial.
After purging the vial with UHP argon for 30 min at a flow rate of 1

L/min to remove contaminants, the top layer of the HOPG sample
was peeled away by pulling the copper wire, which was attached to the
adhesive tape. A needle connected to a syringe filled with degassed DI
water was lowered inside the vial until the tip of the needle was close
to the freshly cleaved sample surface. After opening the luer valve
connected to the syringe, a droplet was formed and gently placed on
the HOPG surface. The image of the water droplet on the sample was

taken quickly (within 1 min) while the argon was flowing. No bubble
formation was observed at the interface of the water droplet and the
HOPG surface.

2.1.4. Method B: Argon Plasma Treatment and WCA Measure-
ment in Air. Surface cleaning of the HOPG sample was performed by
argon plasma treatment, with plasma exposure times of 6−60 s at 90−
100 W of power with a March Jupiter III parallel plate reactive ion
etcher (March Instruments, Inc., Concord, CA). The WCA values of
HOPG samples were measured with a goniometer after the plasma
treatment at certain time intervals.

2.1.5. Method C: Chemical Cleaning of HOPG by Chloroform or
Hydrofluoric (HF) Acid. The HOPG sample was either dipped or
sonicated in chloroform (stabilized by amylene or ethanol) for 10−60
min and then rinsed with isopropyl alcohol and either blow-dried with
nitrogen or left to dry by natural convection before the WCA
measurement. For HF acid cleaning, the HOPG sample was dipped in
HF acid (Sigma-Aldrich, puriss p.a., ACS reagent, reag ISO, reag Ph
Eur, ≥48%) for 15 min to 48 h and then dipped in water and blow-
dried with nitrogen before WCA measurement with a goniometer.

2.1.6. Method D1: High-Temperature Annealing Followed by
WCA Measurement in near Atmospheric Pressure under UHP Argon
or Hydrogen. The HOPG samples were thermally annealed under
UHP argon or regular-grade hydrogen at 1000 °C for 20 min at near
atmospheric pressure and then cooled to 20 °C under the same
atmosphere. A water droplet was placed on the HOPG sample with a
long needle that pierced through the septum on the inlet side, and
pictures of the droplet were obtained with a digital camera. A
schematic diagram of the experimental setup is provided in Figure S3
(see the Supporting Information).

2.1.7. Method D2: Evacuation and High-Temperature Annealing
under Argon or Hydrogen at Low Pressure. The HOPG sample was
placed inside a quartz tube on a quartz boat and evacuated to 1 mTorr.
The sample was then annealed to 1050 °C under 50 sccm of hydrogen
at 150 mTorr or 500 sccm of argon at 1000 mTorr for 15−60 min.
After cooling to room temperature, the sample was again evacuated to
1 mTorr. The sample was then exposed to ambient air and the WCA
was measured quickly (within 1 min) by obtaining an image of the
water droplet placed on the sample surface.

2.2. Material Characterization. Material characterization was
performed by various instruments and methods, including atomic force
microscopy (AFM) to determine surface roughness and morphology,
goniometry and digital camera imaging to measure the WCA, time-of-
flight secondary ion mass spectrometry (ToF-SIMS) and XPS to
characterize the surface chemistry, and Raman spectroscopy to
characterize any surface defects. Details of the material characterization
are included in the Supporting Information.

2.3. Molecular Dynamics (MD) Simulation.Molecular dynamics
simulations of water droplets on defective HOPG surfaces were
performed. The defect number density, defined by the number of
defective sites over the number of carbon atoms on the top layer,
varied from 0 to 4.2%. Surfaces with single-vacancy, double-vacancy, or
Stone−Wales-vacancy defects were considered. The charges on carbon
atoms around the defective sites were computed by density functional
theory with the B3LYP functional29 and the ChelpG scheme.30

Surfaces with H- or OH-chemisorption at the vacancy defect sites were
also considered. The charges on C and H atoms for H-chemisorption
were taken from Walther et al.31 The charges on C, O, and H atoms
for OH-chemisorption were taken from CHARMM 27.32 The water
molecules were represented by the SPC/E water model. The van der
Waals interaction parameters between carbon and water were taken
from Wu and Aluru.28 Simulations were performed using the
GROMACS 4.6 software package.33 Details of the simulation can be
found in ref 28.

