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Abstract
We report infrared studies of adsorbed atomic oxygen (epoxide functional groups) on graphene.
Two different systems are used as a platform to explore these interactions, namely, epitaxial
graphene/SiC(0001) functionalized with atomic oxygen (graphene epoxide, GE) and chemically
reduced graphene oxide (RGO). In the case of the model GE system, IR reflectivity measurements
show that epoxide groups distort the graphene π bands around the K-point, imparting a finite
effective mass and contributing to a band gap. In the case of RGO, epoxide groups are found to be
present following the reduction treatment by a combination of polarized IR reflectance and
transmittance measurements. Similar to the GE system, a band gap in the RGO sample is observed
as well.
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The isolation of graphene1 and subsequent experiments detailing its unusual properties 2, 3

have revolutionized the field of materials science. Many astounding physical properties
derived from its unusual electronic structure have been discovered4 and sparked widespread
interest; however, important directions in graphene research involve developing methods for
incorporating graphene into devices, and modification such that it may be tailored to a
particular application. Just as Si-based devices rely heavily on doping, chemical
modification, and interfacing with other materials, pristine graphene must also be
functionalized or chemically activated in order to become economically viable in
applications such as electronics, electrochemical energy storage, catalysis, and sensing.
Decoration of graphene with adatoms,5–7 molecules,8 nanocrystals9–12 and self-assembled
monolayers13 have all been demonstrated; however, controllable chemical modification of
graphene through doping and adsorption while maintaining acceptable transport properties
remains challenging since pristine graphene is quite inert.
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Chemical oxidation is a promising route but often results in deleterious and irreversible
effects on the substrate. However, recent advances have demonstrated the possibility of
reversible oxidation of graphene under highly controlled conditions using atomic oxygen.
Chemisorbed atomic oxygen on the basal plane of graphene occupies the carbon bridge site,
forming an epoxide group. Decorating graphene with epoxide groups yields a reactive
surface,8, 14 and is predicted to result in the opening of a band gap.15–17 Epoxide groups can
also act as nucleation centers for the subsequent growth of metal oxide clusters and
nanocrystals.18 Thus, it is critical to identify characteristic markers of epoxide groups on
graphene and understand their effect on its electronic structure.

Here we consider two systems in which graphene is functionalized with epoxide groups.
First, we study EG/SiC(0001) oxidized with an atomic oxygen source in ultra-high vacuum,
creating graphene epoxide (GE).5 This well-defined system has been extensively
characterized and found to be chemically homogeneous and controllable. Second, we
investigate RGO, a material that is becoming increasingly popular for many applications due
to its versatility and low-cost production from graphene oxide (GO).19–21 Synchrotron-based
infrared reflectance and transmittance measurements are performed to study both low-
energy electronic structure and vibrational fingerprints of adsorbed species. We report the
vibrational frequencies of individual epoxide groups on EG/SiC(0001) and demonstrate that
these groups open a small gap of ≈0.28 eV. In the case of RGO, we clarify the origin of the
IR signals observed in previous studies as arising from vibrations of residual epoxide groups
on the graphene basal planes. Similar to the model GE, epoxide groups in RGO open a band
gap (≈0.19 eV) and are responsible for its semiconducting properties.

Fig. 1A shows a reflectivity spectrum taken from the Si-face of the clean EG sample
referenced to that of a clean  SiC(0001) substrate. Several vibrational
absorption features are observed. The strongest feature in the spectrum is an intense,
asymmetric feature spanning ≈850–1100 cm−1, which is assigned to the previously-
observed surface plasmon-polariton (SPP).22 This resonance arises due to the coupling of
the free carriers in EG to the SiC phonon mode in the region where its refractive index
becomes negative, resulting in a reflection enhancement. An additional feature with a
characteristic Fano lineshape is observed at 1590 cm−1 due to the C=C stretching mode. For
a pristine graphene sample, this mode is forbidden by symmetry but becomes active in the
event of symmetry breaking between the two sublattices,23–25 such as asymmetric
interactions with the SiC buffer layer.

