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ABSTRACT:  

The chemical reactivity of single layers of supported graphene (G) is affected by the nature of the 

underlying substrate: in particular CO chemisorption occurs on G/Ni(111), while graphene on Cu 

is inert. Here, we demonstrate experimentally that doping of the G layer with nitrogen atoms 

further increases the reactivity of the G/Ni(111) system towards CO. The doped layer is obtained 

by sputtering pristine G/Ni(111) with N2
+ ions. For an ~11% dopant concentration, an additional 

electron energy loss at 238 meV appears in the HREEL spectra besides the loss around 256 meV 

present also on pristine G/Ni(111). The new feature corresponds to a CO species with a higher 
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desorption temperature and, consequently, a higher adsorption energy than the one forming on 

pristine G/Ni(111). At low coverage, the adsorption energy is estimated to be ~ 0.85 eV/molecule. 
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Introduction 

Though pristine graphene is expected to be chemically inert, its interaction with gas phase 

molecular species has been reported in literature [1,2] not only for highly reactive species, such as 

aryl radicals [3,4], halogenated compounds [5] and atomic hydrogen [6], but also for small, less 

reactive molecules such as water [7]. 

 Graphene (G) based sensors have been demonstrated to have sensitivities better than 1 part per 

million (ppm) for NO2 and NH3 [8,9], implying that these molecules adsorb, at least transiently, at 

the graphene surface. The physical effect at the basis of the sensing mechanism is the doping of 

the G layer induced by adsorption. The shift of the Dirac cone with respect to the Fermi energy 

and the related charge transfer modifies the density of carriers without significantly affecting their 

mobility, thus resulting in a modified conductivity. The magnitude of the effect and the n- or p-

type of doping depends on the nature of the molecule. H2O and NO2 act, e.g., as acceptors of 

electrons while NH3, CO and NO act as donors [8]. Due to the limited charge transfer between the 

molecule and the G-layer, the efficiency for CO detection is quite low. For G films and ribbons 

grown onto a Ni film supported on Si and then transferred onto a chip to test their sensitivity under 

practical conditions, the sensitive threshold came out to be 100 ppm of CO [10]. A twice as large 

value was achieved when operating the sensor at 573 K [10] but, since CO is toxic to human beings 

already in concentrations of 35 ppm, the current sensitivities are still insufficient for applications 

in safety issues [11]. More sensitive devices are thus required. 
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The achievable sensitivity depends ultimately on the adsorption energy of the target molecule at 

the surface of the active element. Such energy must be high enough to allow for an equilibrium 

coverage sufficient to produce a measurable signal but, possibly, low enough to allow operating 

the sensor at room temperature (RT). Theoretical calculations have estimated adsorption energies 

for simple molecules such as CO, NO, NO2, NH3 and H2O on free standing graphene between 14 

meV/molecule and 67 meV/molecule [12], i.e. values compatible with physisorption and in 

contrast with the observed high sensitivity reported for free-standing G-layer sensors at room 

temperature. Moreover, such sensors need to be annealed to 423 K to re-generate them after 

exposure to reactive gases [8], while the intrinsic response of graphene to ammonia drastically 

decreases after properly removing contaminants introduced during nanolithography [13]. This 

behaviour suggests the sensing effect to be related to some minority defect sites rather than to the 

pristine graphene layer [14] but, to the best of our knowledge, their identity is still unclear.  

The adsorption properties of G-layers may be influenced by several factors such as, e.g., intrinsic 

doping induced by the presence of a strongly interactive substrate. Indeed, we have recently shown 

that weak CO chemisorption occurs at regular G sites (witnessed by STM inspection) for 

G/Ni(111), while under identical conditions G grown on polycrystalline Cu samples is totally inert 

[15,16]. The chemisorptive nature of the interaction is demonstrated by the redshift of the CO 

stretch frequency with respect to its gas phase value, by the presence of a CO-surface stretch at 

~50 meV (close to the value observed for CO chemisorbed at other substrates) and by a desorption 

temperature Tdes>150 K. From Tdes, values of the heat of adsorption of ~0.58 eV/molecule and 

~0.35 eV/molecule were estimated in the low coverage limit and for CO= 0.33 monolayers (ML, 

referred to the Ni lattice sites), respectively. Such values are compatible with an equilibrium 
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coverage of 0.1 ML at RT under a pressure of the order of 10 mbar of CO [16], thus suggesting a 

possible active role of G/Ni when it is used to support catalytically active nanoparticles.  