3. RESULTS AND DISCUSSION

3.1. WCA of HOPG Samples. The WCA of the as-received
HOPG sample was 91° ± 6°. The HOPG surface was cleaved
in air (method A1), water droplets were placed at different
locations, and more than 100 images were taken to ascertain

Langmuir Article

dx.doi.org/10.1021/la503089k | Langmuir 2014, 30, 12827−1283612829



the reproducibility of the data. A WCA value of 53° ± 5° was
measured within 5 s of exposure of the HOPG surface to air.
This value increased to 66° ± 3° after 8 min and finally to 86°
± 4° after 2 days [Figures 2 and S4a (Supporting
Information)]. New water droplets were placed on the
HOPG surface for each measurement. The observed WCA of
53° ± 5° after quick measurements within 5 s was higher than
Schrader’s WCA measurements of 46° ± 3° and 44° ± 5° for
graphite samples cleaved and measured within 30 s of exposure
to air.7 The WCA value of our sample after 8 min of exposure
to air was close to the value of 64.4° of a HOPG sample that Li
et al. and Liu and co-workers cleaved and measured within 1
min.16,34 Differences in WCA values reported in our work vs
those of Liu and co-workers and Li et al. are most likely due to
differences in HOPG sample characteristics (e.g., orientation,
purity, cleavability, grain size) and measurement atmosphere.
We have used SP-1 or “calibration” grade HOPG, which is
superior in crystalline perfection, larger in grain size, and more
easily cleavable compared to other available HOPG samples.35

Furthermore, we performed our measurement inside a class
100 clean room that provides a cleaner measurement
atmosphere than regular laboratories. Our results and those
of others6−8,16,34 suggest that exposure to air may significantly
increase the WCA of the HOPG or graphene surface (e.g., from
42° ± 7° suggested for a perfect 0001 clean graphite surface7)
by up to about 10° within 30 s, by about 20° in more than 1
min, and finally by about 40° after more than 1 day of air
exposure, to approach a constant value of about 86°.
To eliminate the impact of surface contamination on WCA

measurements, experiments were performed with the HOPG
sample cleaved in DI water, followed by sample drying under
vacuum and WCA measurement in a water vapor environment
(method A2). The WCA measured in the water vapor
atmosphere was 58° (Figure 2), which is similar to the WCA
of a fresh HOPG surface quickly exposed to air (53°; Figure 2).
The higher WCA measurement of the sample prepared by
method A2 is due to exposure of the HOPG surface to
dissolved gases (e.g., O2, N2) and other impurities in water.
Prior literature has also suggested that dissolved nitrogen,
oxygen, and carbon dioxide may increase the WCA of oriented
graphite by 15°−20°.6
Method A3 was used to cleave the HOPG surface and

measure WCA in a UHP argon atmosphere. The results of two
trials for WCA measurements were 42° and 48° (i.e., 45° ± 3°;

Figure 2), which are similar to previous data for a clean HOPG
surface6,7 and are consistent with the MD simulation results.28

Methods A1, A2, and A3 were employed to determine the
intrinsic WCA of HOPG. Method A3 provided the most
reliable result by using an UHP inert argon environment for
fresh surface generation by cleaving and measurement of WCA.
Therefore, a WCA value of approximately 45° can represent the
intrinsic WCA of a clean HOPG or multilayer graphene surface
because the sample was not exposed to atmospheric air or other
sources of contamination that could potentially change the
surface wettability.
In method B, argon plasma was used to clean the aged

