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We prepare a single layer of graphene oxide by adsorption and subsequent photo-dissociation of SO2 on
graphene/Ir(111). Epoxidic oxygen is formed as the main result of this process on graphene, as judged from
the appearance of characteristic spectroscopic features in the C 1s and O 1s core level lines. The different stages
of decomposition of SO2 into its photo-fragments are examined during the oxidation process. NEXAFS at the
carbon K edge reveals a strong disturbance of the graphene backbone after oxidation and upon SO adsorption.
The oxide phase is stable up to room temperature, and is fully reversible upon annealing at elevated temperatures.
A band gap opening of 330±60meVbetween the valence and conduction bands is observed in the graphene oxide
phase.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Covalent functionalization of graphene, the two-dimensional lattice
of hexagonally arranged carbon atoms, has attracted much attention
within the past few years. For a variety of applications, the introduction
of foreign atoms into the graphene lattice [1] or the breaking of the sp2

configuration of graphene by attaching newatomic species is of interest.
Such processes may induce a gap between the valence and conduction
bands at the so-called Dirac point in graphene. Possible ways to achieve
this are hydrogenation [2,3] or fluorination [4,5], yielding band
gaps on the order of 3 eV [2,4,6]. However, hydrogenated graphene
(“graphane”) appears to be unstable, while fluorographene requires
complex chemical processes. Another element which has been used
for covalent functionalization of graphene is oxygen, leading to different
modifications of graphene oxide (GrO), awidely discussed precursor for
the industrial production of graphene sheets [7]. GrO is commonly
referred to as a compound of oxidized graphite sheets, containing a
variety of functional groups, e.g., ketones, esters, ethers or hydroxyl
groups [7]. Graphene itself can be oxidized in several ways, as for exam-
ple inwet solutions [8] or by aggressive physical treatments such as hot
oxygen atom bombardment [9,10]. The methods used have a strong
influence on the chemical composition, i.e., of the functional groups
found in graphene oxide. Oxygen atom bombardment leads almost
exclusively to the production of epoxidic oxygen atoms [9,10]. Epoxides
are oxygen atoms bridging two carbon atoms that are linked via a single
bond and are likely to be formed on the double bond of graphene,
breaking the sp2 symmetry towards an sp3 hybridization. The present
study aims to provide an alternative, chemical pathway to obtain high
quality and selectively oxidized graphene layers; the quality of
her).

hoton-induced oxidation of gr
graphene oxide has turned out to be crucial for the successful preparation
of high-quality graphene from graphene oxide. For example, Larcipete
et al. [11] report that only epoxidic oxygen groups in graphene oxide
result in graphene sheets of high quality upon thermal recovery of
graphene from GrO.

The preparation of oxidized graphene layers, consisting of mainly
epoxidic oxygen has been studied by several groups [9–11]. However,
while the preparation method in these publications (oxygen atom
bombardment) is a viable pathway, it is also reported to induce defects
into the graphene lattice. We have recently presented a method to se-
lectively obtain epoxidic oxygen in graphene through low temperature
adsorption and photon-induced decomposition of nitrogen dioxide,
NO2 [12]. This method is less intrusive and thus probably less destruc-
tive to the graphene layer, because the reactive oxygen species is
prepared not from a hot oxygen source but from adsorbed oxygen
containing molecules on the surface at low temperatures. Here we
report on the use of a different adsorbate, sulfur dioxide (SO2), to
oxidize a monolayer graphene on Ir(111), yielding a single layer of
graphene oxide on Ir(111). We show that this pathway towards oxida-
tion, similar to NO2, selectively leads to epoxidic oxygen. Adsorption
and decomposition of precursors under irradiation may therefore be a
general approach towards chemical functionalization of graphene.
Graphene oxide thus formed is stable up to room temperature and the
oxidation process induces a band gap between the valence and conduc-
tion bands. Besides the oxidation and its characteristic spectral features,
we observe a strong influence of the decomposition products of SO2 on
graphene, showing that they can interact relatively strongly with
graphene and block adsorption sites for oxidation. First we identify
the graphene oxide spectral features in the substrate (carbon 1s) and
adsorbate (oxygen 1s) core level photoemission lines. We then discuss
the appearance of remaining SO fragments on the surface and their
effect on graphene. Using NEXAFS, we study the influence of oxidation
aphene/Ir(111) by SO2 adsorption, Surf. Sci. (2015), http://dx.doi.org/

