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Résumé 

Cette thè se rapporte des é tudes de la fonctionnalisation covalente des surfaces du groupe Pt, du graphè ne 

supporté  par un mé tal et du carbure de molybdè ne bidimensionnel (2D) à  l'aide de carbè nes. Des mesures 

de spectroscopie photoé lectronique à  rayons X (XPS) et de spectroscopie infrarouge d'absorption par 

ré flexion (RAIRS) ont é té  utilisé es pour explorer la liaison covalente entre les carbè nes N-hé té rocycliques 

(NHC) et Pt(111), Ru(0001), graphè ne (Gr) sur Pt(111), Gr sur des surfaces Ru(0001) et 2D-Mo2C. La 

formation, l'orientation de l'adsorption et la stabilité  thermique du NHC lié  à  la surface ont é té  é tudié es dans 

chaque cas. Le sel pré curseur utilisé  dans la plupart des expé riences é tait l'hydrogé nocarbonate de 1,3-

diisopropyl-6-(trifluoromé thyl)-1H-benzo[d]imidazol-3-ium. Un é tat à  plat et un é tat orienté  verticalement ont 

é té  observé s sur Pt(111) et Ru(0001) aprè s adsorption du pré curseur à  tempé rature ambiante. Le signal 

pour les é tats orienté s verticalement a é té  dé tecté  au-dessus de 600 K. Il a é té  constaté  que les groupes 

de bout d'aile isopropyle subissaient une rupture de liaison à  400-450 K sur Pt(111) et Ru(0001) avec 

ré tention du noyau du squelette NHC. L'adsorption du pré curseur sur Gr/Pt(111) et Gr/Ru(0001) a entraîné  

une fonctionnalisation covalente, formant un é tat NHC à  plat. Le NHC greffé  se forme proprement sur les 

deux systè mes, indiquant que le transfert d'é lectrons ré duit le sel pré curseur et que la couche de graphè ne 

protè ge é galement contre la dé composition du NHC. La stabilité  thermique du NHC greffé  est similaire à  

celle rapporté e pour les groupes aryle greffé s en utilisant la mé thode au diazonium. Les diffé rences 

observé es entre la stabilité  thermique du NHC greffé  sur les deux surfaces sont attribué es à  la formation 

d'une couche de graphè ne dopé  n sur Ru(0001) et d'une couche dopé e p sur Pt(111). La formation de NHC 

a é té  utilisé e pour sonder l'intercalation d'oxygè ne et la gravure induite par l'oxygè ne de la couche de 

graphè ne sur Ru (0001). L'intercalation d'oxygè ne s'est avé ré e transformer le systè me Gr/Ru(0001) en un 

systè me dé montrant les mê mes proprié té s d'adsorption que pour Gr/Pt(111). Une sé rie de mesures a é té  

effectué e sur 2D-Mo2C sur des é chantillons de cuivre qui ont é té  pré paré s par une mé thode de dé pô t 

chimique en phase vapeur (CVD). Des protocoles pour nettoyer les é chantillons 2D-Mo2C/Cu en é liminant 

l'excè s de carbone ont é té  exploré s, en se concentrant sur le traitement à  l'hydrogè ne atomique et la 

pulvé risation ionique O/Ar. Le traitement à  l'hydrogè ne atomique a é té  efficace pour ré duire la contamination 

par le carbone, mais un excè s de carbone est resté  aprè s le traitement. La pulvé risation ionique O/Ar a é té  

efficace pour é liminer l'excè s de carbone. Un recuit supplé mentaire à  haute tempé rature (1100 K) aprè s les 

deux traitements a fortement réduit la teneur en oxygène. En raison des fortes propriétés de donneur σ des 

ligands NHC, les NHC peuvent se lier faiblement au carbone de surface aprè s un traitement à  l'hydrogè ne 

atomique. En revanche, le NHC a pu former une forte interaction avec 2D-Mo2C/Cu à  300 K aprè s un 

traitement de pulvé risation ionique O/Ar. L'interaction du pré curseur NHC avec des é chantillons pulvé risé s 

Ar/O2 a produit de faibles signaux NHC compatibles avec une dé composition molé culaire é tendue sur la 

surface ré active. Des expé riences supplé mentaires ont é té  ré alisé es pour explorer l'utilisation de la scission 

de liaison carbonyle dans le benzaldé hyde portant un substituant CF3 aux positions mé ta (3-CF3) ou para 
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(4-CF3) pour pré parer des groupes carbè ne sur 2D-Mo2C. Des expé riences utilisant du 3-CF3-benzaldé hyde 

et du 4-CF3-benzaldé hyde indiquent que cette mé thode, produisant des alkylidè nes de surface, est plus 

prometteuse que la mé thode NHC. Le 3-CF3-benzaldé hyde et le 4-CF3-benzaldé hyde ont é té  dé soxygé né s 

sur 2D-Mo2C/Cu à  250 K, ce qui a donné  du styrylidè ne et de l'O co-adsorbé s dans les deux cas.  
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Abstract 

This thesis reports studies of the covalent functionalization of Pt-group surfaces, metal-supported graphene 

and two-dimensional (2D) molybdenum carbide using carbenes. X-ray photoelectron spectroscopy (XPS) 

and reflection absorption infrared spectroscopy (RAIRS) measurements were used to explore covalent 

bonding between N-heterocyclic carbenes (NHCs) and Pt(111), Ru(0001), graphene (Gr) on Pt(111), Gr on 

Ru(0001) and 2D-Mo2C surfaces. The formation, adsorption orientation and thermal stability of the surface-

bound NHC was investigated in each case. The precursor salt used in most of the experiments was 1,3-

diisopropyl-6-(trifluoromethyl)-1H-benzo[d]imidazol-3-ium hydrogen carbonate. Both a flat-lying and a 

vertically oriented state were observed on Pt(111) and Ru(0001) following adsorption of the precursor at 

room temperature. Signal for the vertically oriented states was detected to above 600 K. The isopropyl 

wingtip groups were found to undergo bond breaking at 400-450 K on both Pt(111) and Ru(0001) with 

retention of the NHC backbone core. Adsorption of the precursor on Gr/Pt(111) and Gr/Ru(0001) resulted 

on covalent functionalization, forming a flat-lying NHC state. The grafted NHC is formed cleanly on both 

systems, indicating that electron transfer reduces the precursor salt and that the graphene layer also 

protects against decomposition of the NHC. The thermal stability of the grafted NHC is similar to that 

reported for grafted aryl groups using the diazonium method. Observed differences between the thermal 

stability of the grafted NHC on the two surfaces are attributed to the formation of an n-doped graphene layer 

on Ru(0001) and a p-doped layer on Pt(111). NHC formation was used to probe oxygen intercalation and 

oxygen induced etching of the graphene layer on Ru(0001). Oxygen intercalation was found to transform 

the Gr/Ru(0001) system to one demonstrating the same adsorption properties as for Gr/Pt(111). A series of 

measurements was carried out on 2D-Mo2C on copper samples that were prepared by a chemical vapor 

deposition (CVD) method. Protocols to clean the 2D-Mo2C/Cu samples by removing excess carbon were 

explored, focusing on atomic hydrogen treatment and O/Ar ion sputtering. Atomic hydrogen treatment was 

effective to reduce carbon contamination, but excess carbon still remained after the treatment. O/Ar ion 

sputtering was effective to remove the excess carbon. Additional high temperature annealing (1100 K) after 

the two treatments greatly reduced the oxygen content. Due to the strong σ-donor properties of NHC ligands, 

NHCs can weakly bond with surface carbon after atomic hydrogen treatment. In contrast, the NHC was able 

to form a strong interaction with 2D-Mo2C/Cu at 300 K after O/Ar ion sputtering treatment. The interaction 

of the NHC precursor with Ar/O2 sputtered samples produced weak NHC signals consistent with extensive 

molecular decomposition on the reactive surface. Additional experiments were performed to explore the use 

carbonyl bond scission in benzaldehyde bearing a CF3 substituent at the meta (3-CF3) or para (4-CF3) 

positions to prepare carbene groups on 2D-Mo2C. Experiments using 3-CF3-benzaldehyde and 4-CF3-

benzaldehyde indicate that this method, producing surface alkylidenes, is more promising than the NHC 

method. 3-CF3-benzaldehyde and 4-CF3-benzaldehyde were deoxygenated on 2D-Mo2C/Cu at 250 K, 

resulting in co-adsorbed styrylidene and O in both cases.  
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General Introduction 

Molecular Functionalization of Surfaces and 2D Materials 

The properties of 2D materials and the surfaces of bulk materials can be tuned by the adsorption of 

molecules. This thesis describes experiments on the covalent functionalization of Pt(111) and Ru(0001) 

surfaces, with graphene (Gr), and of 2D-Mo2C. The functionalization method explored is vapor-phase 

exposure to a benzimidazolium hydrogen carbonate salt so as to form N-heterocyclic carbene surface 

ligands (NHCs). In addition, a method to form alkylidene ligands on 2D-Mo2C was explored.     

N-Heterocyclic Carbenes (NHCs) on Metal Surfaces 

NHCs are among the most common ligands in homogeneous transition-metal chemistry. They have also 

found widespread use as surface ligands on metal nanoparticles. More recently, there are many 

investigations of the formation and properties of NHCs on extended metal surfaces. In this context, Figure 

1, taken from a review by Glorius et al. 1, reproduces a timeline of the development of the field, with 

emphasis on recent surface studies of NHCs. The intense study of the surface science of NHCs began 

following pioneering work by Johnson et al 2. and by Crudden and co-workers 3. The general motivation 

for the early work was to explore if NHCs could perform better than thiols as surface ligands. Results 

reported by Crudden, Horton et al. 3 showed clearly that NHCs form surface layers on gold that display 

greater thermal and chemical stability than thiol layers. 

 

Figure 1 Timeline from the discovery of NHCs to the recent work on their adsorption on solid surfaces. 

Reproduced with permission from Ref. 1, copyright 2021 Springer Nature Limited. 

 

The remarkable utility of NHCs stems from three notable properties. First, NHCs are called persistent 

carbenes because they are markedly more stable than other types of carbenes. The stability arises from 

electronic interactions (Figure 2a) between the nitrogen atoms and the carbenic carbon, combining a 

negative inductive effect (σ-withdrawal) and a positive mesomeric effect (π-donation), resulting in a 

stabilization of the singlet state 4. Second, they are σ-donor, nucleophilic, ligands that form strong single 
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bonds to metals 5. Third, as illustrated in Figure 2b, the R wingtip groups provides steric hindrance, again 

enhancing their stability. Their stability makes NHCs relatively easy to store and handle. NHCs can be 

used to modify both electronic and steric properties of metal centers. Figure 2c shows one of the two 

NHCs used in this study. 

 

Figure 2 (a) Electronic structure of imidazole-2-ylidenes. σ-withdrawing and π-donating interactions with 

the heteroatoms contribute to stabilizing the singlet carbene. Reproduced with permission from Ref. 4, 

copyright 2014 Springer Nature Limited. (b) Steric hindrance due to the wingtip groups (R). The percent 

buried volume (% Vbur) is the percentage of a sphere around the metal atom that is occupied by the 

rotating R groups. Reproduced with permission from Ref 5, copyright 2017 The Royal Society of Chemistry. 

