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We investigate CO adsorption at single vacancies of graphene
supported on Ni(111) and polycrystalline Cu. The borders of the
vacancies are chemically inert but, on the reactive Ni(111) substrate,
CO intercalation occurs. Adsorbed CO dissociates at 380 K, leading
to carbide formation and mending of the vacancies, thus preventing
their effectiveness in sensor applications.

Graphene (G) is known to be chemically “inert” in its pristine
configuration, i.e. in absence of defects,' although it can induce
complexation reactions by its delocalized m-electron system.”
Both intercalation and reaction of CO below G have been
reported previously.> Theoretical calculations confirm low
adsorption energies for simple molecules on pristine, free
standing graphene® (8-14 meV for CO, depending on adsorption
site), but predict strong bonds at graphene vacancies and at
substitutional defects (up to ~1.7 eV and ~6.3 eV, respectively).””
Defects affect also the electronic properties of the G layer: a
local modification of the density of states has been reported by
STS following ion irradiation'® and opening of the gap occurs
for patterned adsorption'™ (with a possible influence on the
electric response to adsorbates and, consequently, on the sensor
properties™*'4),

The possibility to realize graphene based devices for gas
sensing and in particular for detecting CO in concentration of
1 to 100 ppm,*>** has been recently reported.

Such devices are based on the fact that CO acts as an electron
donor and causes a reproducible increase in the resistance of
the graphene film attaining its final value on at time scale of
several minutes. The nature of the CO adsorption site remained,
however, unexplored. The high exposure required to observe a
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CO-related signal indicates a low net sticking probability. On the
other hand, the need to operate the sensor at 300 °C'® or to
re-generate it by annealing to 150 °C'? suggests that the active
sites have a relatively high adsorption energy, i.e. that adsorption
occurs at defects. Indeed, we have recently demonstrated that
pristine G layers are reactive towards CO only when supported on
a strongly interacting substrate such as Ni(111). Also then, CO
adsorbs reversibly at room temperature.'®

To clarify the nature of the adsorption site in the CP adsorption
process, we investigated experimentally CO adsorption at defected
graphene single layers under Ultra High Vacuum (UHV) conditions
and compared their reactivity when grown or deposited on two
different substrates: Ni(111) (G/Ni in the following) and poly-
crystalline Cu (G/Cu). The chemical properties of the films were
investigated by X-ray Photoelectron Spectroscopy (XPS) and by
High Resolution Electron Energy Loss Spectroscopy (HREELS).
For the G/Ni(111) sample also a morphological analysis by STM
was performed by repeating the preparation in a dedicated UHV
apparatus.

For all samples, vacancies were created by 150 eV Ne' ion
bombardment at normal incidence for the spectroscopy experi-
ments. On the contrary, ion bombardment was applied ~55°
off normal incidence in the STM experiments for G/Ni(111) due
to geometrical constraints of the corresponding apparatus.
According to previous experimental'”'® and theoretical'® studies,
Ne" irradiation under very similar conditions produces single and
double vacancies (i.e. situations in which only one C atom or two
adjacent C atoms of the G lattice are removed, respectively) in
~5:2 ratio.

Fig. 1 compares HREEL spectra recorded for different samples
before and after exposure to 400 L CO at room temperature (RT).
Given the density of C atoms in G (~3.85 x 10'® atoms per cm?)
in order to produce a low density of isolated vacancies the
sputtering dose is yner = 3.2 x 10'* Ne*/em?® for both the G/Ni
and the G/Cu samples.

Starting from the G/Ni(111) (Fig. 1A), we can see that before
ion bombardment weak losses at 63 meV and 90 meV are
present corresponding to defects of graphene®® and to the
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Fig. 1 HREEL spectra recorded in-specular and corresponding to experiments
performed for: (A) G on Ni(111), (B) G on polycrystalline Cu and. In each panel
the spectra are normalized to the inelastic background /e between 450
and 500 meV loss energy and are vertically shifted for sake of clarity.

