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www.rsc.org/ The functionalization of graphene is important in practical applications of graphene, such as in catalysts. However, the
experimental study of the interactions of adsorbed molecules with functionalized graphene is difficult in ambient conditions
at which catalysts are operated. Here, the adsorption of CO, on an oxygen-functionalized epitaxial graphene surface was
studied at near-ambient conditions using ambient-pressure X-ray photoelectron spectroscopy (AP-XPS). The oxygen-
functionalization of graphene is achieved in-situ by the photo-induced dissociation of CO, with X-rays on graphene in a CO,
gas atmosphere. The oxygen species on the graphene surface is identified as the epoxy group by XPS binding energies and
thermal stability. Under near-ambient conditions of 1.6 mbar CO, gas pressure and 175 K sample temperature, CO.
molecules are not adsorbed on the pristine graphene, but are adsorbed on the oxygen-functionalized graphene surface. The
increase in the adsorption energy of CO; on the oxygen-functionalized graphene surface is supported by first-principles
calculations with the van der Waals density functional (vdW-DF) method. The adsorption of CO. on the oxygen-
functionalized graphene surface is enhanced by both the electrostatic interactions between the CO; and the epoxy group
and the vdW interactions between the CO; and graphene. The detailed understanding of the interaction between CO; and
the oxygen-functionalized graphene surface obtained in this study may assist in developing guidelines for designing novel
graphene-based catalysts.

are adsorbed on the surface of graphene and form covalent
1 Introduction bonds with the carbon atoms. Furthermore, atomic species
such as boron®® 17 and nitrogen!® 18 can be substitutionally
incorporated into the graphene carbon network. The
functionalization of graphene modifies its electronic structure,
which affects the adsorptivity and chemical reactivity of
molecules on graphene.
The adsorption of molecules on functionalized graphene is
necessary for catalytic reactions on graphene. Despite its
importance, however, experimental approaches to clarify the
interactions of adsorbed molecules with functionalized
graphene are limited. The experimental study of functionalized
graphene surfaces at ambient conditions at which catalysts
operate is particularly challenging. The recently developed
a-The Institute for Solid State Physics, The University of Tokyo, 5-1-5 Kashiwanoha, method of ambient-pressure X-ray photoelectron spectroscopy
"~gz;igrlfrt:eiﬁlsﬁirizifiiiléézzzg‘ai:;;tl::;;;r;;@grsjz;lz::?;Zj;fgfEngineering, (AP_XPS) permits the investigation of the electronic and
Osaka University, 2-1 Yamada-oka, Suita, Osaka 565-0871, Japan. chemical states of adsorbates and substrates under gas
Zzzea‘;:ljlL??;T;Z;ﬁlye:;lggg?;;;ZZI;Z:.OH’ Tohoku University, 2-1-1 Katahira, atmospheres at near-ambient pressure.19'21
In the present study, the adsorption of CO, on an oxygen-
I Present address: Institute of Physics, Academia Sinica, Nankang, Taipei 11529,  fynctionalized graphene surface was investigated at near-

Graphene, a two-dimensional honeycomb lattice of carbon
atoms, has great promise as a platform for catalytic reactions
because it offers a high specific surface area and high electron
mobility.3 In catalysis applications of graphene, graphene
often serves as a support material for the deposition of
catalytically active metal nanoparticles.*® In addition,
significant efforts have been dedicated to render graphene
itself catalytically active by functionalization.”® For graphene
functionalization, atomic species are extensively used for their
simplicity: hydrogen® 11, fluorine'? 13, and oxygen'# %> species

Taiwan. . s .

2 Present address: Graduate School of Arts and Sciences, The University of Tokyo, 3- ambient conditions using AP-XPS. We present a new procedure

8-1, Komaba, Meguro-ku, Tokyo 153-8902, Japan. to oxidize the graphene surface: the oxygen-functionalized

3. S i . . . . . - .
Present ad.dres‘s. Japan Science and Technology Agency (JST), Precursory'Resfrarch graphene is prepared in-situ by the photo-induced dissociation

for Embryonic Science and Technology (PRESTO), 4-1-8 Honcho, Kawaguchi, Saitama .