(c) Structure of the CF3-diisopropylbenzimidazolium NHC used in this work. 

 

Figure 3 presents a summary, reproduced from the 2021 review by Glorius et al. of some methods, 

insights and concepts associated with the formation of NHC ligands on gold surfaces 1. Surface ligands 

are formed by exposing the surface to an NHC precursor (Figure 3a), typically a CO2 adduct or a 

hydrogen carbonate salt. The present project employed hydrogen carbonate salt precursors. The 

precursor for the NHC shown in Figure 2c is 1,3-diisopropyl-6-(trifluoromethyl)-1H-benzo[d]imidazol-3-

ium hydrogen carbonate. The structures formed by NHCs on gold are complex at an atomic level. The 

different structures shown in Figure 3b include a vertical (upright) geometry on an atomically flat surface, 

a tilted geometry and structures formed to gold adatoms. One of the latter structures is a dimer in which 

the gold adatom separates the two NHCs, both of which are lying down on the surface. 
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Figure 3 Summary of (a) methods for forming NHCs on gold surfaces and (b) various adsorption 

geometries that may be formed. Reproduced with permission from Ref. 1, copyright 2021 Springer Nature 

Limited. 

 

The first study of NHCs on a gold surface was reported by Siemeling and co-workers in 2011 6. Based on 

near edge X-ray absorption fine structure (NEXAFS) measurements, they determined that the NHC 

ligands were tilted by 30°  ±  6°  to the surface normal. Johnson and co-workers reported the first detailed 

experimental and theoretical study of the formation of NHC layers on Au surfaces in 2013 2. They found 

the length of the N,N-dialkyl NHC-Au bond to be 1.98 Å , significantly shorter than a thiol-Au bond. The 

calculated NHC-Au bond dissociation energy was 67 kcal/mol, which is much higher than the value for a 

typical S-Au bond (45 kcal/mol) 7. They measured the amount of deposited NHC and demonstrated 

polymer growth from Grubbs catalyst initiators bound to the addressable NHC. In 2014, Crudden and co-

workers proved that NHC-Au(111) ligands display greater heat resistance and chemical resistance than 

thiol-based self-assembled monolayers (SAMs) on Au(111) 3. In a pioneering set of experiments, they 

demonstrated that NHC-Au(111) ligands are stable under boiling tetrahydrofuran (THF), boiling water and 

even in a 1 % H2O2 environment 3. It was an important landmark for NHCs to emerge as alternatives to 

thiol-based SAMs (self-assembled monolayers) on gold surfaces. Before this discovery the formation of 

SAMs of thiolate ligands was the dominant method to functionalize metal surfaces 8–12. 

Much more work is required to define the properties of NHC layers on metal surfaces. An example of the 

complexity of the interaction with gold surfaces is given by an important study by Fuchs’ group 13. They 

found that the strong NHC-Au bond energy enables the movement of NHC-Au, Au(NHC)2, even Au(NHC)3 

adatom complexes on Au(111). That is, NHC molecules pull out a gold atom from the surface, or capture 

a diffusing gold atom to form adatom complexes which move together on the Au(111) surface. The authors 

called this phenomenon ballbot-type motion. The structures formed by NHCs on gold depend on the N,N-
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substituents. Fuchs et al. found that 1,3-dibutylimidazol-2-ylidene formed a flat-lying NHC-Au-NHC 

structure attributed to effect of van der Waals interactions of the long chain alkyls with the surface 14. In 

contrast, steric hindrance effects of bulky isopropyl N-substituents, caused 1,2-di-isopropylimidazol-2-

ylidene to form a vertical adatom-NHC structure. Crudden et al. studied NHCs formed on Cu(111) and 

Au(111) by exposure to benzimidazolium hydrogen carbonates bearing methyl, ethyl or isopropyl wingtip 

groups 15. They found that ethyl and methyl substituted NHCs formed flat-lying NHC-adatom-NHC 

structures on both surfaces. The di-isopropyl substituted NHC formed a vertical (upright) structure on both 

surfaces. The latter NHC desorbed cleanly from Cu(111) at approximately 570 K. In contrast, the flat-lying 

structures (methyl and ethyl substituents) underwent, in competition, both decomposition and desorption. 

There are few articles reported for NHC adsorption on surfaces other than Au, Cu and Ag (the coinage 

metals). Gross and co-workers used infrared nano-spectroscopy based on synchrotron radiation to detect 

oxidation and reduction processes of functional groups on the wingtips of NHCs on supported Pt 

nanoparticles (NPs) 16,17. They found that low coordination metal sites (such as edges sites of Pt NPs) 

are more active than high coordination sites (such as center sites)16. In a preliminary part of the present 

study, our group published an reflectance absorbance infrared spectroscopy (RAIRS) study of the 

interaction of 1,2-di-isopropylbenzimidazolium hydrogen carbonate with Pt(111). The precursor converted 

into an upright NHC on the surface. The isopropyl groups were found to undergo bond breaking at ~435 

K but the NHC skeleton remained stable until ~515 K 18.  

Graphene on Pt(111) and Ru(0001) 

Graphene (Gr) can be created by chemical vapor deposition (CVD) on the surface of transition metal 

substrates. In this method, the hot metal is exposed to a hydrocarbon such as methane or ethylene. The 

clean metal catalyzes dehydrogenation of the carbon source. The resulting adsorbed hydrogen atoms 

combine and desorb as H2 leaving carbon on the surface. Surface diffusion of carbon results in the 

nucleation and growth of supported graphene. Figure 4 shows a proposed sequence of steps in the 

growth of Gr/Pt(111) from exposure to ethylene 19. 
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Figure 4 Schematic illustration of the transformation of adsorbed ethylene on Pt(111) to graphene. 

Reproduced with permission from Ref. 19, copyright 2017 American Chemical Society. 

 

Of great significance for our studies, the properties of the graphene layer depend on the substrate.  

Gr/metal systems are often divided into two general categories (Figure 5a) in relation to the strength of 

the graphene-metal interaction 20. Ru 21,22, Ni 23, Re 24, Co 25, Rh 26, Pd 27 surfaces display a strong 

interaction with Gr, while Pt 28, Ir 29, Cu 30, Ag 31 surfaces display a weak interaction. Thus, by studying 

Gr/Pt(111) and Gr/Ru(0001) we investigate two very different systems. The strength of interaction 

between graphene and the metal substrate correlates with the electronic structure of the metal (Figure 

5a), as expressed by the energy difference between the Fermi level of the metal and the center of the d-

band (the average energy of d-states) 32. 

 

Figure 5 (a) The C-metal distance and strength of interaction as a function of the average energy of the 

valence band d-states of the metal. Reproduced with permission from Ref. 32, copyright 2014 The Royal 

Society of Chemistry. (b) Categories of graphene-metal interactions classified in terms of the C-metal 

distance. Reproduced with permission from Ref. 33, copyright 2017 The Royal Society of Chemistry. 
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The lattice constants of graphene and the Pt(111) and Ru(0001) surfaces are 2.46, 2.77 and 2.71 Å , 

respectively. The 9% lattice mismatch between graphene and the Ru(0001) surface results in a Moiré  

pattern with a periodicity of 2.95 nm 34. As shown in Figure 6, the Moiré  superstructure is formed by 25 x 

25 graphene hexagons on 25 x 25 unit cells of the metal surface. It can be seen from Figure 6a that the 

position of carbon relative to atoms in the first (A-layer) and second (B-layer) varies continuously across 

the superstructure. As a result, the chemical interaction and the C-Ru distance also varies, forming hill 

and valley (flat) regions (Figure 6b).  

An atomistic description of different regions of the superstructure is given in Figure 6c in terms of a top-

view of four different adsorption sites for graphene hexagons 33. Considering a given side of the hexagon, 

the site indicated in blue places one carbon atom over a Ru atom in the second layer and one over the 

third layer where there is no Ru atom. None of the carbon atoms in the hexagon are over the Ru atom in 

the first (surface) layer. This adsorption site is called the atop site. The site indicated in green places one 

carbon atom over a first layer Ru atom and the second over the third layer where there is no Ru atom. 

This is called the fcc site. The site indicated in purple places one carbon atom over a first layer Ru atom 

and the second over a second layer Ru atom. This is called the hcp site. The fourth site, indicated in black, 

is called the bridge site. These sites are illustrated in Figure 6d using a side-view and indicating the 

approximate corresponding Ru-C distances 35. The specific distances are 2.2 and 3.7 Å . It can be seen 

that the atop sites give rise to the hill regions. Returning to Figure 6a, the red, green and blue circles 

show, respectively, atop, fcc and hcp regions of the Moiré  superstructure 36.  

 

Figure 6 DFT-optimized model (a) of the Moiré  superstructure formed by graphene on Ru(0001) and (b) 

map of carbon height within the structure. Reproduced by permission from Ref. 36, copyright 2010 IOP 
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Publishing Ltd and Deutsche Physikalische Gesellschaft. (c) Well-defined adsorption sites for graphene 

hexagons on Ru(0001). Reproduced with permission from Ref. 33, copyright 2017 The Royal Society of 

Chemistry. (d) Side-view of the four adsorption sites shown in (c). Reproduced with permission from Ref. 

35, copyright 2020 American Physical Society. 

 

Graphene forms a single carpet-like domain on Ru(0001) surfaces 37. The periodic variation of the Ru-C 

interaction is clearly seen in STM (scanning tunneling microscopy) images. For example, the dashed 

triangle in Figure 7b indicates a region presenting graphene on fcc sites while the very bright protrusions 

arise from graphene at atop sites 37.  

 

Figure 7 (a) (25 x 25)C/(23 x 23)Ru Moiré  superstructure. (b) STM image showing the periodicity of the 

superstructure. Reproduced with permission from Ref 37, copyright 2015 American Chemical Society. 
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As summarized in Figure 8a-c, model calculations show that electron redistribution from the metal to 

graphene occurs in the fcc and hcp regions of the superstructure, where C-Ru bonds are formed and 

graphene is close to the surface. Graphene on Ru(0001) is n-doped 38. Furthermore, as shown in Figure 

8d, the strong chemical interaction with the surface in the fcc and hcp regions leads to a significant 

lengthening of the C-C bonds 39. Thus, the sp2 network and corresponding electronic structure of 

graphene is significantly perturbed on Ru(0001). 

 

Figure 8 Model structures of (a) hcp, (b) fcc and (c) atop configurations of graphene on Ru(0001) and, 

underneath, their corresponding side views of charge density. Reproduced with permission form Ref 38, 

copyright 2019 The Royal Society of Chemistry. (d) DFT-calculated CC bond lengths as a function of their 

height in the Moiré  superstructure. Reproduced with permission from Ref. 39, copyright 2013 American 

Physical Society. 

 

Graphene can be decoupled from Ru(0001) through intercalation of atomic oxygen, formed through the 

dissociative adsorption of O2, between graphene and the metal 40. The process is illustrated in Figure 9. 