HOPG surface that was exposed to air and contaminated with
impurities from the air. Results show that after only 6−60 s of
plasma treatment, the WCA of the HOPG sample decreased
from 91° to 9° ± 3° [Figures 2 and S4b (Supporting
Information)]. More detailed discussion of the time depend-
ency of the WCA for HOPG treated by methods A1 and B and
a comparison with the results of other researchers are provided
in the Supporting Information.
Chemical cleaning (method C) of the HOPG sample with

chloroform did not reduce the WCA significantly [the WCA
was reduced to about 84° (average) from an initial value of
about 98° (average); see Figure S5a in the Supporting
Information]. Similarly, the WCA of the HOPG sample was
reduced from an initial value of 93° to about 80° after HF
cleaning (see Figure S5b in the Supporting Information).
Details of the chemical cleaning results are provided in the
Supporting Information.
Method D1 was used to examine the performance of the

heat-treatment methods for removal of the contaminant layer
formed on an HOPG sample exposed to air for several days.
High-temperature heat treatment under hydrogen or argon at
near atmospheric pressure reduced the WCA of the air-exposed
HOPG sample from 84° to about 73° (Figure 2), suggesting
that only partial removal of surface contaminants could be
achieved by this high-temperature treatment approach.
Schrader reported that a hydrogen atmosphere did not affect
the WCA measurements,6 and argon, being an inert gas, was
not expected to affect the sample surface. This suggests that the
stable, and possibly chemically bonded, surface hydrophobic
contaminant species cannot be completely removed even by
applying a high-temperature heat treatment under near
atmospheric pressure.

Figure 2. WCA of a HOPG sample after different treatments: method A1, cleaved in air; method A2, cleaved in liquid water; method A3, cleaved in
UHP argon; method B, exposed to argon plasma; method C, chemical cleaning; method D1, high-temperature annealing; and method D2,
evacuation and low-pressure, high-temperature annealing.
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In contrast, the HOPG sample annealed by method D2
showed a reduction in the WCA value (55°) similar to cleaving
in air. The results are presented in Figures 2 and S6 (see the
Supporting Information). These results indicate that a
combination of evacuation and low-pressure, high-temperature
annealing is an effective method for removal of the contaminant
layer.
Methods B (physical), C (chemical), and D1 and D2

(thermal) were employed to determine the efficiency of
conventional cleaning techniques in removing the surface
contaminant layer from HOPG. Method B lowered the WCA
drastically due to formation of defect and oxygen surface
functionality (analyzed by Raman, AFM, XPS, and MD
simulation and discussed in sections 3.2, 3.3, and 3.4). Method
C had no significant influence on the WCA of HOPG samples.
Method D1 partially lowered the WCA. Method D2 was the
most efficient in terms of reducing the WCA close to its
intrinsic value (measured by method A3) without damaging the
surface.
We also investigated the dependence of the HOPG WCA on

storage container types or storage in differing liquid media (e.g.,

DI water, chloroform). The results for storage container types
are provided in the Supporting Information. Another simple
approach for minimizing the surface contamination was
performed by placing the HOPG quickly in DI water (in less
than 1 min) after cleaving in air. After storing the sample in DI
water in an uncapped glass container for 2 days, the sample was
dried with a laboratory wipe, and its WCA (measured within 1
min) was about 66°. A similar HOPG sample that was exposed
to laboratory air for 2 days in a similar container without DI
water storage showed a WCA value of 86°. The measured
WCA of 66° for the sample stored in DI water was about 20°
higher than the WCA of the clean HOPG surface (∼45°),
suggesting partial contamination from the short exposure of the
HOPG sample to air (after cleaving and before WCA
measurement) as well as exposure of the HOPG surface to
dissolved gases (e.g., N2, O2, CO2) and other contaminants in
the liquid water and from the laboratory wipe. In another
experiment, a freshly cleaved HOPG sample after exposure to
ambient air for more than 8 min was dipped or stored in
chloroform for 1 h, rinsed in isopropyl alcohol, and then blow-
dried before measuring the WCA. The WCA value before and

Figure 3. (a) Raman spectra of HOPG samples and (b) rms roughness of HOPG samples measured by AFM: method A1, cleaved in air; method B,
exposed to argon plasma; aged HOPG, exposed to ambient for more than 2 days; and method D2, evacuation and low-pressure, high-temperature
annealing.