332-0012, Japan. of CO;, by X-rays on graphene in a CO, gas atmosphere. The

oxygen species on the graphene surface is identified as the
t Electronic Supplementary Information (ESI) available: [Details of coverage

calibration  procedures. DFT calculations with epoxy dimers.]. See epoxy group by the XPS binding energies and temperature
DOI: 10.1039/x0xx00000x stability. Under near-ambient conditions of 1.6 mbar CO; and
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175 K, no CO; adsorption is observed on the pristine graphene,
but CO, adsorption occurs on the oxygen-functionalized
graphene surface. Thus, the oxygen-functionalization of
graphene enhances the adsorption energy of CO,. DFT
calculations using the van der Waals density functional (vdW-
DF) method successfully and quantitatively reproduce the
increase in the adsorption energy of CO,, simultaneously
revealing the most stable adsorption site for CO, on the oxygen-
functionalized graphene surface.

2 Experimental and theoretical methods

Well-defined monolayer epitaxial graphene on SiC(0001) was
investigated in this study. The monolayer epitaxial graphene
was grown on a 6H-SiC(0001) substrate by annealing at 1923 K
for 1 min under Ar. The graphene was evaluated by Raman
spectroscopy and low-energy electron diffraction (LEED), as
reported in detail in our previous publication.?? The graphene
surface was cleaned by annealing at 773 K for 30 min in
ultrahigh vacuum (UHV) conditions to remove surface
contaminants adsorbed during air transfer from the graphene
growth chamber to the XPS measurement chamber. The surface
cleanness after the cleaning was confirmed by C 1s and O 1s XPS
spectra.

The experiments were performed at the soft X-ray
undulator beamline BLO7LSU at SPring-8.23 XPS measurements
at near-ambient pressure were performed using an AP-XPS
apparatus combining a differentially pumped electron analyzer
(SPECS, PHOIBOS 150 NAP) with an ambient-pressure gas cell.?*
The cleaned graphene sample was transferred into the gas cell
and exposed to near-ambient pressure CO; gas by filling the gas
cell with CO,. CO; gas (99.995% purity) was introduced into the
gas cell using a mass-flow controller after reducing the amount
of residual water by a cold trap. The sample temperature was
monitored using a chromel-alumel (K-type) thermocouple
attached to the sample surface using tantalum foil. The sample
was cooled by flowing liquid N, in a manipulator. The incident
angle of the X-ray beam and the emission angle of the
photoelectrons were 68° and 0°, respectively, with respect to
the surface normal. C 1s and O 1s XPS spectra were measured
at the photon energy of 740 eV with a total resolution better
than 600 meV. The binding energy was calibrated using the
Fermi edges of Cu(110) or Cu(111) single crystals. The photon
flux of soft X-rays at the sample was estimated using a
photodiode (IRD AXUV-100), and by considering the
transmission of the SizsN4 window in the gas cell and of CO; gas.

C 1s and O 1s XPS spectra were deconvoluted by mixed
Gaussian-Lorentzian functions after a background subtraction;
a Shirley background and a linear background were used for C
1s and O 1s XPS spectra, respectively. C 1s XPS spectra were fit
with up to seven peaks: Graphene (G), SiC, surface components
due to buffer layer (S1 and S2), epoxy, adsorbed CO, (CO,(a)),
and gas-phase CO; (CO»(g)). O 1s XPS spectra were fit with up to
four peaks: epoxy, phenol or hydroxyl (OH), COx(a), and CO,(g).
The details of peak fitting and the results of peak fitting
parameters can be found in ESI.
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The coverage of CO, and oxygen species on graphene is
given by the fractional coverage as determined by the number
of CO, molecules and oxygen species per surface carbon atom
on the graphene (3.82 x 10'> cm™ at @ = 1). The coverage
calibration was performed by comparing the XPS peak
intensities of CO, molecules and oxygen species to that of
graphene in the C 1s XPS spectra in UHV and under near-
ambient-pressure gas (see ESI).