The decoupled layer is strongly p-doped with the Fermi energy (referenced to Evac) rising to 800 meV 

higher than the Dirac point as the oxygen surface coverage is increased 40. Thus, oxygen intercalation 

transforms graphene on Ru(0001) from an n-doped to a p-doped material. 
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Figure 9 Top panels: Schematic illustration of oxygen intercalation between graphene and Ru(0001).  

Bottom panels: LEEM (low-energy electron microscopy) data for oxygen intercalation under a graphene 

island on Ru(0001). The features in the Gr/O/Ru(0001) layer are wrinkles. Reproduced with permission 

from Ref. 40, copyright 2013 American Chemical Society. 

 

Figure 10 shows a simplified diagram of the band structure of pristine, n-doped and p-doped graphene. 

In pristine graphene, the π-orbital derived valence band is full and the π*-orbital derived conduction band 

is empty. The Fermi level (EF) is thus the highest energy in the valence band. Its value is defined with 

respect to the energy of an electron (Evac) just outside the material. The Dirac point is the energy at which 

the spherical cones describing the density of states (DOS) of the valence and conduction bands meet. 

Hence, for pristine graphene, the Dirac point is at the Fermi level.  

Graphene forms a quasi-freestanding layer (Figure 5b) on Pt(111) where the interaction with the surface 

is through van der Waals forces. As a result, it displays the Dirac cone band structure characteristic of 

pristine graphene. However, equilibration of the Fermi levels of graphene and Pt leads to electron transfer 

from graphene to the metal. Because the DOS close to the Dirac point is very low, electron transfer causes 

a strong shift in the Fermi level making graphene on Pt(111) strongly p-doped.   
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Figure 10 Simplified illustration of the valence band structure of pristine graphene and of electron transfer 

to (p-doping) or from (n-doping) a substrate. Reproduced with permission from Ref. 41, copyright 2017 

Elsevier B.V. The band structure is drawn to indicate spherical cones that meet at the Dirac point. The 

filled density of states (red) and unoccupied density of states (blue) are separated at the Fermi level (EF).  

The Fermi energy is given relative to the vacuum level (Evac). The electronic structure of graphene on 

Pt(111) retains its Dirac cone structure as it is a quasi-freestanding layer. However, it is p-doped through 

equilibration with the metal. Graphene on Ru(0001) loses its Dirac cone structure because of strong C-

Ru rehybridization. The chemical bonding interaction causes the layer to be n-doped. Oxygen 

intercalation to form Gr/O/Ru(0001) decouples the layer, restoring its Dirac cone electronic structure and 

making it p-doped. 

 

Wrinkle formation is an important phenomenon in graphene systems 42. As shown in Figure 11, wrinkle 

formation occurs on cooling down following the CVD growth of graphene on Pt(111) at high temperatures, 

as a result of the different thermal expansion coefficients of graphene and Pt. Note, from Figure 9, that 

wrinkle formation also occurs following oxygen intercalation between graphene and Ru(0001) 42. In 

contrast to graphene on Ru(0001), the overall graphene monolayer on Pt(111) is formed from different 

rotational domains. 
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Figure 11 (a-f) LEEM data showing wrinkle formation as Gr/Pt(111) cooling down following CVD 

deposition, then heating up at different temperatures. (a) 665.8 °C; (b) 345.0 °C; (c) 130.8 °C; (d) 36.5 °C; 

(e) 601.9 °C; (f) 747.6 °C. (g) Density of wrinkles at different heating and cooling temperatures. 

Reproduced with permission from Ref. 42, copyright the Owner Societies 2013. 



12 

 

The literature experimental data shown in Figure 9 and Figure 11 were acquired using the low-energy 

electron microscopy (LEEM) technique 40,42. LEEM is a powerful technique to image graphene growth, 

oxidation, etching and wrinkle formation 40,42–44. The technique uses the reflection of low energy electrons 

(1-100 eV) to produce images of surface layers. The contrast in the images is sensitive to valence electron 

structure and hence to the chemical composition of the surface 45. In our studies, we consulted LEEM 

data from the literature as a guide to define graphene layer growth on Pt(111) and Ru(0001) 

Covalent Modification of Graphene 

Chemical modification of graphene by grafting organic groups may be used to modify its intrinsic 

properties or to introduce new functions for applications in many areas, such as in electronics, 

photocatalysis 46, sensing 47 and gas storage 48. Non-covalent functionalization has the advantage of not 

damaging the sp2 hybridization of Gr but it normally provides low thermal stability especially when small 

molecules are used 49–55. Covalent modification is more robust but it also more challenging because 

graphene is a relatively inert material 56,57. Hence, several reactions involving highly reactive species, 

such as the aryne 58, nitrene 59, Diels-Alder 60, carbene 61 and diazonium 62,63 methods, were developed 

to modify graphene. Among these approaches, the diazonium method (Figure 12) is the most efficient 

and commonly used. The method forms an aryl radical either through electrochemical activation (electron 

transfer to the electrophile diazonium salt) or through spontaneous electron transfer from graphene. 

Electrochemical activation is used in order to functionalize the basal plane of graphene (Figure 13). 

Spontaneous activation may be sufficient to functionalize the more reactive edge sites of graphene. 

 

Figure 12 Method using diazonium salts to create covalent aryl-C bonds with graphene. Diazonium salts, 

where X- is the counterion, are generated from anilines and electrochemical activation (EC) is normally 

used to generate the aryl radical 63. 
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Figure 13. Calculated structures of aryl groups on the (a) basal plane and at (b-c) edge sites of graphene. 

Reproduced with permission from Ref. 64, copyright 2016 American Chemical Society. 

 

There is continued research into methods to graft organic groups to graphene because the conventional 

diazonium method has some drawbacks. For example, diazonium salts are generally unstable under 

ambient conditions and the grafting process may be accompanied by unwanted side-reactions either in 

solution or with the grafted groups. In this thesis, I describe an investigation of the functionalization of 

graphene using an NHC. To the best of my knowledge, there is only one publication in the literature on 

the functionalization of graphene using the NHC approach. Yoon et al. used a pyrenyl-substituted 

diisopropylbenzimidazium NHC 65 (the same structure as the NHC shown in Figure 2c but with a pyrene 

substituent in the place of the CF3 substituent that we use). They concluded that covalent modification 

occurs at edge sites and that, surprisingly, the interaction involves a π-backdonation component in 

addition to the electron-donation associated with NHC bonding. 

In this work, RAIRS is used to detect the adsorbed NHC on graphene using CF3 as a reporter group. The 

CF3 substituent is characterized by three intense vibrational bands, making it easy to detect the presence 

of surface NHC. Furthermore, an analysis of the relative intensities of the three bands enables a 

determination of the adsorption geometry of the NHC. 

Two-Dimensional Transition Metal Carbides 

The last Chapter of the thesis describes exploratory measurements on the reactivity and functionalization 

of 2D-Mo2C/Cu samples. These samples are composed of ultrathin molybdenum carbide crystallites on 

a planar copper support. Their study is related to the current intense research activity on MXenes 66.  
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Figure 14 Acid etching of a layered parent Mo2Ga2C phase to produce 2D-Mo2C-Tx flakes. Reproduced 

with permission from Ref. 67, copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

MXenes are produced by etching the A element (typically Al, Ga or Si) out of layered MAX materials 

where M is an early transition metal and X is carbon or nitrogen. Figure 14 illustrates the synthesis of 2D-

Mo2C-Tx flakes from a Mo2Ga2C parent phase 67. The etching process results in a mixture of surface 

termination groups (Tx), typically O, OH and F. Since the MXenes are only a few atoms thick the surface 

terminations have a major impact on their properties. Since their discovery in 2011, MXenes been shown 

to display remarkably strong performances in many applications ranging from catalysis to electromagnetic 

shielding. Their broad utility derives from a blend of properties including 2D (flake) topology, metallic 

conductivity, ceramic-like mechanical properties, and a chemical composition which gives them both 

catalytic activity and hydrophilicity 66. 
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Figure 15 (a) CVD growth of 2D-Mo2C crystallites at the surface of molten copper. These 2D-materials 

can be considered as bare MXenes since they do not have Tx groups resulting from an acid etching step. 

Reproduced with permission from Ref 68, copyright 2019 Elsevier Ltd. (b) A proposed mechanism 

molybdenum carbide growth at the surface of copper. This illustration also shows the formation of a 

graphene layer on the crystallites. Reproduced with permission from Ref 69, copyright 2019 IOP Publishing 

Ltd. 
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Figure 16 Illustration of the growth of 2D-Mo2C and of a vertical 2D-Mo2C/graphene/Cu heterostructure. 

Reproduced with permission from Ref 70, copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

 

Our 2D molybdenum carbide samples were prepared by the group of Professor Ren (Shenyang National 

Laboratory for Material Science, Institute of Metal Research, Chinese Academy of Sciences) using a 

chemical vapour deposition (CVD) method. This alternative synthesis method, first published by Ren et 

al. in 2015, relies on the diffusion of Mo atoms through molten copper where interaction with methane 

leads to the formation of 2D crystalites on the copper surface 71. Figure 15 and Figure 16 show general 

aspects of the CVD method. The 2D-carbides prepared by this method form extremely high-quality regular 

shaped crystallites as shown by scanning tunneling microscopy, atomic force microscopy, optical 

microscopy and transmission electron microscopy characterization. The thickness and the shape of the 

crystallites depend on the preparation conditions. Furthermore, vertical 2D-Mo2C/Gr heterostructures can 

be formed. There are conflicting reports in the literature as to whether the graphene layer is under or over 

the 2D-Mo2C. Indeed, Turker and co-workers found a Gr/2D-Mo2C/Gr sandwich structure when 2D-Mo2C 

was synthesized by the CVD method on Cu (Figure 17) 72.  
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Figure 17 SEM image of Mo2C growth on Cu layer by the CVD method. The numbers correspond to the 

different regions on SEM image, where number 4 represents the Gr/Mo2C/Gr Sandwich structure. 

Reproduced with permission from Ref 72, copyright 2020 The American Ceramic Society. 

 

It may be seen from Figure 17 that the characterization of the structure and composition of CVD-grown 

Mo2C on molten copper is an exceedingly difficult challenge. In Chapter 4, we report a preliminary 

exploration of methods to functionalize such samples without providing a detailed description of the 

structure and composition.  
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Chapter 1 Experimental Techniques 

1.1 Ultra-High Vacuum (UHV) Chamber 

All the experiments described in this thesis were carried out under ultra-high vacuum (UHV) conditions. 

The base chamber pressure of 5 ×  10-10 Torr was achieved using a turbomolecular pump (Pfeiffer tc600) 

backed by a mechanical (rotary) pump. UHV conditions were necessary to ensure that the results were 

not modified by contamination effects and also to permit measurements by X-ray photoelectron 

spectroscopy (XPS). Reflection Absorption Infra-Red Spectroscopy (RAIRS) and XPS measurements 

were used to characterize the surfaces under study. 

