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Enhanced chemical reactivity of pristine graphene strongly 
interacting with a substrate: chemisorbed CO on graphene/Ni(111). 
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Abstract: Graphene is usually considered a chemically inert material. 

Theoretical studies of CO adsorption on free standing graphene 

predict indeed quite low adsorption energies (< 0.1 eV). However, we 

show here by Vibrational Spectroscopy and Scanning Tunnelling 

Microscopy that non dissociative chemisorption of CO occurs at cold, 

pristine graphene grown on Ni(111). The CO adlayer remains stable 

up to 125 K, while some coverage survives flashes to 225 K. This 

unexpected result is qualitatively explained by the modification of the 

density of states close to the Fermi energy induced by the relatively 

strong graphene-substrate interaction. The value of the adsorption 

energy allows to estimate an equilibrium coverage of the order of 0.1 

ML at 10 mbar pressure, thus paving the way to the use of graphene 

as a catalytically active support under realistic conditions. 

Although graphene (G) is generally considered a chemically inert 
material, pioneering work has recently demonstrated that it can 
be effectively used in gas sensing applications [1,2]

 while 
applications in chemistry have been envisaged, too.[3-5] The CO 

adsorption energy was estimated theoretically to be 0.11 eV [6], 
a value suggesting that physical forces dominate the interaction. 
Much larger values are expected at G defects, such as the border 
of nanoribbons.[7] In this case, values up to 1.3 eV, typical of 
chemisorption, may be appropriate. Unfortunately, defects lower 
the quality of the layer, so that finding other means for enhancing 
the chemical bonds would be of pivotal importance. For catalytic 
applications, the adsorption energy of the reactant(s) must be, 
moreover, high enough to reach significant equilibrium coverage 
under reactive conditions but low enough to limit the overall 
reaction barrier.  

It has been shown recently that the chemical reactivity of weakly 

interacting G on SiC can be modified by introducing mechanical 

strain in the layer [8]  and that the reactivity with 
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respect to covalent functionalization is enhanced in presence of 
large substrate induced electron-hole charge fluctuations for G on 

SiO2 and Al2O3.
[9-10]In both cases the adsorbed species was an 

aryl radical. Thanks to the use of such reactive species, even 
graphite has been chemically functionalised.[11]  Interaction of G 
with alogenated compounds [12] and with atomic hydrogen was 
also reported.[13] When using less reactive 
environments/adsorbates only physisorption was detected [14] at 
regular graphene sites.[15] 

 

Figure 1. HREEL spectra normalised to the elastic peak intensity after CO 

exposure. The spectra are recorded at the dosing temperature. Note the 

absence of CO related intensity when the sample is exposed at RT (bottom 

spectrum) and the CO related losses at 48 and 259 meV when the exposure is 

performed at 87 K (2nd and 3rd spectrum). The spectra are vertically displaced 

with respect to the bottom one for sake of clarity. The feature at 90 meV already 

present before dosing is assigned to the ZO phonon mode of graphene.[20] Such 

loss is excited by impact scattering being dipole-inactive. The loss at 62 meV is 

due to isolated carbon atoms adsorbed on Ni(111).[21] The feature around 97 

meV is associated to a slight water contamination. [22]The inset shows the XPS 

spectrum of the C1s region of the clean G film. 

We have thus investigated adsorption of CO, a simple molecule 
often used in model systems and having a bond dissociation 
energy significantly larger than the one of the CN bond in aryl 
diazonium salts. We show here that CO molecularly chemisorbs 
at regular sites on G in presence of a strongly interacting (and 
heavily n doped [16]) substrate such as Ni(111). The minimal lattice 
mismatch between G and Ni(111) ensures that curvature effects 
[8] are negligible. Moreover, the high substrate reactivity enables 
G production at relatively low surface temperature and at 
significantly lower pressure than needed for less reactive 
substrates such as Cu, thus allowing in situ growth under 
controlled ultra-high vacuum (UHV) conditions.[17]  
The outcome of X-Ray Photoemission Spectroscopy (XPS) 
analysis upon G growth is shown in the inset of Fig. 1. The binding 
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energy of the main peak (binding energy, Eb=285.1 eV) agrees 
with the previously reported value for a single graphene layer, 
while residual traces of Ni2C [18] contribute to the shoulder at lower 
Eb.  
Such layer was eventually exposed to 400 L of CO at room 
temperature, RT, (red) and after 0.5 L and 40 L of CO at T=87 K 
(black and blue, respectively) and investigated by High Resolution 
Electron Energy Loss Spectroscopy (HREELS), see Fig. 1. As 
expected no adsorption is detected in the first case, while already 
a 0.5 L CO dose at T=87 K produces evident losses at 259 meV 