The density functional theory (DFT) calculations were
performed using the STATE code?> 26 with norm-conserving
pseudopotentials.?” The plane-wave basis set was used with an
energy cutoff of 64 Ry (400 Ry) for wave functions (charge
density). The graphene surface was modeled with a periodically
repeated 4 x 4 unit cell of freestanding graphene so that CO,
coverage roughly reproduces the experimental value when a
CO; molecule is adsorbed on the unit cell. The lattice constant
of graphene was 2.46 A and a vacuum layer of 30 A was
considered. 6 x 6 x 1 k-points were sampled in the Brillouin zone.
In order to describe the weak adsorption of CO, on graphene,
van der Waals interactions were considered in the DFT
calculations using the vdW-DF method?® with an efficient
algorithm for self-consistent calculations.?® 30 In the vdW-DF
method, we adopted the optimized Becke86b3! exchange and
the vdW-DF1 non-local correlation?® (optB86b-vdW32). The
optB86b-vdW functional demonstrated the greatest suitability
in reproducing the adsorption energy and equilibrium distance
of CO; on pristine graphene in our previous study.?? The zero-
point energy corrections are considered for the CO, molecule
and the oxygen species on graphene.

3 Results and discussion
3.1 CO; adsorption on graphene at near ambient conditions

The adsorption of CO, on the pristine epitaxial graphene surface
at near-ambient conditions was studied using AP-XPS. Figures
1(a) and (b) show the C 1s and O 1s XPS spectra, respectively, of
the graphene surface measured under 1.6 mbar CO, at 175 K.
The results of peak fitting are also included in the figure. The
main C 1s peak at the binding energy (BE) of 284.7 eV is assigned
to epitaxial graphene (G); the shoulder feature at 283.7 eV is
ascribed to the SiC substrate (SiC).33 34 The peaks at 293.4 eV in
the C1sand 536.9 eV in the O 1s XPS spectra originate from gas-
phase CO, (CO,(g)). However, no adsorbed CO, molecules are
observed on graphene under the present conditions.

Next the C 1s and O 1s XPS spectra of graphene were
measured with increased photon flux density under the same
conditions of CO, gas pressure and sample temperature. Figures
1(c) and (d) show the C 1s and O 1s XPS spectra of the graphene
surface measured under 1.6 mbar CO, at 175 K with the photon
flux density of 7.3 x 10%® photons/s-cm?, which is approximately
seven times higher than that used to obtain Figures 1(a) and
1(b). Unlike the AP-XPS spectra measured at the lower photon
flux, new small peaks are observed at 291.2 eV in C 1s and at
534.7 eV in O 1s XPS spectra. These BEs are in good agreement
with those of physisorbed CO, on graphene/SiC(0001) in UHV at

This journal is © The Royal Society of Chemistry 2018
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Figure 1 (a, b) C 1s and O 1s XPS spectra of the pristine epitaxial graphene measured in 1.6 mbar CO, at 175 K. (c, d) C 1s and O 1s XPS spectra of the oxygen-
functionalized epitaxial graphene measured in 1.6 mbar CO, at 175 K. (e, f) C 1s and O 1s XPS spectra of the oxygen-functionalized epitaxial graphene measured

in UHV at 199 K after evacuating the CO,. The incident photon energy is 740 eV. The total energy resolution is approximately 600 meV. The photon flux densities

are 1.0 x 106 photons/s-cm?2for (a, b), 7.3 x 106 photons/s-cm2for (c, d), and 1.5 x 106 photons/s-cm?for (e, f). The XPS spectra were normalized with the photon
flux densities. Results of peak fitting are also included in the figure. C 1s XPS spectra were fit with up to seven peaks: Graphene (G), SiC, surface components due

to buffer layer (S1 and S2), epoxy, adsorbed CO, (CO,(a)), and gas-phase CO, (CO,(g)). O 1s XPS spectra were fit with up to four peaks: epoxy, phenol or hydroxyl

(OH), CO,(a), and CO;(g).

30 K (291.0-291.4 eV in C 1s and at 534.7-535.0 eV in O 1s
XPS).22 Therefore, the adsorption of CO; on graphene at near-
ambient conditions can be classified as physisorption, asin UHV
at 30 K. The fractional coverage of adsorbed CO, is estimated as
0.03. Note that the C 1s and O 1s XPS peaks of gas-phase CO; in
Figures 1(c) and 1(d) shift to lower BE by ~0.4 eV compared to
those in Figures 1(a) and 1(b). The BE shift of gas-phase peak is
attributed to the change of the sample work function.?> The
origin of the sample work function change will be discussed in
the next section.