As mentioned before, the role of defects is an important issue to be clarified in the investigation 

of the chemical activity of G-layers. Indeed, theoretical studies performed on free-standing 

graphene suggested a role of the low coordinated C atoms at isolated vacancy sites for CO and/or 

NO adsorption [17], while very little information is available for supported graphene layers [18–

20]. Predictions of theory for the role of vacancies [17] were not confirmed by on purpose 

experiments [15] since we have recently shown that single vacancies are not responsible for the 

sensing activity of graphene supported on metals. In fact, C atoms at the vacancy edges are 

passivated by back-folding towards the metallic substrate and by the binding to the substrate atoms 

[21]. CO adsorption occurs thus only by CO intercalation when the binding to the underlying metal 

is strong enough [15]. Vacancies can otherwise be reactive in presence of a buffer layer, which 

decouples G from the substrate and reduces the possibility of back-bonding [22]. 

Another important parameter to be considered when studying adsorption properties is the doping 

of the G-layer. An enhanced chemical activity was predicted by first principle theoretical 

calculations, e.g., for B-doped graphene interacting with NO2 and NH3 [17]. Theorists proposed 

moreover that, while graphene vacancies cannot selectively sense CO in air, N-doped graphene 

could be an excellent candidate for this purpose [23] since pyridinic-like N-doped sites can adsorb 

this molecule but are inert towards N2 and O2. Adsorption should be accompanied by a large charge 

transfer, which would in turn provide a detectable signal for CO sensing. The calculated heat of 

adsorption for CO on N-doped graphene is 3.43 eV, to be compared to the value of 0.17 eV for the 

pristine layer. Even higher adsorption energies have been predicted for Al doped graphene [24].  
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The increased reactivity induced by doping of the G-film has been proved experimentally, e.g., 

for NH3 in concentrations of 100 ppm at RT on P doped graphene [25]. More recently the key role 

of pyridinic N in the Oxygen Reduction Reaction has been demonstrated, too [26]. 

Depending on the doping site, different shifts of the graphene bands are expected: while 

pyridinic N would cause an upshift of the bottom of the  band, incorporation of N into the 

graphene lattice in substitutional sites (otherwise called graphitic N) would cause a shift in the 

opposite direction [27].  

Here, we present an experimental study performed under controlled ultra-high vacuum (UHV) 

conditions aimed at clarifying the effect of doping with N atoms on the reactivity towards CO 

adsorption of a G/Ni(111) layer. In addition to the chemisorption channel open also for pristine 

G/Ni(111) [16], the presence of N atom dopants causes the appearance of a novel chemisorbed CO 

species. The latter is characterized by a CO stretch frequency in the range expected for bidentate 

CO and by an adsorption energy close to ~0.85 eV/molecule at low coverage, i.e. significantly 

higher than for CO at pristine G/Ni(111) sites. 

 

Experimental section 

Experiments were performed in a UHV chamber equipped with a high resolution electron energy 

loss spectrometer (HREELS – Delta0.5 by SPECS) and by a conventional, non monochromatized 

X-ray source (DAR400 Omicron) and hemispherical analyser (EA125 Omicron) for X-ray 

Photoelectron spectroscopy (XPS).  