Figure 4. ToF-SIMS results for an air-cleaved HOPG sample subjected to different conditions.
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after dipping and storing the sample in chloroform was the
same (65°). Even though chloroform cannot clean the HOPG
surface, it can prevent further contamination of the surface.
These observations indicate that a liquid barrier can
significantly reduce the surface contamination caused by air
exposure; therefore, multilayer graphene films can be partially
protected from air contamination by immersing them in water
or other suitable liquids.
3.2. Characterization of the HOPG Structure by

Raman Spectroscopy and AFM. The Raman spectra of
different HOPG samples, with a probing depth in the
micrometer range,36 are shown in Figure 3a. Raman spectra
showed that the HOPG sample was damaged when exposed to
the argon plasma. The as-received or aged HOPG (HOPG left
in the ambient condition for more than 2 days), the HOPG
cleaved by using adhesive tape (and the Raman spectrum
obtained within 5 min after cleaving), and the HOPG sample
treated by method D2 did not show significant defect peaks (D
band ∼1350 cm−1) and therefore represent undamaged
surfaces. Similar results were obtained by AFM measurements
(Figure 3b). The AFM three-dimensional (3D) topography
profile of air-cleaved HOPG (method A1) is provided in the
Supporting Information (see Figure S7). The root-mean-square
(rms) roughness of the HOPG sample treated by method B
was around 5 times higher than the aged HOPG and the
HOPG samples treated by methods A1 and D2. The measured
increase in roughness was expected to minimally influence the
WCA,23 but it is indicative of the formation of reactive defect
sites that influenced the surface chemistry significantly, as
shown by the XPS results discussed later.
3.3. Spectroscopic Characterization of the HOPG

Surface Contaminants by ToF-SIMS and XPS. The
HOPG sample was cleaved in air and then quickly (<5 min)
analyzed by ToF-SIMS and XPS to characterize the surface
contaminants on the multilayer graphene (HOPG) resulting
from the short air exposure. Both ToF-SIMS and XPS data

indicate the existence of hydrocarbon species on the surface,
even though the samples were placed under an ultrahigh
vacuum (UHV; ∼10−9 Torr) in the instrument chambers
before analysis (Figures 4 and 5). This result is consistent with
the findings by Metois et al. of HOPG contamination in a UHV
chamber using the gold decoration technique.37

The ToF-SIMS results showed a significant presence of
various hydrocarbons on the HOPG surface and the absence of
a hydrocarbon layer in the bulk (Figure 4). The HOPG sample
was sputtered with cesium ions for 193 or 1890 s in the ToF-
SIMS chamber to remove the surface outer layers (i.e.,
hydrocarbon contaminants). Samples sputtered for 193 and
1890 s are labeled as “intermediate depth” and “higher depth,”
respectively, in Figure 4. Surface sputtering for 193 s removed
the majority of surface hydrocarbons, and the ToF-SIMS
spectra showed the existence of only a small amount of light
hydrocarbon that generated H, CH, and C2H fragments. A
longer sputtering time removed the surface hydrocarbons
entirely, and the ToF-SIMS result confirmed that the HOPG
bulk had negligible hydrocarbon impurities. From ToF-SIMS
results, air-borne contamination was found to be a surface
specific phenomenon that does not influence the bulk of the
sample.
We obtained the XPS high-resolution C 1s and O 1s spectra

of various samples, including aged HOPG samples and those
treated by different preparation or cleaning methods, to
characterize the HOPG surface chemistry [by characterizing a
few nanometers (2−5 nm) thick surface] and to evaluate the
efficiency of various techniques for cleaning the HOPG surface.
X-ray photoelectron spectra (see Figures S8 and S9 in the
Supporting Information) were further analyzed to obtain the
surface atomic composition and distribution of surface
functionalities (Figure 5). A detailed description of the XPS
data analysis is provided in the Supporting Information. As
shown by ToF-SIMS results (Figure 4), small amounts of
hydrocarbons are detected after 193 s of energized cesium ion