Figures 1(e) and (f) show the C 1s and O 1s XPS spectra
measured in UHV after evacuating CO, gas. After gas evacuation,
neither adsorbed CO; nor gas-phase CO, are observed.
Therefore, CO, molecules are only present on graphene under
near-ambient pressure gas at 175 K.

3.2 Oxygen-functionalization of graphene

CO;, molecules are adsorbed on the graphene only under high
X-ray photon flux at near-ambient conditions. Additional XPS
features are observed at 532.0 eV in O 1s and 286.7 eV in C 1s
XPS spectra, as shown in Figures 1(c) and 1(d). These peak
positions are in good agreement with the previously reported
epoxy (C—O-C) group on graphene.'* 3638 The fractional
coverage of the epoxy group is estimated as 0.07, larger than
the coverage of CO; (0.03). The photo-induced dissociation of
CO;, molecules (CO, — CO + O) at high X-ray photon flux causes
the formation of epoxy groups on graphene. The oxygen-

This journal is © The Royal Society of Chemistry 2018

functionalized graphene surface binds CO, molecules more
strongly than the pristine graphene surface. The sample work
function change originates from the formation of epoxy groups
on graphene. The generated CO is desorbed from the graphene
surface at 175 K because this sample temperature is higher than
the desorption temperature of the first layer CO on graphene in
UHV (~48 K).3°

In order to confirm the assignment of the oxygen species on
graphene as the epoxy group, the thermal stability of the
oxygen species was investigated. Figure 2 shows the C 1s and O
1s XPS spectra of the oxygen-functionalized epitaxial graphene
as a function of the annealing temperature. These XPS spectra
were measured in UHV after CO, gas evacuation. In the O 1s XPS
spectra, the peak at 532.0 eV decreases significantly in intensity
after annealing at 500 K. A concurrent intensity decrease is
observed for the shoulder feature in the C 1s spectrum at 286.7
eV. This result is consistent with a previous report by Hossain et
al. describing the removal of epoxy groups from graphene by
annealing at 533 K.'* The remaining O 1s component at ~533.4
eV after 600 K annealing could be assigned to phenol or
hydroxyl (OH) groups on graphene, which were reported to
survive even at a temperature of 1273 K.*° The OH groups were
also observed on graphene in Figure 1 (f) after CO, gas
evacuation at 175 K. The OH groups are most likely formed by
photo-induced reactions and/or thermal reactions of epoxy
oxygen with either small amount of residual H,O in near-
ambient pressure CO, vapor or hydrocarbon (C4Hy) species that

Phys. Chem. Chem. Phys., 2018, 00, 1-3 | 3
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Figure 2 C 1s and O 1s XPS spectra of the oxygen-functionalized epitaxial graphene as
functions of annealing temperature. XPS spectra are measured in UHV after CO, gas
evacuation. The incident photon energy is 740 eV. The total energy resolution is
approximately 220 meV.

are present on the inner wall of gas cell and displaced by CO,
molecules at near-ambient pressures. As discussed above, the
thermal stability of the oxygen species also supports the
identification of the oxygen species as epoxy groups.

Here the oxygen-functionalized graphene was prepared in-
situ by the photo-induced dissociation of CO; by X-ray beams on
graphene in CO, gas. Several methods can be used to produce
oxygen-functionalized graphene: (1) solution-phase oxidation
(e.g., Hummers’ method),%'43 (2) atomic oxygen exposure,* 38
44-47 (3) e-beam irradiation in air,*® 42 (4) ultraviolet (UV)/Os
treatment,®® and (5) the photo-induced dissociation of oxygen-
containing molecules.3® 37 The oxidation procedure of graphene
used here is part of category (5). In previous studies, oxygen-
containing molecules (NO33® or SO,3’) were adsorbed on
graphene at 100 K in UHV, and then exposed to X-rays. The
photo-induced dissociation of NO, or SO, caused the formation
of epoxy groups on the graphene.3® 37 The photon flux density
in these previous studies was approximately 108 photons/s-cm?,
somewhat higher than that in this study (7.3 x 10%
photons/s-cm?). We thus report the first oxygen-
functionalization of graphene by the photo-induced
dissociation of oxygen-containing molecules under a more
realistic condition of near-ambient-pressure gas.