http://dx.doi.org/10.1016/j.susc.2015.02.003
mailto:boettcher@fhi-berlin.mpg.de
http://dx.doi.org/10.1016/j.susc.2015.02.003
http://www.sciencedirect.com/science/journal/00396028
www.elsevier.com/locate/susc
http://dx.doi.org/10.1016/j.susc.2015.02.003
http://dx.doi.org/10.1016/j.susc.2015.02.003


2 S. Böttcher et al. / Surface Science xxx (2015) xxx–xxx
and the SO fragments on the carbon hybridization state. Finally, the
effect of oxidation on the valence and conduction level states of
graphene, and the opening of a band gap between these is investigated
using angle resolved photoelectron spectroscopy (ARPES).

2. Experimental

The experiments were performed at the UE56/2-PGM-2 beamline of
BESSY II, Berlin (Germany). Graphene/Ir(111) was prepared on a clean
Ir(111) single crystal surface as described in [12]. The quality of the
graphene/Ir(111) sample was verified bymeans of low energy electron
diffraction (LEED), NEXAFS, X-ray photoelectron spectroscopy (XPS),
and ARPES. The deposition of SO2 was performed using a high purity
gas source at a partial pressure of p = 5 ⋅ 10−8 mbar and at a sample
temperature of 100 K. This temperature was kept for all measurements
unless specified otherwise. NEXAFS spectrawere collected at the carbon
K absorption edge in the surface sensitive partial electron yield mode
(PEY) using a hemispherical detector and Auger electron yield. ARPES
measurements contain a 3D data set of photoemission intensity
I(Ekin, kx, ky), where Ekin is the kinetic energy of the emitted electrons
and kx and ky are the two orthogonal components of the in-plane
electron wave-vector. The base pressure during measurements was
better than 2 ⋅ 10−10 mbar. The average photon flux density of the
beamline was around 1018 photons/cm2 ⋅s [13]. The photon induced
decomposition of SO2 and the oxidation of graphene/Ir(111) using
synchrotron radiationwas in general obtainedprior to themeasurements
presented below unless specified otherwise.

3. Results and discussion

The adsorption of SO2 and its photodissociation on graphene/Ir(111)
is reflected in the carbon 1s photoemission (PE) line as shown in the
spectrum in Fig. 1, acquired with an excitation energy of 450 eV. The C
1s PE line shows new spectral lines compared to clean graphene/
Ir(111). Apart from the well known [9,12] graphene (sp2) component,
located at 284.1 eV binding energy (line A) and with a full width at
half maximum (FWHM) of 390 meV (pristine graphene/Ir(111) has a
FWHM of 350 meV), two new features appear. Line C in Fig. 1 is located
at 286.2 eV binding energy, and we assign this to the epoxidic compo-
nent of the graphene oxide formed. The term epoxide refers to an
oxygen atom that bridges two carbon atoms, leaving the C–C σ-bond
intact; the carbon atoms involved into this chemical group change
their electron configuration from sp2 to sp3. This distortion of the
two-dimensional graphene lattice is carried on further into the
graphene lattice: the carbon atoms adjacent to the epoxidic groups
also experience an (albeit much smaller) distortion, which leads to a
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Fig. 1. Carbon 1s core level line for graphene/Ir(111), as well as for GrO/Ir(111), obtained
from adsorption and photolysis of SO2 on graphene/Ir(111), acquired at an excitation
energy of hν = 450 eV. The individual spectral components belong to pristine graphene
(A), sp3 hybridized carbon (B) and epoxidic carbon (C).
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spectral line appearing as a shoulder next to the pristine graphene
signal at 284.6 eV binding energy (line B in Fig. 1). Both features are in
good agreement with literature data on the oxidation of graphene [9,
10,12]. The single sharp C 1s core level line of pristine graphene on
Ir(111) is thus split into three components, observed as sp2-bonded
carbon atoms in pristine graphene (A), those carbon atoms driven into
an sp3 configuration by adjacent epoxidic groups (B), and the epoxidic
carbon atoms themselves (C). The relative intensities of these peaks
are 54:33:13 for A:B:C, the ratio between B and C is 2.5:1. This is
relatively large, and we consider that every epoxy group contains two
carbon atoms and is surrounded by four carbon atoms which are
distorted due to the presence of the epoxidic group (thismodel assumes
that the epoxide group is isolated on the surface). This purely geometrical
assumption would lead to an upper limit for the ratio of 2:1 for peak B
and C. The observed ratio is thus 25% larger than expected; it is also larger
than what was found in our recent study of NO2 decomposition, which
also results in graphene oxide [12], where we observed an sp3:epoxide
ratio of 1.7:1.