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

(1283 K) cycles. Graphene was grown in situ by the thermal dehydrogenation of ethene catalysed 

by the Ni surface at Tg=823 K, (P=5 10-6 mbar 660 seconds), as described in more detail [15,16,28]. 
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This procedure resulted in single-layer graphene domains up to a few tens of nm in size, as verified 

by LT-STM [16]. According to a recent XPS study, this protocol enables to obtain a high fraction 

of top-fcc graphene, which is the most reactive configuration for CO adsorption [28]. N-doping 

was introduced by bombarding the pristine G/Ni(111) single layer [29] with N2
+ ions with 110 eV 

energy (the lowest energy attainable with our ion gun) at normal incidence and RT. The ion dose 

was varied to control the doping level and it is set to ~10 15 ions/cm2 in the present experiment. 

The layer was eventually annealed to 550 K to reduce the amount of implanted nitrogen. Higher 

temperature annealing was not performed to avoid the possible depletion of pyridinic N, as 

reported for G/Ir(111) [30]. CO was dosed by backfilling the chamber with a doser close to the 

sample [15,16,28].  

The cleanliness of the Ni(111) substrate, the chemical nature of the graphene layer as well as the 

doping level were checked by XPS. Spectra were recorded using the Al K photon and the binding 

energy (EB) was calibrated on the metallic Ni 2p3/2 photoemission peak, which is located at 

EB=852.6 eV in absence of dissolved carbon [31]. In order to obtain quantitative information on 

the chemical composition, the spectra were fitted with an asymmetric Doniach-Sunjic line shape 

after subtracting a Shirley background. An asymmetry parameter α=0.08, intermediate between 

the one (0.1) typical of G/Ni(111) and the one found for G/Ni(111) after Au intercalation (0.061), 

was used [32]. Up to four components were necessary to reproduce the C1s line shape, while three 

components were employed to fit the N 1s region.   

CO adsorption was monitored by HREELS. Spectra were recorded in specular, at 62° incidence 

with respect to the surface normal and at primary electron energy E=5 eV to enhance the sensitivity 

to adsorbed species. Thanks to the high dynamical dipole moment, CO can be detected already at 
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very low surface coverage. The spectra are normalized to the inelastic background around 300 

meV.  

 

 RESULTS AND DISCUSSION 

Figure 1 shows the X-ray photoemission spectra of the C1s and N 1s regions recorded after 

growth of the G/Ni(111) layer (bottom spectra) and after doping it by N2
+ ion sputtering (top 

spectra). N2
+ ion bombardment and annealing to 550 K causes a significant modification of the C 

1s line with respect to the pristine graphene case: it broadens significantly and a shoulder develops 

at lower EB. While the pristine G/Ni(111) can be described by a single C1s component centered at 

284.7 eV, the N-doped layer clearly consists of different C species. Its line shape can be properly 

described only including additional components due to detached G (284.1 eV, ~28  %), to Ni2C 

(283.4 eV, ~13 %) and to C bonded to N (285.5 eV, ~16 %). The ratio between the number of C 

atoms bonded to N and the number of C atoms in graphene is 18 %. The N1s spectrum 

demonstrates that N atoms are present in different configurations, in agreement with literature 

[29,33]. Indeed, as summarized in table I, components with EB=397.1 eV, 398.3 eV, 400.5 eV are 

identified and assigned by comparison with literature to Ni nitride, to pyridinic N and to pyrrolic 

N. No intensity is found at EB≥400.6 eV, i.e. in the energy range suitable for graphitic N. We 

deduce therefore that this nitrogen species is absent or present in negligible concentration in our 

sample. While the assignment of the two features at lower EB is straightforward, the presence of 

pyrrolic N in higher concentration than graphitic N is at variance with the results of ref. [29], which 

reports a component at 400.7 eV ascribing it to graphitic N only. 

The concentration of the different N species, estimated by fitting the N1s spectra with the 

components shown in Figure 1, is summarized in Table II. By comparing the areas of the N1s and 
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C1s peaks weighted by the corresponding photoemission cross sections [34] and neglecting 

photoelectron diffraction and emission angle effects, it is possible to estimate a N/C ratio of 19 %. 