1.2 X-Ray Photoelectron Spectroscopy (XPS) 

The XPS spectrometer used in these studies was a PHOIBOS 100 hemispherical energy analyzer 

equipped with a 5-channel MCD detector (SPECS GmbH). XPS is used to analyze the chemical 

composition of surfaces. There are three main units in a photoelectron spectrometer: an X-ray source; 

an analyzer for measuring the kinetic energy of the photoelectrons; a detector coupled to an acquisition 

system. As shown in Figure 18, a hot filament in the X-ray source emits electrons by thermionic 

emission. The electrons are accelerated by high voltage to bombard either an Al or a Mg anode, 

causing the emission of Al Kα (ℎ𝜐 = 1486.6 eV) or Mg Kα (ℎ𝜐 = 1253.6 eV) X-rays. The X-ray radiation 

is used to eject core level electrons. The kinetic energy (Ek) of the photoelectrons is given by the 

energy conservation equation (subject to a correction for the spectrometer work function), where Eb is 

the binding energy, relative to the Fermi level, of the electron in the element. (Equation 1): 

Ek = ℎ𝜐 − Eb   Equation 1 

The technique is sensitive to the chemical environment of probed element. Chemical bonding and valence 

state information can be obtained by measuring shifts in Eb.  



19 

 

 

Figure 18 Electron bombardment induced emission of X-rays from Al or Mg anodes. 

 

XPS is a surface sensitive technique. Although the X-ray radiation penetrates deeply into the sample, the 

detected kinetic energy Ek (Equation 1) only come from close to the surface. Consider photoionisation 

at, for example, 2 nm below the surface and subsequent travel of the photoelectron to the surface prior 

to ejection, energy analysis and detection. During the travel in the solid the photoelectron may undergo 

inelastic interactions (collisions) leading to a decrease in kinetic energy. Only photoelectrons that have 

not lost energy contribute to the intensity of a peak in the XPS spectrum. That is, an XPS peak at Ek =

ℎ𝜐 − Eb  is produced by photoelectrons that have undergone no energy loss. As the distance a 

photoelectron moves through a solid material increases the probability of multiple (n) energy loss 

collisions increases, each collision reducing the kinetic energy by ΔΕ. If detected, the latter photoelectrons, 

called secondary electrons, produce a broad inelastic scattering tail over the range Ek−n(ΔE), as 

illustrated in Figure 19. Since the tail resulting from inelastic collisions is at lower kinetic energies than 

the photoelectron peak, a rising background appears to the high binding energy side of photoelectron 

peaks. 
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Figure 19 Schematic illustration of the origin of an inelastic scattering tail to the low kinetic energy side 

of a photoelectron peak. Photoelectrons emitted from the surface without energy loss generate the 

photoemission peak. Photoelectrons emitted from the surface following inelastic collisions generate the 

secondary electron scattering tail. 

 

As shown in Figure 20, the mean free path determines the depth to which the solid sample is analyzed. 

The inelastic mean free path (λ) may be defined as the average distance that electrons of a given kinetic 

energy travel between successive inelastic collisions 73. The attenuation of the measured signal intensity 

(Id) at Ek as a function of the distance (d) that the photoelectrons travel between photoionization (I0) and 

escape from the solid is given by Equation 2 74: 

Id = I0e−d/λ    Equation 2 

From Equation 2, λ is defined as the distance over which the signal decays to 1/e of I0. 

When measurements are made with the electron analyzer placed normal to the surface (position A, 

Figure 20a), ~95 % of the electrons giving rise to a peak in the photoelectron spectrum originate from a 

depth that is less than 3λ from the surface. The equivalent depth of analysis can be reduced to 3λcosθ 

by making measurements with the analyzer lens at an angle θ with respect to the surface normal (position 
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B). The value of λ depends on the kinetic energy of the photoelectron, as approximately described by the 

universal curve (Figure 20b). 

 

Figure 20 XPS analysis depth. (a) The take-off angle (θ) describes the orientation of the analyzer lens 

relative to the surface. In measurements with the analyzer orthogonal to the surface (position A), 63 % of 

the signal in a peak in the spectrum comes from a depth less than λ from the surface. For a measurement 

at position B, 63 % of the signal in a peak in the spectrum comes from a depth less than λcosθ from the 

surface. (b) The universal curve used to estimate the value of λ as a function of the kinetic energy of the 

photoelectron 74. 

 

1.3 Reflection Absorption Infra-Red Spectroscopy (RAIRS) 

RAIRS is a widely used vibrational spectroscopy method to study molecular absorption on flat metal 

surfaces. Measurements are performed at a grazing angle (~80-85°  with respect to the normal to the 

surface) in order to achieve maximum signal/noise ratio. Figure 21 illustrates the amplitudes, at the 

surface, of the parallel (p-) and perpendicular (s-) polarized IR fields at grazing incidence. p- and s-

polarization refer to radiation polarized parallel to the incident plane and perpendicular to the incident 

plane, respectively. As shown in Figure 22, there is zero amplitude at the surface for s-polarized radiation 

due to the 90 change in phase on reflection but p-polarized radiation shows almost twice the amplitude 

at the surface due to constructive interference between the in-phase incident (Ep
i) and reflected (Ep

r) fields. 

The enhanced p-polarization field at the surface may be described as E⊥ as it is perpendicular to the 

surface plane. 
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Figure 21 S-polarization and p-polarization amplitudes at grazing incidence in the RAIRS method. 

 

The red curve in Figure 22 shows the E⊥ amplitude at the surface, relative to Ep
i, as a function of the 

angle of incidence. The blue curve shows the corresponding dependence of the RAIRS intensity as given 

by Equation 3. As the angle of incidence is increased towards grazing incidence an increasingly larger 

area of the surface is irradiated, as described by 1/cos θ. Hence the maximum RAIRS intensity (I) is 

with the beam aligned at ~80-85°  with respect to the normal to the surface. 

I = (
E⊥

Ei
)

2 1

cosθ
    Equation 3 
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Figure 22 The red curve shows the amplitude of the electromagnetic field, E⊥, at the surface as a function 

of the angle of incidence. Ei is the amplitude of the incident p-polarized field. The blue line shows the 

intensity of the field perpendicular to the surface, adjusted for the fact that a higher area of the surface is 

irradiated at very high angles of incidence 75.  

 

Vibrational modes in RAIRS are subject to a strict metal surface selection rule: only transition dipole 

moments (M) with a component normal to the surface can produce active RAIRS bands. M is the dipole 

moment derivative with respect to the vibrational coordinate. The selection rule can be understood, as 

shown in Figure 23, by considering the vector sum of a molecular dipole on the surface and its image 

dipole in the metal. The intensity of a given band in a RAIRS spectrum of a molecule on a metal surface 

is proportional to the square of the scalar product of the transition dipole moment and the electric field at 

the surface (Equation 4). 

I  M.E⊥2   Equation 4 
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The resulting RAIRS intensity of a given mode then scales as cos2 θ with respect to the angle between 

transition dipole moment (M) and the normal to the surface (Figure 23). No signal is detected for the case 

where the transition dipole moment is parallel to the surface. Maximum absorbance occurs for case where 

the transition dipole moment is perpendicular to the surface. 

 

Figure 23 Schematic illustration of the RAIRS selection rule on a metal surface in terms of the sum of 

molecular and image dipoles. The example to the extreme left shows zero dipole moment perpendicular 

to the surface. The example to the extreme right shows a doubling of the dipole moment perpendicular to 

the surface and zero dipole moment parallel to the surface. 

 

The RAIRS metal surface selection rule may also be considered in terms of the molecular symmetry of 

the adsorbed molecule. An example is shown in Figure 24 by considering three CF3 vibrational modes of 

3-aminobenzotriflouride (3ABTF). Joshua et al. interpreted the IR spectrum of 3ABTF under the 

assumption that the molecule displays Cs symmetry 76. The aromatic ring lies in the mirror plane. The 

vibrational modes transform either in the plane (a´ symmetry species) or out of the plane (a´´ symmetry 

species). As summarized in Table 1, Joshua et al. assigned a band at 1341 cm-1 to a Caryl-CF3 symmetric 

stretching vibration (a´), a band at 1161 cm-1 to an in-plane (a´) CF3 stretching vibration, and a band at 

1123 cm-1 to an out-of-plane (a´´) CF3 stretching vibration 76. Figure 24 shows two extreme orientations 

of non-distorted 3ABTF on a metal surface. In structure I, where the molecule is perpendicular to the 

surface, the two a´ modes are RAIRS active and the a´´ mode is RAIRS inactive. In structure II, where 

the molecule is parallel to the surface, only the a´´ mode is strongly RAIRS active. For simplicity, the C3v 

point group terminology, in-plane asymmetric vibration and out-of-plane asymmetric vibration, will be used 

in this thesis to describe the bands at 1161 and 1123 cm-1, respectively. 
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Figure 24 Schematic illustration of two orientations of 3-aminobenzotriflouride with respect to a planar 

metal surface. (a) An upright orientation (structure I). (b) A flat-lying orientation (structure II). 

 

Figure 25a presents a photograph of the under-vacuum RAIRS system used for the experiments. The 

system contains 5 main units: (i) The IR source and interferometer; (ii) the ultra-high vacuum (UHV) 

chamber; (iii) two sets of mirrors to perform grazing incidence experiments; (iv) IR detectors; (v) a pumped 

gas-handling system that is separated from the UHV chamber by valves. Radiation from the IR 

spectrometer (VERTEX 80v, BRUKER) is passed through a wire grid polarizer to select p-polarization. 

The InSb detector displays high sensitivity in the 3000 cm-1 region and is used to obtain CH stretching 

spectra. The narrow-band HgCdTe (MCT) detector displays highest sensitivity in the mid-frequency region, 

and is used to obtain CH3 deformation and CF3 spectra. Two detectors are used to obtain optimal 

performance over the complete spectral range since the so the signal is very weak because the number 

of molecules on the surface is very small (about 1013-1014 per cm2). Figure 25b shows a Pt(111) sample 

in the middle of UHV chamber. The IR beam is directed onto the Pt(111) surface at grazing incidence to 

achieve optimal signal/noise ratio. The sample holder is made of a tantalum sheet, and the single crystal 

is spot-welded to the sample holder. Type K thermocouples are spot-welded on the back of the sample. 

The presented RAIRS spectra represent a ratio of 1400 sample scans to 1400 scans of the surface prior 

to adsorption (background). The baseline was corrected by a smooth cubic spline fitted to manually picked 

points (less than 5 points).  
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Figure 25 (a) Photograph of the experimental system. (b) Photograph of the Pt(111) sample mounted on 

the sample manipulator in the UHV chamber. 
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Chapter 2 NHC Functionalization of Pt(111) and 

Ru(0001) Surfaces 

2.1 Introduction 

Carbenes on metallic surfaces are fascinating species both from an applied and a fundamental 

perspective 1,78–82. In organometallic complexes, N-heterocyclic carbenes (NHCs) 4,81,83–88 offer electronic 

control due to their σ-donor properties, robustness due to strong ligand-metal bonding, and steric control 

due to the modulable structure of the wingtips 81. By extension, there is intense research interest on the 

use of NHCs to tune the properties of metal nanoparticles, clusters and extended surfaces. The great 

majority of the work on extended surfaces deals with coinage-metal substrates 2,3,78,79,89–96 while studies 

of Pt-group surfaces are much rarer18,97–103. The latter metals are chemically more reactive than coinage 

metals in part because they have incompletely filled d-bands. The modulation of catalytic properties is but 

one aspect of the use of NHC as surface ligands, other potential applications extend to the field of 

nanoelectronics 104. Hence, there is critical need to define the interactions of NHCs with a wider range of 

surfaces.  