z-polarized phonon,*" respectively. No vibrational signature of
CO adsorption has been observed on the pristine layer exposed
at RT under UHV conditions,'® while additional peaks show up
at 52 meV, 237 meV and 253 meV for the ion bombarded
graphene layer (indicated as G*). They correspond to the
molecule - surface and to the internal C-O stretch mode for
bridge and atop configurations, respectively.”* Their presence
proves that CO adsorption has occurred. A further broad peak is
visible at about 169 meV, a frequency close to the one of the D
band in Raman spectra®® and which is considered a marker of
surface disorder. It is present also for defected samples not
exposed to CO (not shown§) so that we assign it to distorted G
configurations. The loss at 362 meV corresponds to the C-H
stretch resulting from water dissociation.**

For G/Cuy,y (Fig. 1B), we observe that in the initial spectrum
(black) losses are already present at 101 meV, 133 meV, 155 meV,
177 meV and 362 meV. Since the as-delivered sample was
introduced into vacuum and treated only by a mild annealing
to 390 K, these modes correspond to residual traces of con-
taminants (in particular the losses at 177 meV and at 362 meV
correspond to the presence of CH groups®!) and to distorted
configurations of the graphene layer (see SM for details).
Contrary to the case of G*/Ni(111), no additional losses are
detected following the exposure to 400 L CO (neither at RT nor
at 90 K) indicating that the G* layer on Cu is inert.

The energy of the losses at 52 meV, 237 meV, and 253 meV
observed for G¥*/Ni(111) are close to those reported for CO/Ni(111)*
at high coverage (50 meV, 237 meV and 254 meV, respectively).
The CO stretch frequency is notably lower than the one reported
for CO chemisorbed on pristine G/Ni at 90 K.'*** This leads
to the conclusion that CO reaches the Ni substrate through
the vacancies. Since intercalation below G/Pt(111) causes a red-
shift of the CO stretch frequency of ~2 meV*, we conclude that
a high local coverage of CO is reached for G*/Ni(111) when
exposed to CO.

The corresponding STM image for G*/Ni(111) (see Fig. 2A)
shows localized defects. They are compatible in size with the
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Fig. 2 STM image of (A) G*/Ni(111) without CO exposure (V = 0.05 V,
I = 0.6 nA), (B) G*/Ni(111) after 400 L CO exposure (V = —0.02 V, 0.7 nA)
and (C) G*/Ni(111) with 400 L CO after annealing to 400 K (V = —0.15V,
0.7 nA). For all images, size: 35 x 35 nm?; the same scale, reported in the
top-right panel, was employed for the apparent height (in pm). In each
panel the inset shows a three dimensional rendering of a small defected
area of the corresponding image.

production of mostly monoatomic vacancies following ion
irradiation. Since each hole has a protrusion on its side,”® it
is reasonable that the displaced C atom has ended up above the
G* layer close to the defect.

Even if it is not possible to resolve the presence of CO
ad-molecules close to or into the graphene vacancies, inspection
of a typical image recorded before and after CO dose (panel A
and B respectively) shows a change in the apparent shape and
dimensions of the defects, indicating that the system is modified
by adsorption.

The data reported above clearly indicate that CO adsorption
occurs only for G¥/Ni(111), i.e. in presence of a reactive substrate.
Adsorption was investigated as a function of yne+ (Sputtering
dose) by XPS and HREELS (see Fig. 3). XPS spectra were recorded
after sputtering and prior to CO exposure. Vice versa, HREEL
spectra were recorded after exposing the samples to 400 L CO at
RT. We can infer that:

(1) After the mildest sputtering dose (second spectrum from
the bottom), the C 1s peak in XPS shifts to lower binding energy
while a broad energy loss develops around 169 meV in HREELS.
This change is due to the detachment of G from the Ni(111)
substrate when vacancies form and when Ne atoms intercalate.
Indeed, Ey(C 1s) downshifts towards 284.3 eV, a value close to
the one reported in the literature for graphene on Ni(111)
“decoupled” by CO intercalation at high pressure.>” Moreover,
at the largest Ne* dose (3.2 x 10'* Ne*/cm?), a Ne 1s signal is
visible at 863 eV as a shoulder of the Ni 2p*? peak, corre-
sponding to a concentration of ~4% with respect to C. Given
the surface density of Ni(111), for this ion dose each C atom has a
probability of ~9% of being hit by one Ne" ion during irradiation.
Assuming the defect creation probability given in ref. 19,
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Fig. 3 (A) XPS spectra of the C 1s line following ion bombardment and

prior to CO exposure. Inspection of the Ne 1s region after the highest
sputtering dose proves intercalation®® (see left inset; black/red spectrum
corresponds to pristine/defected G layer). The inset on the right shows the
O 1s signal after 400 L CO following zne+ = 2.1 x 10 Ne*/cm? (blue)
and after annealing to 450 K (red). (B) HREEL spectra recorded in-specular
and normalized to the elastic intensity, after exposing pristine and ion
bombarded G/Ni(111) to 400 L CO at RT.