3.3 DFT calculation

In order to understand the interactions between the oxygen-
functionalized graphene surface and the CO, molecules, DFT
calculations were performed using the vdW-DF method.
Although the structural and electronic properties of epoxy
groups on graphene have been studied extensively using DFT
calculations,'* 1> 5165 theoretical investigations on the
interactions of adsorbed molecules with epoxy groups on
graphene remain limited.

Figure 3 (a) shows the structural model used in the DFT
calculations. A single epoxy oxygen atom is adsorbed in the 4 x

4 | Phys. Chem. Chem. Phys., 2018, 00, 1-3
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Figure 3 (a) The structural model of CO, adsorbed on the oxygen-functionalized
graphene. The oxygen species on graphene is an epoxy (C—O—C) group. The epoxy
group and CO, molecules are adsorbed in the 4 x 4 unit cell of freestanding graphene
(€ =0.031). Three different positions are considered as the adsorption sites for the
CO, molecule on the oxygen-functionalized graphene. (b) bird's-eye view of a CO,
molecule adsorbed at position (2) on the oxygen-functionalized graphene.

4 unit cell of freestanding graphene. We confirmed that the CO,
adsorption energy on the pristine graphene does not
significantly depend on the adsorption site or the in-plane
orientation. Thus only three different positions are investigated
as the adsorption sites for the CO, molecule on the oxygen-
functionalized graphene, as indicated in Figure 3 (a). Bird's-eye
view of a CO, molecule adsorbed at position 2 on the oxygen-
functionalized graphene is shown in Figure 3 (b). The
orientation of the CO, molecule is set as parallel to the C—C bond
of graphene. The coverage of the epoxy group and CO;
molecules in this structural model is 0.031. The coverage of CO,
molecules in the DFT calculations thus matches that observed
in the experiment (0.03). The interaction energy, Ein, between
CO; and the oxygen-functionalized graphene is defined as
Eint = Eco,/0-6ra — Eco, — Eo-gra, Where Eco,, Eo—gra, and
Eco,/0-Gra are the total energies of an isolated CO, molecule,
oxygen-functionalized graphene, and the adsorbed system,
respectively.

In Figure 4, the interaction energies of CO, on the pristine
and oxygen-functionalized graphene surfaces are calculated as
a function of distance between the CO, and graphene with the
geometries fixed to the reference systems. By fully relaxing the
geometries near the minima, the interaction energies at the
equilibrium distance de¢q are obtained. On the pristine graphene
surface, | Eint| of CO,is 20.2 (19.2) ki/mol at deq=3.29 A without
(with) the zero-point energy corrections. |Ein| of CO; on
graphene was reported as 24.7 (23.5) klJ/mol in our previous
publication?? for CO, molecules in a 2 x 2 unit cell (8= 0.125).
The difference in |Eint| of CO, on graphene originates from the
difference in the unit cell size. For larger unit cells or lower
coverage, the intermolecular attraction between CO, molecules
diminishes, thereby decreasing | Eint|. This is demonstrated by

This journal is © The Royal Society of Chemistry 2018
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Figure 4 Interaction energy as a function of distance Ad between CO, and graphene.
For comparison, the interaction energy of CO, on the pristine graphene surface is
calculated and shown. The DFT calculations are performed with the optB86b-vdW
functional.

the interaction energy at large distance approaching zero, as

seen in Figure 4.

Now we compare the adsorption energies of CO; on the
oxygen-functionalized graphene surface at the three different
adsorption sites shown in Figure 3 (a). First, we review position
1, at which a CO, molecule is adsorbed on top of the epoxy
group. | Eint| of COzis as small as 15.6 (14.1) ki/mol at deq= 4.36
A. At position 1, the CO, molecule is insufficiently stabilized by
the vdW attraction from graphene because Pauli repulsion from
the epoxy group prevents the CO, molecule from approaching
the graphene. Next, we consider position 2, at which the CO;
molecule is adsorbed on the C—C bond of graphene next to the
epoxy group. |Ein| of CO; is 25.7 (24.5) kl/mol at deq= 3.32 A.
Compared to | Eint| of CO,0n the pristine graphene surface (20.2
kl/mol), |Ein:| of CO, increases by ~5 kJ/mol on the oxygen-
functionalized graphene surface. At position 2, the interaction
energy is increased by both the electrostatic interaction
between the CO, and epoxy group and the vdW interaction
between the CO, and graphene. Finally, we consider position 3,
at which the CO; molecule is adsorbed on the C—C bond of
graphene farther from the epoxy group. |Eint| of CO; is 21.5
(20.4) ki/mol at deq= 3.27 A, similar to the value on the pristine
graphene surface (i.e., 20.2 kl/mol at deq = 3.29 A). This is
explained by the disappearance of electrostatic interactions
between the CO; and epoxy group because of the distance
between the two.