The powerful ability of NHC ligands to tune surface properties of Pt-group metals is revealed in many 

exciting recent reports on catalytic activity and selectivity 105,106. Following Chaudret and co-workers 

pioneering work on NHC-stabilized Ru nanoparticle (NP) catalysts 107, several groups investigated NHC-

stabilized Pt 108, Ir 109, Ru 110–114, Pd 111 and Rh 115 NPs in relation to catalytic activity and selectivity. The 

NHC wingtip groups can have large effect on catalytic selectivity through restricting contact with the 

surface to specific molecular functions. For example, Glorius and co-workers used long-chain NHC-

stabilized Ru NPs for the chemoselective hydrogenation of styrene, preventing reduction of the phenyl 

moiety 116. NHCs can also be used to induce catalytic activity, as reported by Glorius et al. for Buchwald-

Hartwig amination over Pd/Al2O3 111. Chaudret, Pieters and co-workers reported the remarkable 

performances of NHC stabilized Ru and Ir nanoparticles for hydrogen isotope exchange, C-H 

functionalization, reactions 117, and Coperet and co-workers 99 engineered enhanced electrochemical CO2 

reduction activity of Pd catalysts by using tripodal NHC surface chelation. 

The modulation of catalytic properties is but one aspect of the use of NHC as surface ligands, other 

potential applications extend to the field of nanoelectronics 104. Hence, there is critical need to define the 

interactions of NHCs with a wider range of surfaces. The formation of NHCs on Pt(111) and Ru(0001) 

were explored using the two precursor salts shown in Figure 26. The preliminary study on Pt(111) using 

NHC-1·H2CO3 will be briefly summarized 18. Then the formation of NHCs on Pt(111) and Ru(0001) using 

NHC-2·H2CO3 will be described in detail. The precursor salts were provided by Crudden’s group form 

Queen’s University, Department of Chemistry. 
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Figure 26 (a) The NHC precursor salts used in this study. (b) The corresponding NHCs. 

 

2.2 Experimental Methods 

The Pt(111) surface was cleaned by repeated cycles of Ar (~2 ×  10-6 Torr) ion bombardment at 600 K for 

20 min and O2 (~2 ×  10-7 Torr) treatment at 900 K for 20 min. After Ar+ bombardment and O2 cleaning, 

the Pt(111) surface was annealed to 1000 K. The Ru(0001) surface was prepared by Ar (~2 ×  10-6 Torr) 

ion bombardment at 700 K for 20 min and O2 (~2 ×  10-7 Torr) treatment at 1000 K for 20 min followed by 

anneals to 1000 K under vacuum. The NHC precursor (NHC-1·H2CO3 or NHC-2·H2CO3) was loaded into 

a glass tube separated from the UHV chamber by a gate valve. The loaded NHC precursor was outgassed 

for 12 h at room temperature in the gas-handling line before dosing into the UHV chamber. Using a heating 
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tape wrapped around the glass tube, the NHC precursor was warmed to 70 ° C to raise the vapor pressure 

to, about 10-2 Torr. Subsequently, the gate valve was gradually opened in order to dose NHC precursors 

into the UHV chamber, at a pressure of ~3 ×  10-7 Torr. The temperature of the Pt(111) sample in the UHV 

chamber was varied by cooling down the sample holder using liquid nitrogen and heating using  a 

temperature control power supply. RAIRS measurements were performed using  p-polarized (parallel to 

the plane of incidence) radiation at grazing incidence. Mercury Cadmium Telluride (MCT) (2300-700 cm-

1) and Indium Antimonide (InSb) (3500-2300 cm-1) detectors were used. According to the structure of the 

NHCs, the MCT detector can provide information of aromatic C-H bending modes, the C=N stretching 

mode and alkyl group deformation modes, as well as on CO stretching modes of the NHC precursor salt. 

For NHC-2, the MCT detector optimizes the signal in the C-F stretching region. The InSb detector 

optimizes signal in the C-H stretching and carbonate O-H stretching region.  

2.3 Interaction of NHC-1·H2CO3 with Pt(111) 

NHC-1·H2CO3 was dosed onto the Pt(111) surface at a relatively low temperature (230 K). RAIRS spectra 

obtained using the InSb detector are shown in Figure 27. The broad peak at 3355 cm-1 is attributed to 

the carbonate OH vibration of NHC-1·H2CO3 which indicates physical adsorption of NHC-1·H2CO3 at 230 

K. Vibrations at 2975, 2933 and 2874 cm-1 are attributed to isopropyl CH stretching modes. The carbonate 

OH band is removed on heating to 300 K. Instead, an aromatic CH stretching band grows in 3064 cm-1 

when the temperature is increased to 300 K. Based on RAIRS selection rule, only transition dipole 

moments with a component normal to the surface produce a RAIRS signal. These results show that NHC-

1 ligands are created on Pt(111) at 300 K, and that they are oriented perpendicular to the surface. 

Crudden and co-workers also found strong aromatic CH stretching intensity for NHC-1 ligands on Au(111) 

at 300 K 89. Interestingly, the isopropyl CH vibrations are removed at 475 K but the aromatic CH vibration 

at 3064 cm-1 still remains until 515 K. This observation suggests that the isopropyl wings are selectively 

decomposed on the reactive Pt(111) surface. This phenomenon is not found in NHCs-Au(111) systems, 

which may be because the Au(111) surface is less reactive than the Pt(111) surface. The NHC-1 ligands 

can remain intact on Au(111).  
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Figure 27 RAIRS spectra acquired using an InSb detector. The Pt(111) sample was exposed to NHC-

1·H2CO3 vapor (5.0 ×  10-7 Torr, 100 s) at 230 K, and then annealed for 5 min at the indicated temperatures. 

 

To further understand NHC-1 formation on Pt(111)  from NHC-1·H2CO3, RAIRS measurements were 

performed in the 1800-700 cm-1 range using the MCT detector (Figure 28). NHC-1·H2CO3 was dosed 

onto Pt(111) at 250 K. The peak at 1676 cm-1 is attributed to a carbonate CO stretching vibration. It is 

removed on heating the sample to 280 K. The remaining peaks at 1464, 1367 and 1234 cm-1 are attributed 

to C-C, C-N stretching and C-H bending 15,77,118, indicating that adsorbed NHC-1 is formed on Pt(111) at 

280 K. The bads at 1464 and 1367 cm-1 could also be due to isopropyl deformation and bending modes.  
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Figure 28 RAIRS spectra acquired using an MCT detector. The Pt(111) sample was exposed to NHC-

1·H2CO3 vapor (2.8 ×  10-7 Torr, 100 s) at 250 K, and then annealed for 5 min at the indicated temperatures. 

 

Additional experiments were performed by dosing NHC-1·H2CO3 onto Pt(111) at 300 K. As shown in 

Figure 29, the resulting RAIRS spectra display the aromatic and isopropyl CH stretching bands but not 

the carbonate OH band at 300 K, indicating NHC functionalization of Pt(111) at room temperature. The 

isopropyl wings group begins to decompose at <435 K: the isopropyl CH stretching bands at 2967, 2931 

and 2878 cm-1 are already very weak in the RAIRS spectra above 435 K.  We cannot identify the exact 

bond breaking and reorganization that occurs in the isopropyl wingtip groups. However, the aromatic CH 

stretching band at 3063 cm-1 remains strong. Although N-substituent isopropyl wings undergo some bond 

breaking at ~435 K, the benzimidazolium skeleton is still intact at 515 K (Scheme 1).           
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Figure 29 RAIRS spectra acquired after dosing NHC-1·H2CO3 (5.0 ×  10-7 Torr, 100 s) at 300 K to Pt(111), 

and then increasing temperature to the indicated temperatures. 

 

Figure 30 shows RAIRS spectra acquired using the MCT detector for exposure to NHC-1·H2CO3 at 300 

K. NHC skeleton vibrations are detected at 1484 cm-1, 1346 cm-1 and 1243 cm-1 are consistent with NHC 

functionalization on the surface without the formation of a layer of physically adsorbed precursor. 3 The 

absence of an out-of-plane aromatic C-H bending mode (in the 700-800 cm-1 region), indicates that the 

NHC-1 ligands are not flat-lying but are upright on the Pt(111) surface (Scheme 1). One reason that NHC 

ligands are upright on Pt(111) is due to the steric hindrance of isopropyl wings. NHC with small N-

substituents groups such as methyl or ethyl substituted NHCs display both flat and upright orientations 

on Au(111) and Cu(111) surfaces. In contrast, bulky substituents such as isopropyl groups lead to upright 

orientations on Au(111) and Cu(111) surfaces (Figure 31) 15. The band at 1484 cm-1 decreases in intensity 

on heating to ~430 K consistent with bond breaking in the isopropyl groups. 
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Figure 30 RAIRS spectra acquired after dosing NHC-1·H2CO3 (3.0 ×  10-7 Torr, 100 s) on Pt(111) at 300 

K followed by anneals to the indicated temperatures under vacuum. 
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Figure 31 (a) Ethyl substituted NHC on Cu(111). An adatom driven structure is formed. (b) Isopropyl 

substituted NHC on Cu(111). Reproduced with permission from Ref. 15, copyright 2017 Wiley-VCH Verlag 

GmbH & Co. KGaA, Weinheim. 

 

 

Scheme 1 Formation of surface NHC-1 ligands on Pt(111)  through dosing NHC-1·H2CO3 at 300 K. 

Proposed isopropyl bond breaking at ~435 K. Reproduced with permission from Ref. 18, copyright 2018 

The Royal Society of Chemistry. 

 

2.4 NHC Formation from NHC-2·H2CO3 on Pt(111)  

Due to the weak IR characteristic, in the 2000-700 cm-1 region (Fig. 28, Fig. 30), of NHC-1 on Pt(111), a 

CF3 substituted NHC precursor (NHC-2·H2CO3) (Scheme 2) is introduced in order to provide strong -CF3 

stretching bands to help us to obtain more detailed information about NHC formation on Pt-group metal 
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surfaces. As shown in Figure 32, the trifluoromethyl group provides 3 characteristic bands: C-CF3 

symmetric stretching at 1329 cm-1 (υsym(C-CF3)), CF3-in-plane asymmetric stretching at 1184 cm-1 (in-

plane υasym(CF3)) and CF3 out-of-plane asymmetric stretching at 1148 cm-1 (out-of-plane υasym(CF3)) 119. 

