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Water adsorption on graphene/Pt(111) at room
temperature: A vibrational investigation

A. Politano,! A. R. Marino,! V. Formoso,'2 and G. Chiarello'2

'Dipartimento di Fisica, Universita degli Studi della Calabria, 87036 Rende (CS) Italy
2Consorzio Interuniversitario per le Scienze Fisiche della Materia, CNISM, via della Vasca
Navale, 84 Roma, Italy

(Received 31 May 2011; accepted 5 October 2011; published online 2 November 2011)

Water interaction with quasi-freestanding graphene deposited on Pt(111) has been
investigated by using vibrational spectroscopy. Loss measurements show that water
molecules dosed at room temperature can dissociate giving rise to C-H bonds. The
formation of the C-H bonds strongly attenuates the optical phonons of the graphene
sheet. On the other hand, at 100 K water has been found to adsorb only in molecular
state. Present findings should be taken into account in engineering graphene-based de-
vices which should work at atmospheric pressure and at room temperature. Copyright
2011 Author(s). This article is distributed under a Creative Commons Attribution 3.0
Unported License. [doi:10.1063/1.3660325]

. INTRODUCTION

The unusual properties of graphene are attracting a great attention as it represents a promising
material for potential applications in electronics and photonics.""? The chemical modification of
graphene is fundamental for tailoring its physical and chemical properties.>”’ In particular, the
interaction of water with graphene is receiving much interest.>-1>

Water molecules adsorbed on graphene act as dopants without remarkable changes in electron
mobility.'®!” However, recently, it has been reported that water adsorption could change photoe-
mission spectra of air-exposed graphene samples.'® Moreover, a tunable band gap of about 0.2 eV
can be opened by controlled adsorption of water molecules.” The hydrolysis products could be
used for functionalizing graphene in order to create graphene field-effect transistors.'*2° However,
a detailed understanding of the microscopic mechanisms ruling H,O interaction with graphene is
hitherto missing. In fact, the adsorption of water on surfaces involves a complex combination of
electrostatic, van der Waals, and hydrogen bonding interactions.?!2

Herein we report on high-resolution electron energy loss spectroscopy (HREELS) measurements
on water adsorption on quasi-freestanding monolayer graphene (MLG) grown on Pt(111). HREEL
experiments indicate that water molecules dosed at room temperature onto the graphene sheet can
dissociate giving rise to C-H vibrational bands. The presence of the C-H bonds strongly attenuates
the optical phonons of MLG. On the other hand, only vibrations of molecular water are present in
the HREEL spectrum recorded at 100 K.

Il. EXPERIMENTAL

Experiments were carried out in an ultra-high vacuum (UHV) chamber, which is divided into
a main chamber and a preparation chamber, respectively, separated by a gate valve. The sample
was a single crystal of Pt(111). The substrate was cleaned by repeated cycles of ion sputtering and
annealing at 1300 K. Surface cleanliness and order were checked using Auger electron spectroscopy
(AES) and low-energy electron diffraction (LEED) measurements, respectively.?”->® MLG has been
obtained by dosing ethylene onto the clean Pt(111) substrate at 1150 K. Thus, the graphene sheet is
intrinsically thermally stable up to such preparation temperature, as shown in Ref. 29.

®
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FIG. 1. LEED pattern of graphene on Pt(111), recorded at E, = 74.3 eV and for a sample temperature of 100 K.

As demonstrated by in-situ low-energy electron microscopy,’® no nucleation and growth of
additional graphene sheets beyond the monolayer is possible on Pt(111).3-38

The attained LEED pattern (shown in Figure 1) is essentially similar to that one reported in
Ref. 32. The ring pattern indicates the existence of different domains. Nonetheless, preferred ori-
entations aligned with the substrate (Rg) are clearly distinguished. Despite the presence of other
domains, the predominance of Ry in the whole sample has been clearly inferred by the analysis of
phonon dispersion measurements performed along the I'-K and the T'-M directions.

The presence of well-resolved spots in the LEED pattern is a clear fingerprint of the order of the
MLG over-structure, also evidenced by the high electron reflectivity of the attained surface (even
higher with respect to the bare Pt substrate).