we can thus estimate a population of single double vacancies of
~4.5/1.5% respectively. Such estimate is compatible with the
ratio of 5: 2 for the population of single and di-vacancies taking
into account an error of +0.5% on the relative coverage.

(2) CO binds at the defected G*/Ni(111) surface as witnessed
by the additional relevant energy losses. The relative intensity
of the CO stretch mode for molecules at bridge and on-top sites
depends on yne+ initially the two sites are equally populated
while with increasing sputtering dose the relative population
observed for bare Ni(111) is approached.

The low intensity of the CO-stretch modes is due to the low
concentration of vacancies in the G* layer and to the screening
of the modes by the latter. Comparing the measured intensity
of 1(CO) with the one reported for a coverage Oco = 0.5 ML
on Ni(111),** we estimate @co ~ 0.03 MLyj111) (1 MLyia11) =
1.86 x 10"® atoms per cm?) for jye+ = 2.1 x 10** Ne*. In accord
with this, XPS inspection shows only a very weak O 1s intensity
around 531 eV (see inset of Fig. 3A), while the C 1s signal of CO
expected around 286 eV>” is too small to emerge from the much
larger G-related component at 285 eV.>® From comparison
of the O 1s and C 1s intensities, we estimate a O/C ratio of
~2%, i.e. Oco ~ 0.04 MLyj(111), compatible with the coverage
estimated by HREELS.

In the HREELS spectra the ratio of the two CO stretch peaks
reflects the ratio of bridge/top sites for intercalated CO and
does not provide any direct information about the morphology
of the vacancy and different behaviours of single and double
vacancies with respect to CO adsorption. Given the small CO
coverage no conclusions could be derived from XPS either.

Although both estimates of defect density and of CO cover-
age may be affected by systematic errors, both the HREELS and
the XPS analysis agree that the amount of defects introduced by
ion bombardment in the G layer is only a few % of a ML. The
distortion of the layer around the vacancies affects several
neighbouring sites, causing a detectable shift of the C 1s peak.
This is coherent with the STM information, which shows a
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Fig. 4 (A) HREEL spectra recorded in-specular after annealing the CO
covered G* layer to different temperatures. (B) XPS spectra for pristine
G/Ni(111) (black), CO covered G*/Ni following 3.2 x 10* Ne* irradiation
(blue) and after annealing to 500 K (orange) and to 700 K (pink). (C) HREEL
spectra of: (black trace) G*/Ni(111) immediately after ion bombardment
(4ne+ = 2.8 x 10 Ne*/cm?). Notice that the broad loss around 150-172 meV
is present also before dosing CO; (light blue to red traces) the same layer
after subsequent cycles consisting of an exposure to 400 L at RT followed by
annealing to 380 K; (top orange and green traces) G*/Ni(111) obtained after
annealing freshly sputtered G/Ni(111) (yne+ = 3.2 x 10'* Ne*/cm?) to 500 K
without CO exposure and after exposing to 400 L CO at RT. The different
ratio of top and bridge CO depends on yne+-

modified density of states over an area significantly larger than
the one corresponding to the single vacancy.

Fig. 4A shows the effect of annealing the CO/G*/Ni(111)
sample. After flashing the sample above 400 K, all the CO-related
losses disappear, while the broad energy loss feature around
169 meV survives, confirming that it loss is due to the distortion
of C-C bonds in G*. The C 1s line remains unchanged up to
T'=500 K (Fig. 3B) and it up-shifts towards the value of pristine
G/Ni(111) when heating to 700 K. At the same 7, the vibrational
loss at 169 meV decreases in intensity. These observations
indicate that the G sheet attaches again to the Ni substrate,
although the initial state is not fully recovered: a shoulder at
Ep, = 283.4 eV is indeed present in the C 1s region and small
losses at 90 and 62 meV are also visible. The C 1s component at
283.4 eV corresponds to nickel carbide®” while the vibration
at 62 meV is compatible with its vertical stretch (reported at
50 meV for C/Ni(100)*° and at 59 meV for C/Ni(111) in presence
of Na*°).