Excluding nitride, which is not part of the N-doped G layer, the sum of pyridinic, pyrrolic and 

graphitic nitrogen amounts to ~11 %, a value in fair agreement with the estimated concentration 

(~18 %) of C atoms in graphene bound to nitrogen obtained from the fit of the C1s line. The latter 

is expected to be 2:1 given that both nitrogen in pyridinic and in pyrrolic sites are bonded with two 

carbon atoms each. Such finding supports the conclusion that the fraction of graphitic N is 

negligible:  if a significant amount of graphitic N were present, the amount of C bonded to N 

should be even higher since in the substitutional configuration each N bonds to three C atoms. 

Eventually, the so-obtained N-doped graphene layers were exposed to 40 L CO at RT and at 87 

K. The corresponding HREEL spectra are shown in Figure 2, together with the spectrum recorded 

after exposing pristine G/Ni(111) to the same CO dose. No traces of adsorbed CO are observed 

after exposing the N-doped G/Ni(111) layer at RT, indicating that ion bombardment with 110 eV 

nitrogen ions does not open an adsorption channel at RT. This result is at variance with what we 

observed for CO adsorption at a Ne+ ions sputtered G/Ni(111) [15]. In that case, CO intercalation 

and chemisorption on the Ni(111) substrate occurs, yielding an intense loss at 237 meV and a 

weaker one at 253 meV, both stable at least up to 350 K [15]. The occurrence of intercalation close 

to the N site can thus be excluded and the absence of CO adsorption at RT also rules out the 

presence of bare Ni patches in the present experiment [35–37]. 

Upon exposure of the N-doped G/Ni(111) system at 87 K to 1 L of CO, a doublet at 237 and 256 

meV appears in the HREEL spectrum. Both losses can be ascribed to the internal stretch mode of 

CO molecules and thus indicate CO adsorption at two non-equivalent sites. Increasing the CO 

exposure to 40 L causes a negligible increase of the losses, indicating that a coverage close to 
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saturation is reached already at the lowest dose. CO adsorption is thus a non-activated process with 

a high sticking probability. The intensity of the CO stretch vibration at 256 meV is only 15 % 

lower than the corresponding one measured upon 40 L of CO exposure onto pristine G/Ni(111) 

(bottom spectrum in Figure 2), but it is red-shifted in energy by ~4 meV. It is therefore compatible 

with CO molecules in a mono-dentate configuration, i.e. in on-top position [38]. On the other hand, 

the weaker loss at ~238 meV, present only for the doped sample, is compatible with the internal 

stretch mode of doubly coordinated (i.e. bridge bonded) [38] CO. The additional broader losses 

around 48 meV and 97 meV are assigned to the CO-substrate stretch vibration and to water 

contamination, respectively. 

In order to estimate the adsorption energy of the observed CO moieties, the thermal evolution of 

the HREEL spectra was recorded while the sample warms up (Figure 3A). The heating rate is not 

constant because, since the use of a heater is not compatible with the simultaneous recording of 

sequential HREEL spectra, the sample was annealed by switching off the cooling system. The 256 

meV species starts to decrease immediately upon annealing, while the one at lower energy is stable 

up to 160 K and disappears below RT. Since both CO intercalated under G/Ni [15,36] and CO 

adsorbed on bare Ni(111) [35,36] desorb well above RT, we conclude that the observed losses 

correspond to CO admolecules at graphene sites.  

The frequency of the mono-dentate species (254-256 meV) is close to the one observed on 

pristine G/Ni(111) (260 meV [16]), so we assign it to CO adsorbed at bare graphene sites. The 

slight redshift with respect to the pristine G case is due either to a larger charge transfer, and thus 

a possibly slightly stronger chemisorption, or to a lower local coverage or to a combination of both 

effects. By comparing the intensity (normalized to the background) of the 256 meV peak with the 

one found for pristine G/Ni(111), we can roughly estimate the coverage of mono-dentate CO to be 
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~85 % of the one reported for the CO-saturated pristine sample. Since in that case a local coverage 

of 0.33 ML (in ML of Ni(111)) was estimated from analysis of STM images, here we can assume 

a maximum coverage of~0.28 ML for the 256 meV species. 