The υsym(C-CF3) and in-plane υasym(CF3) modes are RAIRS active if the NHC is oriented normal to the 

surface while only the out-of-plane υasym(CF3) mode is active for flat-lying NHC. As shown in Figure 32a, 

all of the -CF3 vibrations can be detected at 300 K. The υsym(C-CF3) mode has the strongest intensity 

among these -CF3 vibrations, while in-plane υasym(CF3) and out-of-plane υasym(CF3) vibrations have similar 

intensities. However, the out-of-plane υasym(CF3) is almost completely removed on the increasing 

temperature of the sample to 400 K, while the  υsym(C-CF3) and in-plane υasym(CF3) intensities remain 

strong. A carbonate band at 1755 cm-1 is detected below 400 K 120,121. The spectra show that there is a 

roughly flat-lying molecular structure present at temperatures below 400 K. Specifically, the out-of-plane 

υasym(CF3) mode at 1149 cm-1 is observed at 300-350 K. However, broad features in the 1600-1800 cm-1 

region arising from the bicarbonate moiety of the precursor, are only removed on annealing from 300 to 

400 K. Hence, it is not clear whether the out-of-plane υasym(CF3) band arises from a flat-lying carbene 

state or some remaining adsorbed precursor or CO2 adduct. As discussed below, data for carbene 

formation on Ru(0001) provide clarity on this issue. 
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Figure 32 (a) RAIRS spectra of Pt(111) exposed to NHC-2·H2CO3 vapor. The sample was held at 300 K 

during gas exposure and then annealed for 5 min at the indicated temperatures. (b) Temperature 

dependence of the integrated RAIRS intensities of the C-CF3 symmetric stretching (red), the in-plane 

asymmetric CF3 stretching (green) and the out-of-plane asymmetric CF3 stretching vibration (blue). The 

plots present the peak areas of the three bands at the indicated temperatures. (c) Illustration of the three 

CF3 vibrational modes used to determine the adsorption geometry of NHC-2. Red, green, blue borders 

enclose drawings of the C-CF3 symmetric, CF3 in-plane asymmetric and CF3 out-of-plane asymmetric 

stretching vibrations, respectively. 

 

In order to eliminate any contribution of the carbonate precursor to the spectra, experiments in which the 

precursor was dosed with the sample held at 400 K were performed. As shown in Figure 33, the spectra 

are dominated by the bands at 1334 and 1176 cm-1 characteristic of vertically oriented NHC-2. There is, 

however, a notable difference between the spectra in Figure 32a and Figure 33a in that a band at ~1465 

cm-1 is clearly present in the 300-400 K range in Figure 32a but is absent in Figure 33a. This band is 

attributed to isopropyl vibrations 122. Similarly, it can be seen from Figure 32a that there is a significant 

attenuation of the band at ~1465 cm-1 on annealing from 400 to 450 K, while the υsym(C-CF3) and in-plane 
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υasym(CF3) bands characteristic of the benzimidazolium core remain strong. Hence, a strong attenuation 

of the isopropyl band is observed for both NHCs on Pt(111) (Figure 29). In both cases, the isopropyl CH 

bonds begin to break at ~435 K, while the aromatic CH stretching signal at 3063 cm-1 remains strong. 

This shows that the isopropyl wings undergo a transformation but the NHC core remains intact, as also 

indicated by the NHC-1 C-H stretching data in Figsure 27 and 29. A related observation was reported by 

Steinruck, Libuda and co-workers 123,124. They found that N-methyl, N-ethyl and N-propyl carbazoles 

undergo dealkylation on Pt(111) at ~390 K. The higher dealkylation temperature (~450 K) observed in the 

present study is attributed to the fact that the C-metal bond in the vertically oriented carbene distances 

the wingtip group from the surface. 

Figure 33b shows the results of an experiment performed by dosing NHC-2·H2CO3 onto ethylidyne (C-

CH3) functionalized Pt(111) so as to examine adsorption on an already crowded Pt(111) surface. 

Ethylidyne was prepared by exposing 3 L (3 ×  10-8 Torr for 100 s) ethylene at 300 K, followed by annealing 

the sample to 350 K for 5 min to obtain ethylidyne ligands 125, then back to 300 K to obtain RAIRS spectra. 

Characteristic bands of ethylidyne, including C-C stretching at 1119 cm-1 and symmetric CH3 stretching 

at 1339 cm-1 are clearly present at 300 K 126. The observation of υsym(C-CF3) and in-plane υasym(CF3) 

bands at 1330 and 1180 cm-1 shows that ethylidyne does not block the formation of the vertically oriented 

surface carbenes. Furthermore, it does not block the strong attenuation of the isopropyl band (1468 cm-

1) intensity above 400 K. 

 

Figure 33 (a) RAIRS spectra taken following exposure of Pt(111) at 400 K to NHC-2·H2CO3. (b) Spectra 

taken following exposure of ethylidene functionalized Pt(111) to NHC-2·H2CO3. 
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2.5 NHC-2 Ligands on Ru(0001) 

Data for NHC-2 formation on Ru(0001) are presented in Figure 34. Strong υsym(C-CF3) and in-plane 

υasym(CF3) bands at 1330 cm-1 and 1185 cm-1 are observed at 300 K, respectively. The peaks which are 

characteristic of vertically oriented NHC-2 are isolated in the spectra taken after annealing to 500 and 550 

K. As observed for Pt(111), an isopropyl related band at 1465 cm-1 is removed on annealing to 450 K 

while bands characteristic of the NHC backbone remain intact. It is concluded that CN bond breaking 

occurs on Ru(0001) leading to dealkylation of the surface NHC-2. 

The carbonate vibrations at 1623 cm-1 and 1593 cm-1 differ from the spectrum produced by NHC-2·H2CO3 

on Pt(111) at 300 K. These two peaks at 1623 cm-1 and 1593 cm-1 are tentatively attributed to asymmetric 

CO2 stretching vibrations 127,128, suggesting that there may be a CO2 adduct formed. In contrast to the 

observations on Pt(111), the out-of-plane υasym(CF3) at 1147 cm-1 is still observed at 400 K, but the 

characteristic NHC-2·H2CO3 vibrations are removed. The data strongly suggest that a flat-lying state of 

NHC-2 existes on Ru(0001). The removal of the band at 1147 cm-1 on annealing from 400 to 500 K results 

in an increase in the integrated intensities of the υsym(C-CF3) band (Figure 34b), consistent with the 

conversion of a flat-lying state to a vertical state (Scheme 2). 

The flat-lying state detected on Ru(0001) at 400 K is attributed to a binding configuration dominated by 

the interaction of the chemisorbed benzyl-ring with the metal. This interpretation is based on results from 

a comparative study of benzene adsorption on Cu(111), Pt(111) and Ru(0001) by Jia and An 129. Their 

calculated adsorption energies depend on the dispersion-corrected DFT functional used (optB88, 

optB88b or DFT-D3), yielding values in the ranges 0.75-1.1 eV for Cu(111), 1.75-2.2 eV for Pt(111) and 

2.2-2.7 eV for Ru(0001). We propose that the much stronger interaction of the aromatic group with 

Ru(0001) traps a greater fraction, compared to Pt(111), of the benzimidazolium structure into a flat-lying 

state. Hence, although there is competitive formation of flat-lying states on Pt(111) and Ru(0001), the 

state is more easily detected on Ru(0001) where it is present to a higher coverage. 

A number of features in the spectra for both Pt(111) and Ru(0001) are consistent with bond breaking 

events that produce adsorbed fragments containing CF bonds. A strong band at 1268 cm-1 and weaker 

features at slightly lower energies are seen for both NHC-2 on Pt(111) and Ru(0001) systems. However, 

these bands are not seen in the NHC-1 on Pt(111) system (Figure 30). Vibrational studies of 

hydrocarbons containing CF3 groups, such as hexafluoroacetone on Pt(111) 130, show features in the 

1260-1240 cm-1 region and vibrational bands in the 1240-1200 cm-1 range were reported for CF3I treated 

Pt(111) and Ru(0001) surfaces 131,132. Hence, while the use of a CF3 substituent in the present study 

facilitates the acquisition of strong RAIRS signal it has the drawback of depositing species containing C-
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F bonds on the surface, most likely through bond-breaking in the flat-lying states. As mentioned above, 

Crudden et al. reported decomposition from flat-lying NHC-adatom-NHC states on Cu(111) 15. 

Information on the thermal stability of NHCs on Pt(111) and Ru(0001) may be gained from Figure 32b 

and 34b in which the integrated intensities of the υsym(C-CF3), in-plane υasym(CF3) and out-of-plane 

υasym(CF3) bands are plotted. The υsym(C-CF3) intensity is used to monitor the thermal stability of the 

vertically oriented NHC surface ligands. The surface NHC-2 is detected to 700 K on Pt(111) and to 600 

K on Ru(0001). The temperature ranges over which there is a sharp drop in the υsym(C-CF3) intensity are 

600-650 K for Pt(111) and 550 to 600 K for Ru(0001). These temperature ranges are close to those 

reported for the removal NHC-1 from Au(111), ~610 K, as determined by XPS, 91 thermal desorption 89 

and TOF-SIMS 133 measurements. 

 

Figure 34 (a) RAIRS spectra of Ru(0001) exposed to NHC-2 precursor vapor. (b) Temperature 

dependence of the integrated intensities of the C-CF3 symmetric stretching (red), the in-plane asymmetric 

CF3 stretching (green) and the CF3 out-of-plane asymmetric stretching bands (blue). The plots present 

the peak areas at the indicated temperatures 
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Table 1 Assignment of vibrational frequencies (cm-1) of adsorbed NHC-2 by reference to the IR spectrum 

of α,α,α-trifluorotoluene 134 and 3-(trifluoromethyl)aniline119. 

Assignment C6H5-CF3 
119,134 

NHC-2 on 
Pt(111) 

NHC-2 on 
Ru(0001) 

υsym (C-CF3) 1325 1329 1330 

In-plane υasym(CF3) 1175 1185 1185 

Out-of-plane υasym(CF3)  1128 1149 1147 

 

 

 

Scheme 2 Adsorption of NHC-2·H2CO3 to form flat-lying and vertical states of NHC-2 on Pt(111) and 

Ru(0001) surfaces. 

 

Tang et al. 101, recently reported a comprehensive set of DFT calculations on the interaction of 1,3-

dimethylbenzimidazolylidene with a wide set of substrates. They found adsorption energies on Au(111), 

Pt(111) and Ru(0001) of 2.76, 3.25 and 2.66 eV, respectively, and Au-C, Pt-C and Ru-C bond lengths of 
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2.10, 1.99 and 2.66 Å . In each case, on-top, σ-donor, adsorption was favored, forming a vertically oriented 

NHC on Au(111) and Pt(111) and a slightly tilted state on Ru(0001). Electron transfer to the metal was 

found to be greater for Pt(111) than for Ru(0001) or Au(111). Bonding to metal adatoms was also 

investigated. Stable shallow V-shaped NHC-adatom-NHC dimer configurations were predicted to form on 

Pt(111) and Ru(0001). The findings by Tang et al. for the NHC on Au(111) are in general agreement with 

DFT studies on the NHC/Au(111) interface by other groups 94,135,136 and also with the work of Fyta et al. 

102 on Au(111) and Pt(111). Hence, we take the calculations by Tang et al. as an internally consistent set 

of data with which to compare our experimental data. 