To summarize the above, the interaction energy of CO, on
the oxygen-functionalized graphene surface is higher by ~5
kl/mol than that on the pristine graphene surface. The most
stable adsorption site of CO, among the three sites investigated
here is the C—C bond next to the epoxy group (position 2). This
is because the adsorption of CO, is stabilized by both the
electrostatic interactions between the CO, and epoxy group and
the vdW interactions between the CO; and graphene. While the
coverage of the epoxy groups used for the calculations is
approximately half that of the experimental estimation, the
behavior of CO, adsorption on the oxygen-functionalized
graphene is essentially unchanged at higher coverage (see ESI).

This journal is © The Royal Society of Chemistry 2018

3.4 Discussion

In ambient-pressure XPS experiments, an equilibrium exists
between adsorption and desorption; the rate of adsorption is
equal to the rate of desorption. The rate of adsorption rags is
expressed as the product of the incident molecular flux F and
sticking probability s:
rads=F-s=\/2an-s (1)
where p is the gas pressure, m the molecular mass, and T the
gas temperature.

The rate of desorption rqes is expressed as follows:

Tdes = Vdes ' €EXP (_ %) 6™ (2)

where Vges is the pre-exponential factor for desorption, Eges the
desorption energy, R the gas constant, T the sample
temperature, @the coverage of adsorbed molecules, and n the
desorption order.

Under the equilibrium condition (radgs = rges), the change in
desorption energy AEqes of CO, on graphene by epoxy formation
can be derived by the following equation:

AEge; = —RTIn (9/-5/s) 3)

where @ (s) and 0'(s’) are the coverage (sticking probability) of
CO, without and with epoxy groups, respectively. Here we
assume first-order desorption kinetics (n = 1) and that the pre-
exponential factor for desorption remains constant with epoxy

formation (i.e., Vies= Vdes').

In the AP-XPS spectra, no adsorbed CO, molecules are
observed on the pristine graphene surface without epoxy
groups. The coverage of CO, @ is below the detection limit of
0.001. The coverage of CO, after epoxy formation, &’, is 0.03.
Since the change in sticking probability by epoxy formation is
not experimentally determined, s'/s is assumed to be unity. By
inserting these numbers (6<0.001, #'=0.03, and s'/s = 1) into
Eq. (3), the increase in CO, desorption energy AEg4es by epoxy
formation is calculated as > 5.0 kJ/mol: AEges = 5.0 kiJ/mol.
Therefore, the experimentally derived increase in desorption
(adsorption) energy of CO, on the oxygen-functionalized
graphene is in good agreement with that obtained by the DFT
calculations.

Conclusions

The adsorption of CO, on the oxygen-functionalized graphene
surface was studied at near-ambient conditions using AP-XPS.
The oxygen functionalization of the monolayer epitaxial
graphene on SiC(0001) was achieved in-situ by the photo-
induced dissociation of CO, with X-rays. The oxygen species on
the graphene surface was identified as the epoxy group based
on the XPS binding energy and thermal stability. Under near-
ambient conditions of 1.6 mbar CO, gas pressure and 175 K
sample temperature, no CO, adsorption was observed on the
pristine graphene, but CO, adsorption occurred on the oxygen-
functionalized graphene surface. The increase in CO, adsorption
energy by epoxy formation was determined as =5.0 kJ/mol from
the adsorption and desorption equilibrium relationship. This
increase was successfully reproduced by DFT calculations with
the vdW-DF method. In addition, DFT calculations revealed that

Phys. Chem. Chem. Phys., 2018, 00, 1-3 | 5
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the most stable adsorption site of CO, on the oxygen-
functionalized graphene surface is not on top of the epoxy
group, but on the C—C bond of graphene adjacent to the epoxy
group. The adsorption of CO, on the oxygen-functionalized
graphene surface is stabilized by both the electrostatic
interactions between the CO, and epoxy group and the vdW
interactions between the CO, and graphene.
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