For subsequent adsorption/annealing cycles (see Fig. 4C), a
decreasing amount of CO adsorbs in the second and third
uptake. In particular, on top sites are de-activated more rapidly
than bridge sites.

If we anneal the sputtered surface to 500 K without pre-
adsorbing CO, the vacancies remain reactive since thermal
healing of vacancies occur at a definitely higher temperature
(920 K according to Jacobson et al.*").

STM images of the annealed CO/G*/Ni(111) system (see Fig. 2C)
confirm a significant modification of the surface morphology.
Indeed, after annealing, the vacancies induced by sputtering are
no longer detected, while the surface presents extended corrugated
protrusions (in a quite disordered arrangement), the elongated
shape of the “scars” suggests that, most likely, they derive from
the healing of short line of single vacancies such as those
apparent in Fig. 2C.
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CO dissociation with reactive oxygen removal and healing of
the original vacancy by the residual C atom was predicted by
Wang and Pantelides for CO + NO reaction” and by Liu and Lee
for CO + CO° on free standing graphene. If this were the
relevant mechanism, then it should be active also for G* on
Cup,y, contrary to our experimental evidence. The theoretical
calculations performed for free standing graphene are thus
inadequate to describe the behaviour of supported graphene
even for weakly interacting substrate as Cu. Probably the
dangling bonds of the vacancies get saturated by binding to
the substrate'® which, therefore, plays an essential role in
determining the reactivity of vacancies and their possible
healing by chemical methods.

CO dissociation does not take place at regular bare Ni(111)
sites. However, by introducing defects on a G/Ni(111) system,
the ad-molecules are trapped between the metallic substrate
and the G layer. Since only traces of oxygen remain when
annealing to 450 K, it is reasonable that a Boudouard reaction,
catalyzed by Ni, has occurred:**3

2C0(ad) — C + COs(g)

We thus conclude that vacancies allow CO adsorption in presence
of a reactive substrate such as Ni. Intercalated CO molecules react
when the system is annealed above 380 K leading to carbide
formation, which can repair the vacancy and inhibit further CO
adsorption in subsequent exposures.

Since vacancies are active only in presence of a reactive
substrate and annealing does not restore the initial reactivity,
we also conclude that neither single nor double vacancies can
be the active sites responsible for the previously reported'® ™
sensing of CO. We suggest, therefore, that the effect must
be due to defects, which are rare for high quality G films.
Possible candidates could be Stone-Wales defects or edges of
the graphene domains, for which the heat of adsorption is
notoriously higher than at pristine G sites (thus explaining the
need for annealing to 150 °C to regenerate the sensor). No
healing of such defects upon CO adsorption can occur (thus
explaining the reversibility of detection upon annealing"® or
at high temperature'®). The small density of such sites for
G/Ni(111), as well as for G/Cupey, and their lower heat of
adsorption with respect to vacancy sites requires a relevant
CO partial pressure to gain a significant transient CO coverage.
This explains why no CO adsorption is observed under the UHV
conditions of our experiment: a partial pressure of 10~ ° mbar
corresponds indeed to a relative concentration of 0.001 ppm at
atmospheric pressure, i.e. to an expected equilibrium coverage
of CO three orders of magnitude lower than the sensitivity of
our spectroscopies.

Though negative, we believe that our results are of importance
in view of the possible use of graphene based materials for
applications in gas-sensing.

Furthermore, they can be extended and generalized to
other supported 2D systems, for which defects have already
been demonstrated to lower the barrier for dissociative
adsorption.>*™3”
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§ In the experiments reported in Fig. 1, no HREEL spectra of the
defected G* layer have been recorded immediately after sputtering
and prior to CO exposure. This was done to avoid unwanted CO
contamination from the residual vacuum during the time necessary
to record the HREEL spectrum.
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