There is agreement between the experimental and theoretical work in that a vertically oriented NHC is 

formed on Pt(111) and Ru(0001). Furthermore, the apparent thermal stability of the NHC is higher on 

Pt(111) than on Ru(0001), while the apparent stability on Ru(0001) is similar to that on Au(111), in 

agreement with the calculations. The observation of roughly flat-lying states below ~450 K could indicate 

the presence of a shallow V-shaped configurations, displaying a RAIRS active out-of-plane υasym(CF3) 

band at ~1147 cm-1. While, STM measurements are required to investigate if such states are formed, we 

propose that flat-lying states on Pt(111) and Ru(0001) are formed simply by π-chemisorption of the 

benzimidazolium core on the coordinatively saturated (adatom-free) surface. The dealkylation process 

revealed by the experimental data is in line with the strong wingtip to metal interaction predicted for Pt(111) 

by Fyta et al 102.  

Next, we discuss complications in relating the thermal stability of an NHC on Pt(111) or Ru(0001) to the 

C-metal bond strength. Two opposing effects are at play with respect to the thermal stability of NHCs on 

Pt and Ru. First, as shown above, the reactive metals induce bond-breaking even to the extent of 

removing the wingtip groups. In addition, the present results show that strong chemisorption interactions 

result in thermally stable flat-lying benzimidazolium states. These properties are in contrast to Au 

substrates where NHCs appear to remain intact until desorption at ~600 K. Dissociation from flat-lying 

states has been reported, however, for NHC on Cu(111) 15. Second, bond-breaking on Pt(111) and 

Ru(0001) leads to the blocking of active dissociation sites (self-poisoning), thereby stabilizing remaining 

surface NHC against further decomposition. This effect, typical of reactive surfaces, 137,138 is perhaps 

directly manifested in the present study where RAIRS bands due to CF bond containing surface fragments 

disappear (~600 K) prior to the full removal of signal due to the surface carbene. CF bond containing 

surface fragments are known to be removed from Pt(111) and Ru(0001) surfaces through desorption 

above 600 K 132,139.  
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2.6 Summary and Conclusions 

NHC-1 ligands are generated on Pt(111) at 300 K as evidenced by the appearance of the in-plane 

aromatic CH stretching band and the disappearance of the carbonate O-H vibration. The loss of the 

isopropyl wings occurs at ~435 K as evidenced by the disappearance of isopropyl CH bands at 2931 and 

2878 cm-1 , as well as the removal of a band at 1465 cm-1. However, the NHC-1 skeleton still remains on 

Pt(111) until 515 K. 

NHC-2 ligands on Pt(111) and Ru(0001) display strong CF3 vibrations, including υsym(C-CF3), in-plane 

υasym(CF3) and out-of-plane υasym(CF3) stretching, that permit a determination of the adsorption orientation. 

Vertically oriented NHC-2 are formed on the Pt(111) and Ru(0001) surface but there is also competitive 

adsorption into flat-lying states. Especically for NHC-2 on Ru(0001), there is a strong signal due to flat-

lying NHC-2 below ~450 K. The flat-lying state of NHC-2·H2CO3 is gradually converted to a vertical state 

on both surfaces with increasing temperature to ~500 K. The υsym(C-CF3) intensity is used to monitor the 

thermal stability of the vertically oriented NHC surface ligands. The surface NHC-2 is detected to 700 K 

on Pt(111) and to 600 K on Ru(0001). 
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Chapter 3 Functionalization of Graphene on 

Pt(111) and Ru(0001) 

3.1 Introduction 

There are several demonstrated methods to achieve covalent modification of graphene, 37,63,140–148 such 

as cycloaddition reactions 145,149, nitrene addition150,151, Diels-Alder cyclization 152, diazonium activation 

63,153–155 and carbene grafting 156, all of which transform graphene carbon atoms from sp2 to sp3 

hybridization at reaction sites 64,157.  Among these methods, the diazonium approach, in which aryl radicals 

form a C-C bond, (Scheme 3a) is the most efficient and widely used. Diazonium salts are generated from 

anilines and, in general, electrochemical activation is used to generate the aryl radicals which form a 

covalent bond to graphene. Given the success of the diazonium approach, the possibility of NHC 

modification of graphene (Scheme 3b) should also be explored as NHCs offer potential advantages. 

Compared with aryl radicals, imidazolium and benzimidazolium NHCs are expected to display different 

graphene modification properties due to their strong σ-donor properties 83. The persistent carbene 

property intrinsic to NHCs may offer a method to achieve vapor-phase functionalization with minimal 

formation of adsorbed side products 158. For the same reason, NHCs may offer greater control for 

homogeneous functionalization 158 in that they are less indiscriminately reactive than aryl radicals. In the 

present study, we use 1,3-diisopropyl-6-(trifluoromethyl)-1H-benzo[d]imidazol-3-ium hydrogen carbonate, 

NHC-2·H2CO3, as an NHC precursor (Figure 26a) to explore the functionalization of metal supported 

graphene under ultrahigh vacuum conditions. 

 

Scheme 3 Formation of C-C bonds to graphene. (a) Electrochemical (EC) grafting using diazonium salts. 

(b) Proposed vapor-phase NHC method.  
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3.2 Experimental Methods 

The Pt(111) and Ru(0001) single crystals were mounted on a temperature controllable sample holder in 

a UHV chamber. The Pt(111) sample was cleaned by repeated cycles of 3× 10-6 Torr Ar ion bombardment 

at 600 K for 20 min followed by an anneal to 900 K for 20 min under 3× 10-7 Torr O2. Similarly, the Ru(0001) 

substrate was cleaned by ion bombardment at 700 K followed by an anneal to 1000 K for 20 min under 

3× 10-7 Torr O2. Prior to experiments, both substrates were annealed to 1000 K several times until the 

chamber pressure was below to 3× 10-10 Torr. Graphene was formed on both surfaces by chemical vapor 

deposition (CVD) under 10-7 Torr ethylene (98.5 % purity). The preparation of a range of graphene 

coverages, from low to full monolayer coverage, on Pt(111) and Ru(0001) was guided by reported LEEM 

(low energy electron microscopy) studies of chemical vapor deposition (CVD) on these surfaces using 

ethylene as the carbon source. 42–44 Graphene was grown on Pt(111) and Ru(0001) through 10-7 Torr 

ethylene exposure with the samples held at 950 and 1000 K, respectively. 

3.3 NHC-2 Ligands on Gr/Pt(111) and Gr/Ru(0001) 

As detailed in Chapter 2, the interaction of NHC-2 with Pt(111) and Ru(0001) results in two competing 

adsorption configurations on both surfaces. One is adsorption mode a vertically oriented surface carbene, 

characterized by the selective activity of the pair of υsym(C-CF3) and in-plane υasym(CF3) modes (Figure 

37a and c). The second structure is interpreted in terms of the aromatic moiety of NHC-2 forming a π-

chemisorbed flat-lying state, in line with the strong chemisorption of aromatics on platinum and ruthenium. 

This structure is characterized by a selectively active out-of-plane υasym(CF3) vibration (Figure 37b and 

d). At low temperatures (300-400 K), signal from all three CF3-related bands is seen indicating the 

presence of both vertical and flat-lying, or tilted, structures, while at higher temperatures only the vertically 

oriented NHC is observed. Two prominent bands at ~1329 and ~1184 cm-1 show that the vertically 

oriented NHC is isolated on Pt(111) in the 500-600 K temperature range (Figure 35a). A similar set of 

data (Figure 36a) is seen for precursor exposed Ru(0001) where the vertically oriented NHC is isolated 

at 500 K. In the present study of Gr/metal interfaces, the very strong υsym(C-CF3) band at ~1329 cm-1 

allows us to detect NHC formation on the free metal surface following either incomplete graphene layer 

deposition or oxidation damage to the layer. 



45 

 

 

Figure 35 RAIRS spectra of NHC-2 precursor treated (a) pristine Pt(111) and (b-d) Gr/Pt(111). Graphene 

was prepared by ethylene CVD for (b) 1 min, (c) 3 min and (d) 30 min at 950 K and 10-7 Torr. 
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Figure 36 (a) RAIRS spectra of NHC-2 precursor treated clean Ru(0001) and (b-d) Gr/Ru(0001). 

Graphene was prepared by CVD at 1000 K in 10-7 Torr ethylene for (b) 1 min, (c) 15 min and (d) 20 min.  

 

Next, we show that only the out-of-plane υasym(CF3) vibration is detected following exposure of the 

graphene covered metal surfaces to NHC-2 precursor. Figure 35b-d display data for precursor exposed 

Gr/Pt(111). The interface prepared by the shortest CVD duration shows a medium intensity υsym(C-CF3) 

band at 1328 cm-1, revealing the presence of free Pt(111) sites (Figure 35b). The signal from the free 

surface is very weak for interfaces prepared by 3 min CVD (Figure 35c) and completely absent for 

interfaces prepared by 30 min (Figure 35d) deposition. By reference to LEEM studies by Harrison et al. 

43 and Bao et al. 42, the latter interface is taken as a system approaching full coverage of graphene. The 

out-of-plane υasym(CF3) band at 1148 cm-1 is clearly the dominant feature in Figure 35b-d. The completely 
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selective RAIRS activity of this mode relative to the υsym(C-CF3) and in-plane υasym(CF3) modes, shows 

that the benzimidazolium core is close to parallel to the Gr/Pt(111) interface. 

Figure 36b-d display data for precursor exposed Gr/Ru(0001). The υsym(C-CF3) band due to adsorption 

on the free metal is very weak even for a CVD duration of only 1 min. As observed for Gr/Pt(111), the 

strong out-of-plane υasym(CF3) band is also the dominant feature resulting from the interaction of NHC-2 

precursor with Gr/Ru(0001). However, a comparison of spectra acquired on annealing to 350 K shows 

that the band is red-shifted by ~14 cm-1 relative to the frequency observed for Gr/Pt(111). There is a 

second major difference with respect to the Gr/Pt(111) data in that the out-of-plane υasym(CF3) signal is 

detected to 400 K on Gr/Pt(111) and to 350 K on Gr/Ru(0001). Thus, the NHC forms a slightly stronger 

bond to the Gr/Pt(111) surface. 
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Figure 37 (a) An upright standing (vertical) NHC-2 on the surface. (b) A flat-lying NHC-2 on the surface. 