We assign the feature at 238 meV to CO adsorbed close to doped sites. From the intensity ratio 

between the two CO stretch peaks, which is initially between ¼ (Figure 2) and 1/3 (Figure 3), we 

deduce the coverage of the bidentate moiety to be ~0.10 ML, under the assumption that the 

dynamical dipole moments of the two species are comparable. The temperature dependence of the 

peak intensity (and hence of the coverage) of the two CO species is reported in Figure 3B together 

with simulations performed to estimate the CO desorption energy. Assuming an initial coverage 

of 0.10 ML and 0.28 ML for bi-dentate and mono-dentate species, respectively, and a pre-factor 

for desorption υdes = 1013 Hz, the desorption energy could be estimated applying the following rate 

equation: 

𝑑𝛩

𝑑𝑡
=  − 𝜐𝑑𝑒𝑠𝛩 𝑒

− 
 𝐸(𝛩)
𝑘𝑇(𝑡) 

in which T(t) is the time dependence of the sample temperature obtained by allowing the sample 

to warm up by switching off the cooling system, k is the Boltzmann constant and E(Θ) is the 

coverage dependent desorption energy. We mention that fitting the data with a coverage 

independent heat of adsorption was not possible. Therefore, in absence of calorimetric data for this 

system, we assumed a linear dependence of E with coverage to account for the presence of 

repulsive interactions between the adsorbates [39]: 

𝐸(Θ) = 𝐸(0) − 𝑎Θ 

Numeric integration of the related finite difference equation: 

𝛩(𝑡 + 𝛥𝑡) = 𝛩 (𝑡) −  𝜐𝑑𝑒𝑠𝛩(𝑡) 𝑒
− 

−
 𝐸(𝛩)
𝑘𝑇(𝑡)Δ𝑡 
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gave the curves reported in Figure 3B (continuous lines) with the fitting parameters shown in table 

III. We observe that the temperature dependence of the 256 meV species is described reasonably 

well by the same values of the heat of adsorption obtained for pristine G/Ni(111). We thus 

conclude that the reason for the slightly lower frequency is most likely the lower local coverage.  

On the contrary, the increase of the heat of adsorption for the bidentate CO molecules in 

proximity of a doped site is quite relevant. In the low coverage limit, it implies a lifetime of about 

180 s at RT, to be compared with 0.2 ms for non-doped graphene. Even if such values can be 

affected by systematic errors due to the choice of the pre-factor for desorption, the substantial 

stabilization of adsorbed CO induced by N doping is evident.  

The present study does not allow to determine which nitrogen species among those detected in the 

XPS spectrum of Figure1 are responsible for the stabilization of bidentate CO. However, nitride 

is ruled out since it is buried below graphene, so it is not part of the layer and it is expected to be 

a spectator. This conclusion is supported by the fact that the estimated coverage of bidentate CO 

(~0.10 ML) is close to the amount of N (11 %) included in the graphene layer (pyridinic and 

pyrrolic N). However, we cannot exclude that more than one CO molecule is stabilized by each 

dopant atom, implying then that only one N species may be active. Although additional 

experiments performed with different ratios of pyrrolic, pyridinic and, possibly, graphitic N 

species would be required to clarify this point, the identification of the active site with pyridinic 

and/or pyrrolic N is already evident. The possibility that the newly observed CO species is 

adsorbed at nickel carbide sites is ruled out because, in presence of Ni2C, adsorbed CO should 

desorb between 290 and 320 K [36]. Finally, to the best of our knowledge, there are no surface 

science studies of adsorption of CO on nickel nitride but, for the chemically similar reduced Ni2P, 
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CO desorbs above RT [40], at variance with observation in the present experiment. This suggests 

that also nickel nitride is not responsible for the observed CO species desorbing below RT.  