Fig. 1B shows the reflectivity spectrum of GE referenced to that of EG, with a focus on the
fingerprint region shown in Fig. 1C. The epoxide coverage is ≈3%, determined from
scanning tunneling microscopy imaging. The appearance of a feature at 1620 cm−1 indicates
a blueshift of the C=C stretching mode; note that since the reflectance curve here is
referenced to (divided by) that of the EG, the observed position at 1620 cm−1 is not
necessarily indicative of the actual center frequency of the mode. Nevertheless, the feature
does clearly indicate a blueshift of the C=C mode, which could be explained by the
formation of an sp3 bonding configuration formed within at least a fraction of the sample
and is similar to the C=C stretching frequencies observed for graphene oxide.26–29 A shift of
the Fermi level induced by the oxidation could also play a role in the observed peak shift;
previous studies of gated exfoliated bilayer graphene showed significant modulations of the
lineshapes and frequencies of the C=C mode as a function of gating,23, 25 and moving away
from charge-neutrality ultimately results in a softening of the C=C mode.23 Such a shift is
consistent with a hole-doping effect resulting from the oxidation. In the region 1720–1900
cm−1, several bands are observed and assigned to carbonyl groups arising from oxidation of
the underlying SiC substrate. We emphasize that STM imaging of the graphitized layers has
indicated a chemically homogeneous distribution of oxygen in the form of epoxide groups,
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and not carbonyl groups. Further assignment of these bands is beyond the scope of the
current work. A broad absorption band is observed between 1100–1400 cm−1, centered at
1285 cm−1; this feature is assigned to superimposed modes associated with the symmetric
and asymmetric epoxide C-O-C bond stretching. Because oxygen is nearly identical in mass
to carbon, the fundamental translations expected for an atomic adsorbate couple strongly to
the phonon modes of the substrate. This results in significant vibrational dephasing and
shortening of the vibrational lifetime, producing a substantially broader absorption profile
than that observed for the C=C stretching mode. It is difficult to estimate the vibrational
lifetime based on the peak width because the spectral region of interest involves a
superposition of more than one mode, and there is a significant modulation of the baseline at
the low-wavenumber region of the band. The band centered at 1490 cm−1 is assigned to
C=C stretching of the C atoms hosting the epoxide oxygen atom; this mode also involves a
distortion of the C-O-C bond angle and a c-axis displacement of the oxygen atom, resulting
in a frequency lower than that of the C=C stretching in the unoxidized carbon atoms.

We next consider the broadband characteristics of the reflectivity of EG and GE. The EG/
SiC system is highly electron doped, with the Fermi level lying between 0.35-0.4 eV above
the Dirac point.30, 31 Consequently, all interband optical transitions should be suppressed
below the optical transition threshold of 0.7–0.8 eV. The spectrum in Fig. 1A, shows
enhanced reflectivity near the SPP, which gradually decreases with increasing energy until it
reaches its minimum value at ≈4800 cm−1 (0.6 eV), at which point it begins continuously
increasing. To carefully interpret the origin of these features, we extracted the optical
conductivity of the graphitized layers using a Kramers-Kronig consistent fitting program,32

taking into account the substrate. In the extracted optical conductivity of the clean graphene
sample (Fig. 2A), two clear absorption thresholds are observed. The transition onset at 4800
cm−1 (0.6 eV) corresponds to the 2|Ef| interband absorption threshold of graphene.33, 34

Interestingly, there is also a clear broadband absorption feature from 1500 to 3000 cm−1.
Previous photoemission studies on epitaxial graphene have reported the presence of a band
gap of approximately 0.25 eV at the K-point,30, 31, 35 although this gap is well below the
Fermi level and therefore is not responsible for the feature observed here. A study of the 0th

order (buffer) and 1st order graphene layers on SiC(0001) found that the buffer layer
(  SiC(0001) reconstruction) is effectively a warped graphene layer in which the
graphene symmetry is broken by bonding with the substrate.36 Band structure calculations
of the 1st graphene layer + buffer layer indicated that, due to the interaction with the buffer
layer, the 1st graphene layer is distorted around the K-point, which accounts for the
photoemission results reporting a band gap of 0.25 eV.30, 31, 35 The calculations predict that
the presence of the buffer layer leads to additional bands around the K-point, within about
0.3 eV of the Fermi level.36 This results in additional allowed direct interband transitions
between bands around the K-point that could be responsible for the feature observed in the
infrared measurements shown here.