We interpret this observation as a sign that, in graphene oxide
preparation by SO2 adsorption and decomposition, a lower coverage
with epoxidic oxygen species is reached than for GrO prepared by NO2

decomposition [12] or oxygen atom bombardment [9,10]. The epoxidic
component represents only 13% of the integrated C 1s peak intensity,
while for NO2 we observed 23% under similar conditions [12]. Apart
from the lower concentration of epoxidic oxygen, another possible in-
fluence yielding the pronounced rehybridization shoulder B could be
that the graphene lattice is much more distorted than the oxidation
state suggests, and involves the assumption that the remaining decom-
position products may have a strong influence on the graphene back-
bone as well, leading to a stronger rehybridization of the carbon
atoms in graphene.

Fig. 2 shows the oxygen 1s (a) and the sulfur 2p (b) core level line
spectra for different photon dosages and stages of the experiment. All
spectra are fitted by Voigt profiles, using restricted Lorentzian weights
to incorporate structural uncertainties within the Gaussian weight;
the background was included in the fits and is removed in the figures
for clarity. The sulfur 2p core level lines were fitted using a spin-orbit
splitting. The individual spectral components (A to C) of the core level
lines were used for all fits of the corresponding energy regimes in
order to reduce the number of free parameters in the fitting procedure.
The left panel of Fig. 2 shows the oxygen 1s core level line spectra for
graphene/Ir(111) after SO2 adsorption and irradiation. We interpret
spectrum I as due to graphene oxide, corresponding to the carbon 1s
core level shown in Fig. 1, obtained by photon irradiation under a pho-
ton flux density of approx. 6 ⋅ 1021 photons/cm2 under an equilibrium
pressure of p(SO2) = 5 ⋅ 10−8 mbar. In this experiment, only one O 1s
component is found. The large FWHM of 280 meV may suggest that
more than one species of oxygen atoms is present, but we cannot
resolve these. The amount of oxygen obtained on the basis of the XPS
signal intensity ratio is roughly 1:4 (O 1s:C 1s), showing a slightly larger
amount of oxygen (≈25%) than calculated on the basis of the C 1s core
level spectral components (Fig. 1), fromwhichwe infer that only epox-
ides are present. A possible explanation for the large O 1s line width is
that epoxides on different adsorption sites, such as the atop and hollow
regions of graphene/Ir(111) supercell are present [9,14], but fragments
of SO2 are also possible, as there is more oxygen present on the surface
than expected from the C 1s core level line alone. Spectra II and III rep-
resent an experimentwith a larger initial coverage of SO2 (the O 1s:C 1s
intensity ratio is 1.75:1). III shows the O 1s spectrum after the initial
coverage and II represents the sample after irradiation with a similar
photon dose as for I. The epoxidic O 1s component (red) is found in
both spectra II and III, in agreement with spectrum I, developing in in-
tensity with subsequent photon irradiation. In addition, two increasing
lines appear, which we assign to the first adsorbed SO2 layer (blue) and
multilayers of SO2 on graphene (green). After irradiation (spectrum II)
only the first layer of SO2 is left, together with the grown epoxidic
aphene/Ir(111) by SO2 adsorption, Surf. Sci. (2015), http://dx.doi.org/

http://dx.doi.org/10.1016/j.susc.2015.02.003
http://dx.doi.org/10.1016/j.susc.2015.02.003