Figure 5. XPS characterization of HOPG samples subjected to different treatment conditions. Hydrocarbon (CH) and oxygen atomic percentages
were obtained from C 1s and O 1s XPS high-resolution spectra, respectively (a), and atomic percentages of oxygen functional groups were obtained
from O 1s XPS high-resolution spectra (b): method A1, cleaved in air; aged HOPG, exposed to ambient air for more than 2 days; method B, exposed
to argon plasma; method C, chemical cleaning; and method D2, evacuation and low-pressure, high-temperature annealing.
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sputtering. Therefore, the HOPG surface contains a small
amount of hydrocarbon impurity.38,39 Also there is residual
moisture from air that cannot be removed by 1 h exposure to
UHV (Figure S9, Supporting Information).40 ToF-SIMS data
indicate that deep graphene layers of the HOPG sample are
composed of nearly pure carbon. As XPS probes several layers
from the top (2−5 nm41), the XPS signal collected is expected
to be coming from residual water and an impurity layer as well
as few top graphene layers from the sample. As the deep
graphene layers of HOPG samples treated or prepared by
different methods are the same, surface chemistry comparison
based on the XPS data is possible. The surface atomic
concentrations shown in Figure 5 for hydrocarbons and oxygen
(or oxygen-containing functional groups) are expected to be
smaller than their actual values, because some electrons coming
from the deep, pure carbon layers contribute to the total
emitted electrons used for composition estimation. Therefore,
values of surface composition presented in this work should be
considered for comparison purposes only, not as an exact
quantitative value as is the case for all XPS analysis.
The hydrocarbon atomic percentages, shown in Figure 5,

represent the percentage of surface carbon atoms that are
detected as CH groups. Atomic percentages of the oxygen
functionalities, obtained from O 1s high-resolution spectra,
show the percentages of surface carbon atoms detected as
different dominant carbon−oxygen functionalities (i.e., carbon-
yl, carboxylic, and phenolic groups). C−O (aromatic) may
represent phenolic hydroxyl and lactol groups; C−O (aliphatic)
may represent carboxyl, carboxylic anhydride, ether, and similar
groups; and CO may represent carboxylic, carboxylic
anhydride, lactone, and lactol functionalities.42

The surface oxygen content of the aged HOPG sample was
detected as 6.59% (Figure 5a). Various preparations or
treatments resulted in significant changes in the surface oxygen
content. The surface oxygen content ranged from approx-
imately 1% (for the HOPG sample annealed at a high
temperature) to approximately 14% (for the plasma-treated
sample; Figure 5a). Surface oxygen functionalities provide polar
centers to attract water molecules and enhance the surface
hydrophilicity, thus lowering the WCA values. In contrast,
surface C−H bonds, which may represent airborne hydro-
carbon contaminants, contribute to the carbon hydrophobicity
and higher WCA values. It has been suggested that surface
oxygen functionalities may also indirectly contribute to
enhanced surface contamination by airborne hydrocarbon
contaminants. Surface oxygen groups enhance the surface
affinity for water vapor adsorption, which may increase the
adsorption of hydrocarbons. Moisture deposition on the
HOPG surface followed by hydrocarbon adsorption was
demonstrated by Wang and Kido24 and Chiba et al.43