 

Conclusions 

We have shown by vibrational spectroscopy that, upon doping of a graphene monolayer 

supported on Ni(111) with N atoms, two chemisorbed CO species form. The dominant one, 

corresponding most likely to adsorption at non-doped sites, has a CO stretch frequency (256 meV) 

close to the one measured on a pristine G/Ni (111) sample (260 meV) and has the same desorption 

energy (0.54 eV/molecule in the zero coverage limit and 0.34 eV/molecule at 1/3 ML 

coverage[16]). The minority species, on the contrary, has a CO stretch frequency of 238 meV and 

a ~50% larger desorption energy. It is associated to CO admolecules sitting close to N-doped sites 

of pyridinic and/or pyrrolic nature. This work demonstrates that N doping enables stabilization of 

adsorbed CO at G/Ni(111), a result relevant for the graphene chemistry and for sensing 

applications. 
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FIGURE CAPTIONS 

Figure 1 C 1s (left) and N 1s (right) photoemission spectra recorded: (bottom spectra) after growth 

of the graphene film; (top spectra) after N-doping by N2
+ ion bombardment (ion dose of ~1015 

ions/cm2) and subsequent annealing to 550 K  

 

Figure 2. HREEL spectra showing CO adsorption at pristine G/Ni(111) (from ref. [16], bottom 

spectrum) and at N-doped G/Ni(111) for different T and CO dose, as discussed in the text. The 

data are normalized to the inelastic background around 300 meV.  

 

Figure 3. A: HREEL spectra recorded sequentially on the N-doped G/Ni(111) layer exposed to 40 

L of CO at T= 87 K while slowly warming up after switching off the cooling system. The 

temperature readings correspond to the average of T at the beginning and at the end of each 

spectrum. The N2
+ dose is ~1015 ions/cm2, yielding an N doping of ~11 % as estimated by XPS. 

B: Coverage of the two CO moieties (derived from the area of the CO-stretch peaks in HREELS) 

vs. crystal temperature. 
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NG/Ni(111) 

[33] 

NG/Ni(111) 

[29] 

NG/Ni(111) 

[27] 

HOPG 

[26] 

NG 

(from 

GO) 

[41] 

NG/Ni 

film 

[42] 

Present 

study 

Pyridinic 398.2-399.3 398.7 399 398.5 398.5 398.3 398.3 

Pyrrolic 400.1-400.5   400.1 400.1 400.5 400.5 

Graphitic  400.7 400.6 401.0 401.5  ___ 

Nickel 

nitride 
 397.3     397.1 

 

 

Table I N1s binding energy (in eV) of the different N species according to recent literature: for N 

doped (NG) G grown on Ni(111), for different kinds of HOPG, for NG obtained from graphene 

oxide (GO) and for NG on a Ni film and for the present results.  

 

 

Protocol Doping Nnitr/Ntot Npyr/Ntot Npyrr/Ntot Ng/Ntot 

N2
+ ion 

bombardment 

& flash to 550 K 

11 % 43 % 41 % 16 % ~ 0 %  

 

Table II Doping level (defined as: (Npyr+Ng +Npyrr)/ (Cg+ Npyr+Ng +Npyrr)) and fraction of the 

different kinds (substitutional: Ng, pyridinic: Npyr; pyrrolic: Npyrr and nitride: Nnitr) of N atoms as 

determined by XPS. It is apparent that 43 % of the total amount of N is in nitride form and is thus 
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not part of the G layer. We can estimate an uncertainty of ~ 2% on the concentration values 

reported in the table. 

 

 

 

 
E(𝛩=0) 

 (eV/molecule) 

E(𝛩 = 𝛩𝑖) 

(eV/molecule) 
𝛩𝑖 (ML)  

Monodentate CO 

(256 meV) 
0.54 0.34 0.28 

Bidentate CO 

(238 meV) 
0.85 0.50 0.10 

 

Table III. Desorption energy for the single and double coordinated CO moiety, as obtained by 

fitting the temperature dependence of the corresponding CO stretch intensity (see text). 
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