A
bs

or
pt

io
n 

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

300295290285280
Photon Energy (eV)

300295290285280
Photon energy (eV)

SO2 Low Coverage

SO2 High Coverage

Graphene/Ir(111)

C K Edge
α = 50°

C K Edge
α = 0° α

Fig. 3.NEXAFS spectra for pristine graphene/Ir(111) (black), GrO/Ir(111) formed fromSO2

adsorption with a low (blue) and high (red) initial coverage. The spectra are acquired for
two different angles of incident light: α=0∘ for normal incident light and α=0∘. (For in-
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Fig. 2. a: Oxygen 1s core level spectra for graphene/Ir(111) after SO2 adsorption and irradiation. Spectrum I shows the O 1s core level of GrO, while spectra II and III belong to a larger
coverage of SO2 on the surface. Spectrum III is acquired during the irradiation and oxidation process, and spectrum II is obtained after a similar photon dose as spectrum I. b: Sulfur 2p
core level line for the experimental stages described for the O 1s core level line. The individual spectral lines correspond to SO2 (A), SO (B) and elemental sulfur (C).
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line. Note that spectrum III is acquired during the preparation step (the
oxidation was induced by the synchrotron radiation) and may
incorporate contributions from the ongoing chemical reaction during
every acquisition cycle. However, this uncertainty only affects the
intensity of the single components but not the energy. This is especially
true for the epoxide groups and first layer SO2 signals, which exhibit a
different intensity compared to spectrum I and II. This discrepancy
also results from the fact that the multilayer SO2 further suppresses
the photoemission signal, due to the fact that the photoelectrons have
to traverse an additional molecular layer. We would like to note that
no evidence of intercalated oxygen has been observedwithin the exper-
iments presented here. Intercalated oxygen at defects is possible in
principle as we have partly observed it in our recent work [12], and as
it is reported in the literature [9,11]. However, the apparently low
damage of the graphene layer by the method presented here appears
to suppress the intercalation of oxygen atoms.

The right panel of Fig. 2 shows the sulfur 2p photoemission lines upon
adsorption and decomposition of SO2. The individual components are
interpreted as decomposition products of SO2 caused by the irradiation.
Three components are observed: SO2 (blue), SO (green) and atomic
sulfur (red) [15,16]. All spectra were fitted using the same set of
spin-orbit split Voigt profiles and including the background. The spectra
are presented with the background subtracted for clarity. We have re-
stricted ourselves to the same FWHM, spin-orbit splitting and positions
for each component in all sulfur 2p spectra. Spectrum I corresponds to
theC1s (Fig. 1) and topO1s lines (Fig. 2), e.g., the low initial SO2 coverage.
The majority component is SO, in agreement with earlier observed data
from decomposed SO2 on Pt(111) [15,16]. Its intensity corresponds to
an amount of sulfur of about 5%with respect to the C 1s intensity. Besides
the SO component, also atomic sulfur and SO2 are observed in the S 2p
line. The SO2 component is taken into account in this spectrum because
it appears in the other spectra and is included into the fit for consistency.
Spectra II and III correspond to a larger initial coverage (N2ML), acquired
directly after adsorption (III) and long time irradiation (II). These spectra
illustrate the decomposition with increasing photon dose. With SO2

adsorbed on graphene/Ir(111), all fragments (SO and S) are present
shortly after the irradiation has started. With subsequent photon dose,
SO2 and S components vanish, leavingmostly the SO line in the spectrum,
whose intensity corresponds here to an amount of sulfur of about 9%with
Please cite this article as: S. Böttcher, et al., Photon-induced oxidation of gr
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respect to the C 1s intensity. It is sensible to assume that the more SO2 is
present after adsorption, the more SO fragments are then present after
oxidation. These fragments may be adsorbed on graphene in those areas
which are rehybridized towards sp3. This may also explain the larger
ratio of peaks B and C in Fig. 1. SO fragments chemisorbed on graphene
may further distort the graphene backbone due to their potential chemi-
cal interaction, inducing more sp3 rehybridized carbon atoms.