The presence of moisture on all HOPG samples was
observed from the curve fitting of O 1s spectra of the XPS
measurements (shown by the label “moisture” in Figure S9a−f
in the Supporting Information). Accumulated moisture,
attracted by surface polar oxygen groups, may indirectly
increase the surface contamination. The combined effect of
CH functional groups and hydrocarbon deposition on the
deposited moisture increases the surface hydrophobicity.
Although the ambient hydrocarbon impurity level is in the

parts per billion or parts per trillion range,16 it is sufficient to
contaminate the graphene surface and change its wettability
significantly. The presence of hydrocarbon groups was observed
for all HOPG samples except for the HOPG after the argon

plasma treatment [Figures 5a and S8 (Supporting Informa-
tion)]. An HOPG sample cleaved in air (method A1) was used
as the reference, representing a clean HOPG surface, and aged
HOPG (HOPG exposed to ambient air for more than 2 days)
was used as a reference, representing a surface having the
maximum airborne contamination.
A considerable amount of hydrocarbon species was detected

on the clean HOPG sample that was exposed to ambient air for
a short period of time (1−5 min), as previously shown by the
ToF-SIMS results (Figure 4). In agreement with the ToF-SIMS
observations, X-ray photoelectron spectra data detected about
4% of the total carbon species as CH groups. The as-received
and aged HOPG showed the highest WCA (see Figure S4b in
the Supporting Information) mainly because of hydrocarbon
contamination, as confirmed by the XPS results showing that
about 10% of surface carbon atoms exist as CH species. The
HOPG samples were kept under UHV in the XPS chamber for
1 h before analysis; therefore, the detected CH species may
have originated from strongly adsorbed hydrocarbon contam-
inants or from surface functionalities of the graphene surface.
The aged HOPG sample also had a significant concentration of
oxygen-containing functional groups, resulting in 6.59% surface
oxygen content (Figure 5a,b).
Concentrations of oxygen groups and CH functionalities of

the sample prepared by method C (chloroform cleaning) and
the aged HOPG sample were similar (i.e., oxygen atomic
concentrations of 4.24 and 6.59%, respectively, and a
hydrocarbon atomic percentage of ∼10%; Figure 5a), which
is consistent with their similar WCA values of 82° and 84°
[Figures 2 and S4a (Supporting Information)]. Results indicate
that the chloroform treatment reduced the concentration of
aliphatic C−O groups, but it could not effectively clean the
HOPG surface of hydrocarbon contaminants (Figure 5a,b).
Methods A1 and D2 were effective in removing hydrocarbon

impurities, from an initial CH content of 9.92% for the aged
HOPG sample to 4.27 and 1.78%, respectively, for the treated
samples. These treatments were also effective in removing
surface oxygen functionalities and reducing the surface oxygen
content from 6.59 to 1% or less. The HOPG sample cleaned by
these methods had low concentrations of oxygen and
hydrocarbon species and may represent a relatively clean
graphene surface. Therefore, the measured WCA values of
these samples were close to the intrinsic WCA of the clean
multilayer graphene surface.
The oxygen and hydrocarbon species detected on the sample

prepared by method A1 were generated as a result of surface
oxidation and the adsorption of airborne hydrocarbon species
during the short exposure (∼5 min) of the HOPG surface to air
between the surface peeling and XPS measurements.
Method D2 was used to remove oxygen-containing and

hydrogenated functional groups by desorption or thermal
decomposition at 1273 K under low vacuum.44 The majority of
aliphatic hydrocarbons can decompose in the range of 400−700
K because of C−C bond breakage.44 For aromatic hydro-
carbons, where the bond strength is high, decomposition may
occur at temperatures as high as 1300 K or higher.44 Similarly,
the majority of oxygen surface functionalities can decompose at
temperatures below our treatment temperature of 1000 °C,44

but complete decomposition of all surface oxygen groups may
require higher temperatures and longer treatment times.
Application of a vacuum provided a greater driving force for
desorption or decomposition by removing decomposed or
desorbed species. In method D2, contamination of the HOPG
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sample by airborne hydrocarbon adsorption and air oxidation
was likely because the sample was briefly exposed to ambient
air before the XPS and WCA measurements.
Method B made the HOPG surface more reactive by