Relative to the clean EG sample, the GE sample demonstrates a significant modulation of
the broadband reflectance. In the low-energy region (<3000 cm−1) the reflectance is lower
than that of the clean EG; there is a reflectivity threshold at ≈2000 cm−1, at which point the
reflectivity begins increasing, exceeding that of the clean sample >3000 cm−1, and
increasing continuously to the high frequency limit of the present measurement. The real
part of the conductivity, obtained from the ratio of the reflectivity GE to clean EG, is shown
in Fig. 2B. As with the reflectivity spectra, there is a threshold at 2000 cm−1, and the
conductivity of GE ultimately increases to nearly 3 times that of EG. Above 5000 cm−1,
where the conductivity of EG begins increasing, the ratio decreases slightly and appears to
level off at ~1.7.
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The relative increase of the conductivity can be explained by a distortion of the electronic
band structure induced by the epoxide groups. The optical properties of free-standing
graphene are well-described by the joint-density-of-states (JDOS) of a two-dimensional
semiconductor, where the optical conductivity is a step function at 2|Ef|.32, 33 The case of
EG is more complicated due to the multilayer structure including the substrate, buffer layer,
and subsequent graphene layers; thus the electronic properties of this system cannot be
adequately accounted for by a 2D model. Rather, we consider the JDOS of a 3D material
within the vicinity of an Mo-type critical point:37

Eq. (1)

Here hstrok; is Planck’s constant divided by 2π, ω the photon frequency, εg the magnitude
of the energy gap, and μ the reduced mass: , for the band masses of the valence
and conduction bands mv and mc, respectively. The conductivity is proportional to the JDOS
weighted by the dipole matrix element connecting the initial and final states.37 The electrons
occupying the π states in graphene behave as “massless Dirac fermions” 2, 38 because the
linear dispersion around the K-point implies zero effective mass. The increased relative
conductivity of the O-dosed sample relative to the clean sample implies an increase of either
the effective mass, the dipole matrix element, or both of these. However, the matrix element
connecting the valence and conduction states is generally approximated as being inversely
proportional to the effective mass, resulting in a more intense transition for lighter charge
carriers. Therefore, the increase in the transition strength of the O-dosed sample suggests a
greater effective mass of the charge carriers. Any curvature induced in the π bands will
impart a nonzero effective mass to the charge carriers, resulting in an enhancement of the
optical transitions.

Of particular interest is the softening of the interband absorption threshold. The differential
reflectance spectrum RGE/REG shows an onset at ≈2200 cm−1, whereas the absorption
threshold for the clean EG was observed at >5000 cm−1. This indicates the presence of
available transitions in GE at lower energies than that observed for the EG. This could be
indicative that a band gap has been opened, or the sample is simply hole-doped with a lower
energy of the transition threshold. Close inspection of the absorption onset in the reflectivity
spectra suggests the former is the case. At the frequency of the absorption onset, there is a
discontinuity in the slope of the reflectivity (black overlay in Fig. 1C), at which point the
reflectivity begins to increase slowly and continuously, characteristic of the JDOS around an
Mo-type critical point. This is in contrast to the steep threshold observed for clean graphene,
both here (> 4800 cm−1 in Figs. 1A and 2A) and in other work.33, 34, 39 In combination, the
shape of the discontinuity and the absorption threshold strongly suggest that the Fermi level
lies within the gap and the van Hove singularity in the JDOS is accessible with our optical
measurement. Based on the position of the discontinuity, the gap can be estimated as 2250
cm−1 (≈0.28 eV). The origin of the decreased conductivity/reflectivity of GE below 3000
cm−1 (≈0.3 eV, where the ratio=1 in Figs. 1B and 2B) relative to that of the EG sample can
be attributed to a hole-doping of the sample such that the states associated with the buffer
layer lie above Ef. The central conclusions drawn from these spectra are shown in Fig. 2C,
which illustrates schematic band diagrams of the clean and oxidized systems.