(internal CO stretch frequency, (CO)) and at 48 meV (CO-
surface stretch).[19] Upon further exposure, the CO-related losses 
increase and the CO-stretch mode frequency upshifts by 1 meV 
due to dipole-dipole interaction.[19] 
We firstly note that the CO stretch frequency is lower than the 
value of ~265 meV appropriate for gas phase [23] and for 
physisorbed CO (e.g. on graphite [23] or Ag(111) [24]). Such lower 
value is indicative of weak CO chemisorption at on top sites.[19] 
The presence of a loss at 48 meV, which is suitable for the 
adsorbate-substrate stretch of chemisorbed CO on a light  
substrate [19] definitely proves our assignment. The possibility that 
adsorption occurs on residual bare Ni patches is ruled out by the 
absence of reactivity at room temperature (Fig. 1, bottom 
spectrum). Adsorption on Ni is indeed observed in the case of 
incomplete G/Ni(111) layers and occurs then also at RT (not 
shown), giving rise to two CO stretch losses at 229 (bridge) and 
250 (on top)  meV and to a metal-molecule stretch at 50 meV.[25]  

 
Figure 2. HREEL spectra showing the CO-substrate (left) and the (CO) stretch 

(right) regions recorded after flashing the CO covered layer to the indicated 
temperatures and cooling back to 87 K. The attainable signal to noise ratio is 
limited by the need to keep the integration time short in order to avoid CO re-
adsorption from the background.  
 

After annealing the layer to increasingly higher T, the HREEL 
spectra evolve as shown in Fig. 2. It is apparent that the CO 
stretch mode intensity is stable up to 125 K, it is halved after 
flashing to 175 K and disappears definitively above 200 K. The 
observed thermal stability is also in accord with weak 
chemisorption since physisorbed CO does desorb at significantly 
lower T (e.g. 55 K on Ag(111) [24]). 
 

 
 
Figure 3. Panel a) STM image of the clean G/Ni(111) surface. Image size: 11.3 
x 11.3 nm2, V=0.19 V, I=85 pA. The atomically resolved hexagonal lattice of the 
G layer is visible (see inset for an enlarged image; size: 10 Å x 8.5 Å, triangular 
unit cell marked). The brighter spots correspond to defects, as discussed in the 
text.  The high symmetry directions of the Ni(111) substrate are reported below 
the image. b) G/Ni(111) after exposure to 1 L of CO dosed at 90 K. Image size: 
11.3 x 11.3 nm2, V=0.02V, I=0.55 nA. CO rows are mainly aligned along the <-
211> direction. c) Larger overview of the same area reported in b), showing that 
the CO admolecules uniformly cover the whole graphene layer. Image size 21.2 
x 28.3 nm2. d) Line profile of one CO row cut along the red line marked in b), i.e. 
along the <-211> direction. 
 

 
Fig. 3 reports the outcome of the corresponding CO adsorption 
experiment monitored by Low Temperature Scanning Tunnelling 
Microscopy (LT-STM). Panel a) shows a typical area of Ni(111) 
covered with a monolayer of pristine G. The high symmetry 
directions are marked below the image and the inset shows an 
enlargement in which the triangular symmetry typical of top-fcc or 
top-hcp graphene ]16, 17] is evident. The Ni surface is not covered 
only by one type of G, since areas with top-bridge structure were 
also observed, as well as small regions in which Ni2C has formed. 
[26] The pristine surface shows a series of brighter spots forming 
sorts of irregular chains on the surface, which correspond most 
probably to Stone-Wales defects.[27] 
Being the defect site more reactive, their contamination by 
adsorption from the rest vacuum cannot be ruled out.  
After 1 L CO exposure at T= 90 K, the aspect of the surface 
changes dramatically (see Fig. 3b). Now it is fully covered by 
white dot features forming short chains mainly aligned along the 
 <-211> direction, see panel b. We identify them with CO 
molecules adsorbed at G domains. As evident from the large 
overview of panel c, CO is uniformly adsorbed on all the graphene 
film. The patches of Ni2C are, on the contrary, still bare being 
unreactive even at low T (image not shown). 
The average distance between CO molecules in the same row is 
~4.5 Å (see line scan in panel d). Although we are not able to 
determine the precise adsorption site of the molecule with respect 
to the graphene lattice underneath, this distance is well 
compatible with the adsorption of one CO molecule every second 
G unit cell. The packing in the perpendicular <01-1> direction is 
less regular. We observe, however, that the closest distance 
between adjacent CO rows is ~3.8 Å, which corresponds again to 
one CO unit every second G unit cell. We can therefore estimate 
a maximum local CO coverage of 1/6th of monolayer (ML) in ML 
of G (1/3 in ML of Ni(111)). The global coverage is of course 
smaller, due to the irregular packing of the rows and to the 
presence of clean Ni2C areas.   
 