Such a perturbation of the graphene backbone should be visible in
the substrate NEXAFS at the carbon K edge, resulting from the oxidation
aphene/Ir(111) by SO2 adsorption, Surf. Sci. (2015), http://dx.doi.org/
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and possibly scalingwith the amount of SO2 on the surface. Fig. 3 shows
the NEXAFS spectra obtained for clean graphene/Ir(111) (black),
graphene oxide obtained from a small (blue) and graphene from a
large initial coverage of SO2 (red). α is the angle between the incident
light and the surface normal. We have interpreted the changes in the
C 1s core level line shape above (Fig. 1) as being due to changes in hy-
bridization. Upon rehybridization, e.g., by a transition from sp2-carbon
to sp3-carbon, the former sp2 configuration of the π* states of graphene
is perturbed towards a tetrahedral structure. It is well known [9] that
this process leads to a reduction in intensity of the NEXAFS line at
~285 eV photon energy and a broadening; the C 1s → σ* transition is
broadened as well. The weakening of the C 1s → π* transition at α =
50∘ coincideswith an enhancement of the same signal atα=0∘. Because
of rehybridization, the formerly almost perfectly planar pz orbitals of the
graphene layer are distorted towards a tetrahedral sp3 state. While in
perfectly planar graphene, the C 1s → π* transition is forbidden at
normal incidence (α = 0∘), on account of dipole selection rules (the
so-called searchlight effect [17]), the distortion towards sp3 breaks the
symmetry and the transition becomes allowed. Compared to pristine
graphene, the NEXAFS signal at 285 eV photon energy exhibits an
enhancement by a factor of 6 in graphene oxide (measured from the
area under the spectrum in the range of 284.5 to 287.5 eV) prepared
here by SO2 adsorption and photodissociation (some intensity in this
region in pristine graphene is assigned to the corrugation of the moiré
structure of graphene on Ir(111) and the resulting deviation from a per-
fect structure). The general trend seen in Fig. 3 is similar to our recent
results for NO2 adsorption [12].
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Apart from the broadening of the transition around 285 eV photon
energy, the spectrum is alsomuch broader in the energy range between
the C 1s→ π* and the C 1s→σ* transitions around 288 eV.We interpret
this broadening to reflect the discussed strong influence of the SO
fragments on the graphene backbone, besides the oxidation and its
related rehybridization. One explanation may be the fact that we find
SO2 fragments remaining on the surface. The majority of the remaining
fragments is SO. We assume that these fragments are mainly adsorbed
in the vicinity of the epoxidic carbon atoms. It is well known that
adsorbates tend to bind at the crystallographic areas with the highest
chemical activity on the graphene/Ir(111) surface [14,18,19], i.e., the
so-called top-fcc and top-hcp sites of the graphene/Ir(111) unit cell,
where the crystallographic configuration has one carbon atom located
above the surface Ir atom and one carbon atom above the crystallo-
graphic fcc or hcp hollow site of the (111) surface, respectively. Such
areas are reported to show an enhanced chemical activity due to the
formation of covalent bonds between the graphene and the Ir(111)
substrate [14]. These bonds are similar to those reported for graphene/
Ni(111) by Li et al. [20], for example. These authors argue that the
formation of a bond between graphene and the Ni(111) surface leads
to the formation of electronic states that extend away from the
graphene surface into the vacuum and can act as a bonding partner
towards adsorbates. Busse et al. [14] suggested the formation of similar
electronic states in the vicinity of the top-fcc and top-hcp sites of the
graphene/Ir(111) surface unit cell. Hence, it is plausible to assume that
the adsorbed SO2 molecules, the photon-induced oxidation and the
remaining SO fragments are located in these areas. The observed
Γ

M
K

K

(upper panels) and GrO/Ir(111) (lower panels). The images are acquired perpendicular to
osed in the lower right panel is the fit of the photoemission peakmaximumand the green
is figure legend, the reader is referred to the web version of this article.)
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broadening of theNEXAFS signal atα=0∘may therefore result from the
interaction and additional rehybridization, adjacent to the already oxi-
dized and rehybridized carbon atoms.