From the conductivity spectra, we can additionally conclude that the measured gap in the
GE results from chemical interactions, and not from a rigid band shifting of the EG band
structure. It has been reported that monolayer EG (the 1st order layer) has an apparent band
gap ~0.25 eV due to its interaction with the substrate;30, 40 thus, it is reasonable to ask
whether the gap that we measure is derived from simple hole doping to expose the gap that
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is reportedly inherent to EG. For example, it was observed40 that dosing EG with NO2
causes a rigid downward shift of the entire band structure to bring the valence band
maximum below the Fermi level and render the sample a semiconductor. In contrast to this
effect, the continuous increase of the conductivity/reflectivity in our data (Figs. 1B and 2B)
is inconsistent with a rigid shift of the entire band structure and rather suggest a distortion of
the valence and conduction bands due to covalent bonding with oxygen. Furthermore, the
band gap induced in bilayer graphene by electrostatic doping monotonically increases with
increasing field strength. By the lowering the electron concentration through p-type dopants,
a purely electrostatic model would predict a lowering of the band gap.41 This result could
potentially be utilized for graphene-based applications, as it is demonstrated that the epoxide
decoration can be used to tune the electronic properties of graphene in a controlled way.
Furthermore, unlike the case for NO2 adsorption, the chemical bond between the carbon and
oxygen atoms is thermally robust and stable at room temperature5 whereas desorption of
NO2 from graphite occurs at 140 K.42

Based on insights derived from the model GE system, we now consider another system,
RGO, which we argue below consists of epoxide-deocrated graphene. Despite being
structurally defective, RGO offers an inexpensive and scalable route toward production of
graphene-based materials43 and composites.10, 11, 44, 45 Numerous reports characterizing the
product obtained by reduction of GO demonstrate that the specific oxidation and reduction
treatments used can impact the resulting characteristics of RGO. In addition, there have been
multiple discrepancies in the literature regarding the assignments of IR bands.27, 28, 46–48

Identification of the species in RGO is critical, as different species have different effects on
its electronic structure, reactivity and overall properties. We now consider the composition
and geometric structure of the residual oxygen in RGO prepared by hydrazine reduction.
Fig. 3A shows an absorbance spectrum generated from an unpolarized transmission
measurement of an RGO sample on a diamond substrate. In the fingerprint region, 3 bands
are clearly resolved.

At 1730 cm−1, an intense band is observed due to C=O stretching of carbonyl groups. These
groups are only present at regions in which the hexagonal carbon network is disrupted, such
as edges and vacancies, since two electrons are needed to form the C=O bond. The band at
1580 cm−1 is due to the C=C stretching mode of the underlying lattice. The most
controversial feature is the intense mode spanning the region from 1050–1350 cm−1. Many
other works have observed a feature in the same frequency region,27, 46, 48 and Acik et. al.27

assigned similar features in thermally-reduced GO to edge ether moieties based on first-
principles calculations. Differentiation between ether and epoxide modes for such features is
difficult, however, since both functional groups involve the stretching modes of C-O-C
bonds. To rule out the possibility that this mode originates from a nitrogen functional group
persisting following the hydrazine treatment, we performed a similar absorption
measurement on thermally-reduced GO (supplemental information) and found very similar
results.

We can distinguish between these groups by considering the atomic displacements
associated with the C-O-C modes in both cases. Fig. 3B shows the normal modes for the
epoxide group in analogy with the modes of a bridge-bonded atomic adsorbate on a surface
in which the substrate atoms are frozen. The three translational degrees of freedom of the
adsorbate now become modes that are predominantly asymmetric stretching (νas),
symmetric stretching (νs), and out of plane bending. The actual vibrational modes are likely
much more complicated due to coupling of the adsorbate and substrate vibrations, but this
simple intuitive picture provides valuable insight regarding the dipole-activity of the two
cases. In the case of the epoxide group, the asymmetric and symmetric stretching vibrations
induce a dynamical dipole moment (DDM) that has a component normal to the basal planes,
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while in the case of the ether group, the asymmetric and symmetric stretches both involve
only displacements within the basal plane. Thus, a measurement that is only sensitive to out-
of-plane atomic displacements can differentiate vibrations from the two functional groups.

We performed such a measurement by employing the grazing incidence reflectance (GIR)
geometry using p-polarized radiation. In this case, the sample was deposited on a gold
substrate, which was used as the reference measurement. The presence of the metal substrate
imposes selection rules such that only vibrations that induce a DDM with a component
normal to the surface are activated. In addition, the use of p-polarized radiation and GI
ensure that the electric field just above the metal surface is normal to the surface. Fig. 3C
shows the resulting absorption spectrum from the GIR measurement. As with the
transmission measurement, an intense mode is observed in the 1200 cm−1 region that
appears to be a superposition of several modes and spans the frequency region 1075–1300
cm−1. Importantly, the C=C stretching feature is not observed, indicating that the metal
substrate and GI geometry have effectively suppressed the IR activity of the strictly in-plane
vibrations. Thus, the 1200 cm−1 feature must be associated with a vibration(s) involving out-
of-plane atomic displacements. The absence of any other features in the spectrum strongly
suggests that this mode can only be attributed to an epoxide species.