Furthermore, the characterization of the MLG was carried out by measuring lattice vibrations
which are a fingerprint of graphene formation,* as shown in Figure 2. The presence of well-resolved
ZA (out-of-plane acoustic), ZO (out-of-plane optical), LA (longitudinal acoustic), LO (longitudinal
optical) and TO (transverse optical) phonons ensures of the good order and crystalline quality of the
graphene sheet.

The energy resolution of the HREEL spectrometer was degraded to 4 meV so as to increase
the signal-to-noise ratio of loss peaks. The incidence angle has been set to 55° with respect to the
sample normal.
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FIG. 2. HREEL spectrum of the MLG/Pt(111) for an impinging energy of 20 eV. The incidence angle is 80.0° while the
scattering angle is 32.0° (impact scattering conditions). The inset shows the HREEL spectrum recorded for an impinging
energy of 3 eV in the specular geometry with incidence angle of 55.0° (dipole scattering conditions). It is worth noticing
that in scattering geometries near the specular conditions, the phonon modes of the graphene lattice cannot be detected, in
agreement with results in Ref. 40. On the other hand, the lack of vibrational bands in dipole scattering conditions (spectrum
in the inset) ensures of the absence of contaminants or adsorbed functional groups on the bare graphene surface. Similar
results have been reported in Ref. 41.

The analysis of both LEED pattern and phonon modes show, in agreement with previous
results,?> 374243 3 negligible interaction between MLG and the underlying Pt substrate. Accordingly,
MLG may be considered as a quasi-freestanding sheet on Pt(111).

lll. RESULTS AND DISCUSSION

Figure 3 shows that the HREEL spectrum attained after exposing the pristine MLG (spectrum
a) to 10° L (1 L=1.33-10"° mbar-s) of water molecules at room temperature (spectrum b) in
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the preparation chamber. Vibrational bands centered at 91, 180, and 360 meV were recorded.
Interestingly, the latter two peaks indicate the occurrence of water dissociation as they are well
known to be unambiguous fingerprint of the formation of C-H bonds.** They are assigned to the
bending and stretching vibrations of C-H, respectively. More in details, the energy of the C-H
stretching indicates the formation of a sp> bond. In fact, such mode is expected around 375-380 and
360-365 meV for the sp? and sp® hybridization, respectively.*’

The absence of vibrational modes of OH groups at 415-450 meV*"*® indicates that their
adsorption energy is positive in the presence of co-adsorbed H atoms on the MLG sheet, i.e. such
species are not stable at 300 K.

The intensity of vibrational features significantly increased in off-specular scattering geometry
(spectrum c of the same Figure). This is a consequence of the weak oscillating dipole of chemisorbed
H atoms® against the graphene sheet.

The low energy of the impinging electron beam E,, i.e. 4 eV, ensures of the absence of electron
beam-induced effects. As a matter of fact, dissociation of adsorbed water molecules on graphene
by electron irradiation in Ref. 50 has been attained only for very high primary beam energies (E,
=5000 eV).

For the sake of completeness, it is worth mentioning that losses at 50 meV (in spectrum c) and 91
meV (in spectrum b) of Figure 3 could be assigned to phonon modes of the single-side hydrogenated
surface.*® Such lattice vibrations strongly disperse as a function of the scattering angle, that is the
parallel momentum transfer (see Ref. 46 for more details on their dispersion relation).

From the intensity of C-H stretch in HREEL spectra, we can estimate the H coverage to be
0.08+0.04 ML.

Due to the high dissociation barrier for water molecules, we are led to suggest that water
dissociation should occur on defects of the graphene lattice. As for most other materials, defects
are unavoidable during the preparation of graphene. Obviously, defects exist even in the presence of
well-resolved and sharp phonons (Figure 2), which indicate a very good crystalline quality, essential
for preserving the unusual and peculiar properties of graphene.*’

Likewise, it has been demonstrated that water can dissociate at vacancy defects on graphite
following many possible reaction pathways,***® some of which have activation barriers lower than
half the value for the dissociation of bulk water. However, we could not exclude that the dissociation
could be driven by the catalytic activity of the underlying Pt substrate. As an example, the role of
the substrate on water adsorption on graphene has been put in evidence in Ref. 20. Moreover, strong
effects from the growth method itself are possible.’'™> Water reactivity strongly depends on both the
substrate underneath the graphene sheet as well as the amount and type of defects. We want to point
out that our experiments have been performed with a particular type of graphene (quasi-freestanding
epitaxial MLG) and under specific conditions. Thus, further experimental efforts are needed in
order to establish whether results presented herein could be extended to all kinds of graphene
samples.