introducing surface defects through the plasma treatment
(Figure 3) and creating active surface sites. Freshly formed and
highly reactive surface sites may have reacted with oxygen or
water vapor and may have formed various surface oxygen
functionalities when the sample was exposed to ambient air.
The formation of large amounts of surface oxygen function-
alities on the HOPG sample treated by method B was
confirmed by the XPS results, indicating a high surface oxygen
concentration of about 14%, more than twice the oxygen
content of the aged HOPG sample (Figure 5). No hydrocarbon
was detected for this sample. The detection limit for XPS is 0.1
atom %.45 Therefore, hydrocarbon on the HOPG sample
treated by method B should be less than 0.1%. The low WCA
(i.e., ∼9°) and high hydrophilicity measured for this sample is
consistent with the absence of hydrocarbon species and the
prominence of oxygen-containing groups on the surface. The
increase in WCA for the sample treated by method B followed
by 5 days of air exposure (see Figure S4b in the Supporting
Information) was most likely due to hydrocarbon deposition on
moisture deposited on the sample surface.
We observed a significant reduction in CH groups and an

increase in surface oxygen groups resulting from the HF
treatment (method C; Figure 5a). The XPS survey spectrum
also suggested slight carbon fluorination (an F:C ratio of 0.001
was measured). The WCA measured for the HF-treated sample
was similar to that of the aged HOPG sample, because of the
combined effects of lower CH functionalities, higher oxygen
groups, and slight surface fluorination.
Due to the surface specific analysis enabled by XPS and the

ability to distinguish chemical functional groups, including
hydrophilic oxygen-containing groups, from binding energy
shifts, XPS can be used as a tool to predict surface water
interaction (as quantified by WCA measurements) of multilayer
graphene/graphite samples based on surface functional groups
analysis.
3.4. Simulation. To understand how carbon−oxygen

defects on the HOPG surface affected the WCA, MD
simulations of water droplets on clean, defective (HOPG

surface with randomly lost carbon atoms), and oxygen-
functionalized surfaces (HOPG surface with oxygen-function-
alized defective sites) were performed. The vacancy defects
induced local charges around the defective sites, which
contributed to electrostatic interactions between the surface
and water dipoles. The magnitude of the local charges on
individual atoms computed according to density functional
theory was less than 0.25e. Our MD simulations showed that
the electrostatic interaction attributable to the local charge was
weak and that the WCA on these surfaces barely changed
compared with the WCA on the ideal HOPG surfaces. WCA
changes calculated by MD simulation for different defects and
functional groups are presented in Figure 6a.
However, when OH bond formation at the vacancy site was

considered, the WCA changed significantly. Marchon et al.
showed the formation of different oxygen-containing and
hydrogenated functional groups for a polycrystalline graphite
sample exposed to H2O, O2, and CO2 at different temper-
atures.44 The H-chemisorption at a 4.2% defect number density
slightly changed the contact angle (around 5° change in the
WCA). On the contrary, OH-chemisorption at a 4.2% defect
number density made the surface very hydrophilic, with a WCA
of less than 10° (Figure 6b).
Our experimental result of a WCA value of approximately 9°

for an argon plasma-treated HOPG sample with about 4%
aromatic C−O bonds (i.e., oxygen functionality defects as
phenolic groups; Figure 5b) and negligible hydrocarbon
(Figure 5a) was close to these simulation results. The argon-
plasma-treated HOPG sample was exposed to air and water,
and new oxygen functionalities could have been formed on the
high-energy defective sites generated during or after the plasma
treatment.39,46,47 Wu et al. have shown formation of line defects
on the HOPG surface due to argon plasma treatment,46 and
Zhu et al. have shown mechanisms of enhanced oxidation by
dissociative chemisorption of oxygen at carbon dangling bonds
of the vacancy defect on a cesium ion bombarded HOPG
surface after exposure to atmospheric air.39 In our analysis by
Raman spectroscopy, we have also found the evidence of defect
formation on an argon-plasma-treated HOPG sample (Figure
3a). Also, the XPS analysis of the argon-plasma-treated sample
shows the emergence of oxygen-containing functional groups in
a higher concentration than for other HOPG samples not