In order to study the effects of the GrO formation on the electronic
structure, valence band photoelectron images of GrO around the K
point of the hexagonal Brillouin zone were acquired at room tempera-
ture by ARPES. Fig. 4 shows such a photoemission dataset acquired for
pristine graphene/Ir(111) (upper panels) and GrO/Ir(111) (lower
panels). The images are presented along the Γ → K and perpendicular
to the Γ → K direction as energy vs. kx and ky, respectively, indicated
by the schematic representation of the Brillouin zone in the two upper
panels. Upon oxidation, two major changes are observed. First, the π
band is broadened in energy, as already observed for GrO/Ir(111)
obtained by oxygen atom bombardment by Schulte et al. [21]. Further-
more, a band gap is formed at the K point, with a magnitude on the
order of several hundred meV. In order to quantify the gap size, we
assume a symmetric gap opening around the former Dirac energy, ED.
The Dirac crossing is not visible in pristine graphene/Ir(111) since it is
located around 150 meV above EF. Thus the gap cannot be measured
from the maximum in the graphene (-oxide) π band alone. The former
Dirac crossing energy of the oxidized graphene layer has to be calculat-
ed from an extrapolation of a linear fit of the π band dispersion in a
region that is unperturbed by gap formation; this is the energy range
from 0.3 to 4 eV binding energy on GrO/Ir(111). The result of the fit is
presented in the lower right panel of Fig. 4, as a superimposed black
line on the ARPESmap along Γ→ K. The π band dispersionwas obtained
as follows: the electronic band peak in the momentum distribution
curves along Γ → K was fitted by a Lorentzian profile, and this fit was
performed for every momentum distribution curve for each energy
level of the spectrum along the Γ → K direction. The result is the black
line in the lower right panel of Fig. 4 that follows themaximum intensity
of the peak in the spectrum, i.e., the dispersion of the π band. This
dispersion was then fitted by a linear function (green line in Fig. 4),
allowing us to interpolate the former Dirac energy at the K point. The
gap was then assumed to be twice the energy difference between the
maximum of the π band and the former ED at the K point, resulting in
an energy gap of 330 ± 60 meV between the valence and conduction
band, a value that is similar to other oxidized graphene layers [21].
The overall symmetry of the graphene overlayer has apparently not
changed, since the replica bands and the mini-gaps, caused by the
superpotential of the graphene/Ir(111) moiré [22] are still present.

The formation of graphene oxide by adsorption and decomposition
of SO2 is completely reversible at elevated temperatures (approx.
500 °C), yielding graphene of high quality. This was already found in
our recent publication for the oxidation of graphene/Ir(111) by adsorp-
tion and decomposition of NO2[12]. Since graphene oxide prepared by
the method presented here contains epoxidic oxygen only, the reduc-
tion towards graphene oxide does not induce defects, as recently
shown by Larciprete et al. [11].

4. Conclusions

We have demonstrated that SO2 can be utilized to oxidize graphene
adsorbed on Ir(111). Similar to NO2 [12], the reaction is selective to the
Please cite this article as: S. Böttcher, et al., Photon-induced oxidation of gr
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formation of epoxidic oxygen. Upon oxidation, graphene shows a clear
rehybridization and the corresponding changes in the substrate
NEXAFS. In addition, the adsorbed decomposition product SO further
distorts the graphene backbone. We observe here the effect of a
considerably strong interaction of graphene with the SO fragments.
The activated (rehybridized) areas adjacent to the epoxide groups are
thought to provide adsorption sites for SO, which enhances the
distortion. Graphene oxide obtained by this method is stable at room
temperature and shows a band gap of 330 ± 60 meV.
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