The outcome of our combined vibrational spectroscopy and STM 
experiments allows thus to conclude that: 

a) CO chemisorbs molecularly on G/Ni(111) at 87 K with a 
nearly unitary sticking probability. 

b) The adlayer is stable up to 125 K and desorbs gradually 
above this T. 

c) CO adsorption takes place at pristine graphene areas, 
not just at defects or at domain boundaries.  
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Assuming a pre-factor for desorption of 1013 Hz [28-30] and using 
an Arrhenius like dependence for the desorption rate (see 
Supporting information), we estimate a desorption energy of 

0.35 eV/molecule at 1/3 ML coverage (in ML of Ni(111)) and of 

0.58 eV/molecule in the low coverage limit. Since no adsorption 
barrier is present, this estimate equals the adsorption energy. The 
higher value in the low coverage limit (evidenced by the residual 
coverage after flashing at and above 150 K) can be due either to 
adsorption at defect sites [31] or to repulsive interactions between 
admolecules at regular sites.[32]Whatever the reason, the value of 
0.35 eV/molecule is much higher than the one predicted for free-
standing graphene.[6] This allows to obtain a significant 
equilibrium coverage under realistic, catalytic conditions. Using a 
Langmuir isotherm, an equilibrium coverage of ~0.1 ML is 
attained at RT under a CO partial pressure of only 10 mbar.[33] 
Occurrence of CO chemisorption, albeit weak, is an unexpected 
results which can only be accounted for by the presence of a 
reactive substrate such as Ni(111) below the G layer. 
Photoemission measurements [34,35] show indeed that at the K 

point a substantial flattening of the  band occurs. Such strong 
perturbation of the ideal electronic structure of G is responsible 
for the opening of a gap [34] and for the partial disruption of the 
Dirac cone. Band bending implies clearly a high DOS below the 
Fermi energy. This feature mimics the d band intensity of 
transition metals close to the Fermi level and is suggested 
therefore to account for the enhanced reactivity of Ni supported 
graphene with respect to a free-standing G film, although it is not 
yet clear whether the observed increase in the adsorption energy 
can be accounted for by intrinsic n doping alone.[9]  
In conclusion we have demonstrated that Ni supported graphene 
enables CO chemisorption with relatively high adsorption 
energies, paving the way to its use in catalytic applications. The 
adsorption energy is thereby high enough to permit reaching an 
equilibrium coverage significantly higher than for un-supported 
graphene, but low enough to ensure that the removal of CO from 
graphene will not be the rate limiting step.[36]  
 

Experimental Section 

The Ni(111) crystal is cleaned by repeated sputtering (with 3 keV Ne ions) and 

annealing (T=1283 K) cycles. G is grown in situ, by thermal dehydrogenation of 

ethene catalysed by the Ni surface exposing the substrate at Tg=823 K for 660 

s. Such procedure produces single layer graphene domains up to a few tens of 

nm in size as verified by Low Temperature Scanning Tunnelling Microscopy (LT-

STM). The cleanliness of the surface and the chemical nature of the carbon 

layer are checked by X-ray Photoelectron Spectroscopy (XPS). CO is dosed by 

backfilling the chamber. High Resolution Electron Energy Loss Spectroscopy 

(HREELS) is used to monitor CO adsorption while LT-STM allows the 

morphological characterisation of clean and adsorbate-covered G layers. 

HREEL spectra were recorded in-specular, with incidence angle i=f= 62° with 

respect to the surface normal and with primary electron energy E= 4 eV. STM 

images were acquired in constant current mode, with typical tunnelling currents 

of 85 I600 pA and bias voltages (of the sample with respect to the tip) of -0.2 

V V  0.2 V.  
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