If indeed this feature is due to an epoxide, two modes would be expected; one from
symmetric and the other from asymmetric stretching. To confirm the presence of both
modes, we performed transmission measurements with polarized radiation. The microscope
optic used has a numerical aperture of 0.65, meaning that the radiation illuminates the
sample at off-normal incidence. Because synchrotron beams are employed as the light
source, the sample is effectively illuminated at off-normal incidence by a low-emittance
beam (similar to a laser). By using polarizers upstream of the sample, we can effectively
select the s and p-polarized components of the incident beam. Fig. 4 shows absorbance
spectra taken at 2 orthogonal polarizations, which effectively emphasize the s and p
components of the beam, and 1 polarization at 45° with respect to the orthogonal
polarizations. Using this approach, the two modes become spectrally resolved.

In the case of the s-polarized absorbance, the peak position is observed at 1235 cm−1. As the
s-polarized radiation only excites vibrations that have a DDM-component parallel to the
basal planes, this feature is assigned to the asymmetric stretching mode. In the case of the p-
polarized absorbance spectrum, the apparent band position is shifted to 1180 cm−1, which
provides direct evidence that the absorbance in the 1050–1350 cm−1 region is due to a
superposition of bands. Here, the symmetric stretching mode becomes active in addition to
the asymmetric stretching mode, both of which overlap to produce a single absorption band.
The symmetric stretching band is centered at 1165 cm−1, which is also apparent in the 45°
spectrum. We note that the evidence presented does not unequivocally prove that both the
1180 and 1235 cm−1 bands originate from the same chemical species; however, both ether
and epoxide species necessarily both possess symmetric and asymmetric C-O-C stretching
modes which are typically found in the 1000–1400 cm−1 spectral region.49 Since at least one
observed mode involves an out-of-plane DDM, it is reasonable to conclude that this mode
arises from an epoxide and that indeed epoxide groups are present in appreciable quantities.
This does not, however, exclude the possibility that edge ether groups are present and
absorbing in the same spectral region assigned to the epoxide asymmetric stretching mode.
It is in fact likely these groups are present as well and contribute some intensity in the
complex absorption profile observed in the spectra in Fig. 4A, particularly in light of
published DFT modeling predicting such contributions in this frequency region.27

The absorbance of RGO also suggests a gap is present in the JDOS. Here the position of the
gap is somewhat obscured by inhomogeneous broadening, but an approximate value can still
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be extracted by calculating the square of the broadband absorbance and finding the intercept.
This approach yields a gap of ≈0.19 eV. It is reasonable to ask whether the multilayer
morphology of the RGO films could impact the electronic structure and our assessment of
the presence of a band gap. We note, however, that these samples are deposited from
solution and consequently are rotationally disordered. It has been shown that such rotational
disorder leads to a decoupling of the graphene layers,50 such that the electronic structure of
each individual layer is effectively that of an isolated layer.

The difference in the magnitude of the gap between RGO and epitaxial graphene epoxide is
relatively small, and could arise from the different degree of ordering in EG and RGO,
different epoxide coverages, and interactions with the SiC substrate. The largest and most
unexpected difference between the two materials is in the frequency of the C-O-C peak,
which is offset by approximately 50 cm−1 between the two samples (1285 cm−1 vs 1235
cm−1 for graphene epoxide and RGO, respectively). The blueshifted frequency in the case of
EG could occur because of the presence of the polar SiC surface termination, which
produces an electric field normal to the surface. This increases the effective field that is felt
by the epoxide oxygen, and could increase its vibrational frequency, similar to the dipole-
dipole effect that increases the vibrational frequencies of adsorbed molecules51. Another
possibility is that chemical effects related to the overall oxygen coverage and the position of
the Fermi level relative to the adsorbate resonances are responsible for the difference in
frequency. More controlled studies with varying coverages are needed to thoroughly
understand the origin of the frequency shift in the two cases.