Adsorbates desorb from MLG upon annealing at 450 K, as evidenced by the lack of vibrational
modes in the annealed surface (spectrum d of Figure 3).

In Figure 4 we show the effects of H,O exposure on the optical phonon modes of MLG. The
pristine graphene (middle spectrum) is characterized by the presence of out-of-plane (ZO) and
longitudinal (LO) optical phonons at 104 and 202 meV, respectively. After water adsorption and
dissociation, the intensity of these modes strongly decreased (topmost spectrum of Figure 4). The
band at 175-180 meV is due to the C-H stretching mode.

It is worthwhile mentioning that photoemission spectroscopy (PES) experiments on an
air-exposed MLG/Au/Ni(111) sample!® reported a strong reduction of the intensity from the
graphene 7 bands. The intensity decrease was tentatively assigned to adsorbate water from the
atmosphere.

With the aim of investigating the possible occurrence of water dissociation at lower sample
temperature (100 K), the initial stages of water adsorption on graphene were probed. We found that at
100 K water is adsorbed molecularly without trace of any dissociation (bottom spectrum of Figure 5).
In fact, the HREEL spectrum shows clear fingerprint of molecular water (Figure 5). In particular,
vibrational bands may be divided into four major categories (see Ref. 49 for a review): frustrated
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FIG. 3. HREEL spectra acquired in the specular geometry (incidence angle 55° with respect to the sample normal) for (a)
MLG/Pt(111), successively exposed to 10° L of H,0 at 300 K (spectrum b) and annealed at 450 K (spectrum d). The spectrum
(c) has been recorded for the same surface of the spectrum (b) but for an off-specular geometry (scattering angle 49°). The
beam energy E, is 4 eV. All measurements have been performed at room temperature and all spectra were normalized to the
intensity of the elastic peak. The different signal-to-noise ratio in spectra b and c is due to the reduction of the intensity of the
incident beam by 96% when going from the specular conditions (scattering angle 55°) to -6° off-specular (scattering angle
49°). The slight asymmetry of the band at 180 meV is due to the presence of spectral contributions from phonon modes of
single-side hydrogenated graphene.*®

translations at 30 meV; frustrated rotations, i.e. librations at 100-110 meV; H,O deformations, i.e.
the scissoring band centered around 200 meV; and O-H stretching modes around 400 meV. The
desorption of molecular water occurs at 140 K without evidence of any water dissociation (topmost
spectrum of Figure 5).
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FIG. 4. HREEL spectrum of the clean Pt(111) substrate (bottom spectrum) and for the MLG/Pt(111) (middle spectrum)
and the HyO/MLG/Pt(111) (topmost spectrum) surfaces. Optical phonon modes could be detected only for impact scattering
conditions, i.e. off-specular geometries. The primary energy E, is 20 eV. All measurements have been performed at room
temperature.
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FIG. 5. HREEL spectrum of MLG/Pt(111) exposed to 2 L of water molecules at 100 K (bottom spectrum). Successively,
the sample was annealed at 140 K (topmost spectrum).

IV. CONCLUSIONS

In summary, we have shown that water exposure at room temperature of MLG/Pt(111) could
lead to the formation of C-H bonds. Such finding gives a response to previous results of Ref. 18.
Dehydrogenation is possible upon annealing at 450 K. On the other hand, no dissociation was
observed at 100 K.

Due to its peculiar properties, graphene represents a promising candidate for potential technolog-
ical applications (sensors, plasmonic devices, protecting coatings, energy storage, THz electronics
etc.). With this in mind, we want to point out that water-induced hydrogenation of graphene should
be taken into account in engineering graphene-based devices which should work at atmospheric
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pressure and at room temperature. Water dissociation could also afford interesting pathways to
produce hydrogen.
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