Figure 6. (a) Molecular dynamics simulation results for the WCA on pristine graphite, graphite with single vacancy defects (sv), graphite with
double vacancy defects (dv), graphite with Stone−Wales defects (sw), graphite with single vacancy defects and hydrogen chemisorption (C−H), and
graphite with single vacancy and hydroxyl chemisorption (C−OH). The defect number density, defined by the number of defective sites over the
number of carbon atoms on the top layer, is 4.2% for surfaces with defects in part a. (b) Dependence of contact angle on defect number density for
graphite with hydroxyl chemisorption. The error bars in both parts a and b show the standard deviations of WCA values from three simulation runs
with different initial velocity configurations.
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treated with the argon plasma. Wei et al., by employing
molecular dynamics simulation,48 have shown how the oxygen-
containing surface functional groups, patterns of oxygen-
containing functional groups, and morphological corrugation
of a functionalized graphene surface influence WCA. In Wei et
al.’s study, it was demonstrated that for nanometer-sized
droplets, based on the separation distance of the oxygen-
containing functional group patches and the amplitude and
wavelength of morphological corrugation, the spreading of a
water droplet will be different.
Our results also indicate the dependence of WCA on surface

functional groups (Figures 2 and 5) and an increase of
roughness value on the argon-plasma-treated oxidized surface
(Figure 3b). We have also noticed the increase in moisture
content percentage for the argon-plasma-treated sample
(Figure S9, Supporting Information). Water vapor from the
atmosphere can come in contact with the argon-plasma-treated
sample with newly formed oxygen functional group patches and
spread with low WCA, as predicted by Wei et al. However, we
note that, in our WCA measurement, the liquid water droplet
size is in the millimeters range (six orders of magnitude higher
than the rms roughness value measured for our sample), and
direct comparison with Wei at al.’s simulation results of
nanometer-sized water droplets might be difficult.
Our simulation results also suggested that the OH-

chemisorption barely changed the contact angles when the
defect number density was less than 1.0% (Figure 6b).
Therefore, the measured WCA for HOPG samples treated by
methods A1 and D2 should be close to the intrinsic water
contact angle value.

4. CONCLUSIONS
Different methodologies are presented for cleaning the surface
of multilayer graphene, preventing surface contamination, and
measuring the intrinsic WCA. Characterization by AFM,
Raman, ToF-SIMS, and XPS and an MD simulation were
used to investigate the dynamic nature of contaminant
adsorption, the formation of surface functionalities, and the
impact of surface chemistry on the wettability of multilayer
graphene. The important conclusions from this study are as
follows:
(1) A value of 45° ± 3° can be considered the intrinsic WCA

for a clean HOPG or multilayer graphene surface. We utilized
cleaving and measuring under UHP argon to obtain such an
intrinsic WCA value of HOPG.
(2) The argon plasma treatment damages the multilayer

graphene surface structure, and oxygen-containing functional
groups significantly increase on the sample surface, resulting in
a hydrophilic multilayer graphene surface. The MD simulation
showed that a 4.2% −OH defect sites on the top surface layer
can make the surface highly hydrophilic by lowering the WCA
to less than 10°.
(3) Chemical treatments with HF and chloroform do not

change the WCA of aged HOPG or multilayer graphene
significantly.
(4) Storing multilayer graphene in water or chloroform can

prevent or retard contaminant deposition on the surface.
(5) Low-pressure thermal annealing under a reductive or

inert atmosphere followed by subsequent evacuation under
high vacuum may be useful in returning the surface close to its
pristine condition without any damage. This method can be
used as a basis for developing new reusable multilayer
graphene-based sensors or measurement devices for detecting

extremely low concentrations of air impurities that are not
detectable by conventional devices.
(6) The contaminant layer does not extend to the bulk and is

found only near the surface.
(7) X-ray photoelectron spectroscopy analysis can be used to

relate functional groups on the surface to the WCA of samples.
Therefore, semiquantitative prediction of WCA based on
surface functional groups can be performed on the basis of
spectroscopic analysis.
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