In summary, we have studied epoxide groups on graphene in two systems, EG and RGO. In
both cases, broadband spectral lineshapes suggest the presence of a band gap and a
distortion of the linear dispersion expected for pure graphene induced by the chemical
bonding of epoxides. This is a highly significant result, as it clearly demonstrates a
controllable means for chemical band-gap engineering and suggest that controlled oxidation
may be a promising direction for manipulating the electronic properties of graphene-based
materials.

Methods
Epitaxial graphene samples were grown on n-type 4H-SiC(0001) wafers from Cree Inc. by
annealing in an ultra-high vacuum (UHV) chamber at 1270 °C for 15 minutes. Controlled
oxidation of the epitaxial graphene samples was achieved by cracking 2 × 10−6 torr O2 using
a hot tungsten filament operating at ≈1500 °C and located 7 cm in front of the sample. As a
reference for the IR measurements, a clean  reconstructed SiC(0001) substrate
was prepared by annealing to 1100°C in UHV. In the time between sample preparation,
transportation, and measurement, the samples were stored in a gate valve that was pumped
down to 10−7 torr.

RGO suspensions were reduced via hydrazine treatment and resuspended in N,N-
dimethylformamide as described previously.48 The samples were prepared for IR
measurements by drop-casting the resulting suspension onto an appropriate substrate
(described below), followed by 150° C annealing in air for 1 hour to remove any residual
solvent.

IR Microspectroscopy experiments were performed at the Synchrotron Radiation Center
using the Infrared Environmental Imaging (IRENI) beamline.52, 53 The beamline extracts all
of the radiation from a synchrotron bending magnet (320 mrad horizontally by 27 mrad
vertically) to produce 12 independent synchrotron beams. The beamline uses a Bruker
Vertex 70 IR spectrometer and a Bruker Hyperion 3000 IR microscope equipped with a
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mercury cadmium telluride (MCT) single-point detector. Several experimental geometries
were employed; the graphene/SiC(0001) samples were measured at near-normal incidence
reflection using a 36× magnification objective with a numerical aperture (NA) of 0.5. RGO
samples deposited onto Au substrates were measured in reflection at grazing incidence using
a 15× Bruker grazing angle objective. RGO samples deposited onto diamond substrates were
measured in transmission using a 74× (NA=0.65) magnification objective. Polarization,
when used, was achieved with an IR wire grid polarizer. All of the measurements were
performed at room temperature with the sample in a nitrogen purge box.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) IR difference reflectivity of EG/SiC(0001) referenced to the  SiC(0001). B)
IR reflectivity of GE referenced to clean EG, with the region between 1000–3000 cm−1

expanded in C), and a black curve indicating the behavior around an Mo critical point in the
JDOS is overlaid.
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Figure 2.
A) Real part of the extracted optical conductivity of the EG layer from Fig. 1A. The region
from 2300–2400 cm−1 has been removed due to the incomplete cancellation of CO2 in this
region, which produces a large artifact in the conductivity. B) Real part of the optical
conductivity of the GE sample referenced to that of the EG sample. C) Schematic diagram
of the occupation of the π bands around the K-point in clean EG (left) and GE (right). In
both cases there is a small gap at the K-point, but in the oxidized sample the band dispersion
is distorted from linear to parabolic, and the Fermi level has been lowered such that the gap
is accessible to optical measurements.
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Figure 3.
A) IR absorbance of RGO determined from transmission measurements using an objective
with NA=0.65. B) Simplified models of the normal modes of an epoxide group on a frozen
substrate. In reality, the asymmetric stretching mode (top) also involves a perpendicular
displacement of both the oxygen and carbon atoms in the epoxide group. C) IR absorbance
of RGO determined in the GI reflection geometry using p-polarized radiation.
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Figure 4.
A) Absorption spectra of RGO determined from transmission measurements with different
polarizations. The polarizer angle effectively selects s and p-polarization, and one
intermediate polarization is also shown. The symmetric and asymmetric modes from Fig. 3
are labeled as νs and νas, respectively. B) Square of the absorbance of RGO (unpolarized
spectrum from Fig. 3A) overlaid with a linear dependence to show the intercept at 1500
cm−1.
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