(c) Schematic illustration of the υsym(C-CF3), in-plane υasym(CF3) and out-of-plane υasym(CF3) modes of the 

CF3 group in the orientation shown in a black rectangle in (a). (d) Schematic illustration of the υsym(C-CF3), 

in-plane υasym(CF3) and out-of-plane υasym(CF3) modes of the CF3 group in the orientation shown in a black 

rectangle in (b). Green arrows signify RAIRS-active modes and red arrows signify RAIRS-inactive modes.  
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In addition to ethylene, 1-pentene was also used to deposit Gr on the Pt(111) surface (Figure 38) by 

exposure under 10-7 Torr at 950 K for 20 min. The RAIRS spectra of grafted NHC-2 on the 1-pentene 

prepared graphene layer are similar to those for Gr created by ethylene at 950 K for 20 min. RAIRS 

spectra in Figure 38 only display the out-of-plane υasym(CF3) stretching at 350 K, indicating Gr fully covers 

Pt(111) following 1-pentene CVD. The aromatic CH bending mode at 820 cm-1 is detected at 350 K but 

there are no evidences of carbonate vibrations from the NHC-2·H2CO3 on full coverage Gr/Pt(111) after 

350 K 77. These results Indicate covalent bonding of NHC-2 to Gr/Pt(111) and that the grafted NHC-2 is 

roughly parallel to the Gr/Pt(111) surface (Figure 37b). As a result, the υsym(C-CF3) and in-plane υasym(CF3) 

vibrations are roughly parallel to the surface, while the out-of-plane υasym(CF3) vibration produces a strong 

transition dipole moment perpendicular to the surface.  

 

Figure 38 RAIRS spectra of NHC-2 on full coverage Gr/Pt(111) prepared under 10-7 Torr 1-pentene at 

950 K for 20 min. 



50 

 

Using the data presented in Figure 35 and 36, we next consider whether exposure of supported graphene 

to the NHC precursor leads to the formation of a covalently grafted NHC or simply to a physically adsorbed 

structure. The observation that the benzimidazolium core is close to parallel to the surface plane on 

Gr/Pt(111) and Gr/Ru(0001) is most readily interpreted in terms of a physically adsorbed state stabilized 

by π-π stacking interaction 159,160. Here, it is reasonable to assume that the graphene layer prevents a π-

chemisorption interaction with the surface. However, four observations point to the formation of a 

covalently bonded NHC-graphene structure: (i) Due to the bulky isopropyl wingtip groups, it is highly 

unlikely that a physisorbed state would possess the structural homogeneity required to produce the 

observed completely selective RAIRS activity of the out-of-plane υasym(CF3) mode. A physisorbed state 

would also display some activity for the very strong υsym(C-CF3) and relatively strong in-plane υasym(CF3) 

bands. (ii) As discussed below, the interaction of the precursor with the studied systems is sensitive to 

the graphene preparation methods, to the metal substrate used, and to oxygen intercalation. Both 

frequency shifts and differences in thermal stability are observed. These phenomena are signatures of 

chemisorption. (iii) As discussed next, the observed thermal stability on Gr/Pt(111) is similar to that for 

aryl groups grafted to graphite 161 or graphene 158 using the diazonium method. (iv) The reported 

adsorption energy for benzene on Gr/Ru(0001) is higher by ~4 kJ/mol than the value for Gr/Pt(111) 162,163. 

In contrast, the NHC displays higher thermal stability on Gr/Pt(111). This observation indicates that 

NHC/Gr adsorption is not simply due to a π-π interaction. On the basis of these points, we conclude that 

exposure to the precursor leads to the formation of a covalently bonded NHC on Gr/Pt(111) and 

Gr/Ru(0001). 

We next consider the thermal stability of the covalently grafted carbene. For Gr/Pt(111) prepared by 

ethylene CVD at 950 K, the out-of-plane υasym(CF3) band disappears (Figure 35b-d) between 400 and 

450 K. For Gr/Ru(0001), the band disappears on annealing from 350 to 400 K (Figure 36c and d). The 

moderate degree of thermal stability on Gr/Pt(111) is similar to that reported by De Feyter and co-workers 

161 for diazonium generated aryl groups on highly oriented pyrolytic graphite (HOPG). They determined, 

using a combination of chemisorption-specific STM and Raman spectroscopy measurements, that the 

onset for cleavage of the covalent bond to the aryl groups occurs at temperatures no higher than 433 K 

and is mostly complete by 473 K. Similarly, Hirsch et al 158. observed the removal of aryl groups from 

graphene at ~473 K and even lower temperatures. Hence, we conclude that NHC grafting leads to weak 

C-C bond formation as also observed using the diazonium method. We hypothesize that a combination 

of weak covalent C-C bonding and strong van der Waals interaction results in a roughly parallel orientation 

of the NHC-2 structure with respect to the surface, resulting in selective RAIRS activity of the out-of-plane 

υasym(CF3) band. 
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Next, we relate the slightly higher thermal stability of the NHC on Gr/Pt(111) to modification of the 

electronic properties of the graphene layers by the substrates. The quasi-freestanding Gr/Pt(111) layer is 

strongly p-doped whereas the Gr/Ru(0001) layer is strongly n-doped. 164 The higher thermal stability on 

Gr/Pt(111) is then attributed to the nucleophilic, sigma-donor, character of the benzimidazolium carbene. 

This interpretation finds support in the converse behavior seen for nitrene grafting on Gr/Cu(111) and 

Gr/Ni(111) reported by Yan et al. 150, The authors pointed out that the nitrene is highly electron deficient 

species and it preferentially binds to the more strongly n-doped Gr/Ni(111) system. The curvature, and 

hence strain, intrinsic to wrinkles increases the reactivity of graphene 165. Gr/Pt(111) presents wrinkles 42 

and this may be an additional contributing factor to the higher thermal stability of the NHC. 

The spectra in Figure 39 are used to consider steps in the transformation of NHC-2 precursor to grafted 

NHC on the Gr/metal interfaces as compared to the process on pristine metal surfaces. Adsorption of the 

precursor on the clean metals at 300 K (Figure 39a) results in rich spectra that simultaneously display 

the υsym(C-CF3), in-plane υasym(CF3) and out-of-plane υasym(CF3) bands. These bands are still present at 

350 K and are attributed to a mixture of vertical and flat-lying states. As described above, the flat-lying 

state involves strong π-chemisorption of the aromatic moiety on the metal surface and the vertical state 

forms a carbenic C-metal bond. The corresponding spectra seen for the Gr/metal interfaces are much 

simpler in that they show a greatly dominant out-of-plane υasym(CF3) band even at 300 K. In addition, there 

is structure in the 1500-1200 cm-1 region that is very similar to that NHC precursor exposed on Pt(111) at 

250-280 K (Figure 27). The latter structure was assigned to a flat-lying adsorbed species formed after 

loss of the carbonate group. Following this interpretation, the spectra for Gr/Pt(111) and Gr/Ru(0001) in 

Figure 39 show that the counterion is already removed at 300 K and that only the grafted NHC species 

remains at 350 K. These results show that a graphene layer does not passivate the system against 

precursor salt decomposition but rather it catalyzes the conversion. This result is fully consistent with a 

recent report by Eigler et al. 166, showing the non-covalent functionalization of graphene on silicon using 

compounds containing benzimidazolium moieties. They found that electron transfer from graphene 

reduced the N-heterocyclic salts resulting in the loss of the counterion. 
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Figure 39 Comparison of RAIRS spectra of NHC-2 precursor exposed pristine metal and supported 

graphene surfaces.  

 

The influence of defects on the thermal stability of grafted NHC was explored by three methods. First, 1-

pentene was used as a CVD carbon source to prepare low-defect graphene on Pt(111) 167,168. The 

resulting system yielded essentially the same spectra (Figure 38) as those for full coverage graphene 

prepared at high temperatures using ethylene (Figure 39). Second, Gr/Pt(111) was prepared by 

annealing in a background of 1 x 10-7 Torr ethylene from 300 K to 800-950 K. In the latter method, 

ethylidyne is first formed, followed by dehydrogenation to carbidic carbon in the 450-700 K range, and 

eventually graphene formation above 800 K 19. In these experiments, the NHC, as detected by the out-

of-plane υasym(CF3) band, is removed between 450 and 500 K (Figure 40). The higher stability, relative to 

Gr/Pt(111) prepared by high temperature CVD, is attributed to grafting to edge sites of carbon clusters or 

nanoislands 169. Third, as described below, the influence of defects was explored by deliberately 

damaging the Gr/Pt(111) layer by oxidation. 
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Figure 40 RAIRS spectra of the interaction of NHC-2 precursor with Pt(111) surfaces that were modified 

by annealing in 10-7 Torr ethylene to the temperatures shown at the top of the panels. 

 

In order to understand the different activities between flat Gr, Gr edges and Gr wrinkles, Bao and co-

workers reported the oxidation process for different O2 exposure times (653 K, 5 ×  10-7 Torr) 42. As shown 

in Figure 41, oxidation etching sites preferentially occurs at edge and wrinkle sites after 100 s O2 exposure, 

indicating that these sites are more active than sites on flat Gr. Dispersive interactions account for bonding 

between Gr and Pt(111) resulting in a normally planar layer at a distance of ~3 Å  from the surface (Figure 

42 and Figure 5) 169 However,  sp2-hybridized Gr is distorted to sp3-hybridized Gr at edges and wrinkles 

169,170 and activity is enhanced at these sites. We cannot exclude the possibility that NHC-2 ligands 

preferentially form covalent bonds at wrinkle and edge sites.  
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Figure 41 (a) LEEM image of a Gr island, including Gr edges, Gr wrinkles and flat Gr; (b) LEEM image 

of Gr oxidation at 653 K, under 5 ×  10-7 Torr O2 exposure for 100 s. Permission from Ref. 42, copyright 

2013 American Chemical Society. 

 

 

Figure 42 (a, b) DFT-optimized structure of graphene islands on Pt(111), C atoms at Gr edges form 

covalent bonds with Pt(111), Pt-C bond lengths are about 1 Å . (c) Red: height profile across the island 

shown in (a); blue, height profile across the island shown in (b). Permission from Ref. 169, copyright 2017 

American Chemical Society. 
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As shown in Figure 43, different ethylene (10-7 Torr) exposure times and temperatures (950 K and 1000 

K) were explored to create Gr on Pt(111). Subsequent to graphene deposition, the Gr/Pt(111) samples 

were cooled down to 300 K (Figure 43a) or 400 K (Figure 43b) before dosing NHC-2 and acquiring 

RAIRS spectra. No carbonate features were observed on exposure to the NHC-2 precursor at 400 K. 

Partial coverage Gr on Pt(111) is created at 950 K under ethylene exposure for 1 min and 3 min as shown 

by the υsym(C-CF3) and in-plane υasym(CF3) vibrations characteristic of NHC-2 adsorption on the pristine 

surface. In contrast, ethylene exposure at 950 K for 20 min or 1000 K for 5 min is enough to create full 

coverage Gr/Pt(111), as shown by the absence of the υsym(C-CF3) and in-plane υasym(CF3) bands.  

 

Figure 43 RAIRS spectra for NHC-2 adsorption on graphene layers prepared by ethylene CVD for the 

indicated times and temperatures under 10-7 Torr.  The RAIRS spectra were acquired after NHC-2 

exposure at (a) 300 K and (b) 400 K. 

 

As described in Chapter 1 in relation to Figures 6-8, the Moiré  supercell for Gr/Ru(0001) is composed of 

25 ×  25 Gr unit cells  on 23 ×  23  metal unit cells 171–173.  Within the supercell, the distance between Gr 

and Ru varies between 2.2 to 3.7 Å  171,174 giving rise to top, fcc and hcp sites 174–176 due to the different 

stacking modes of Gr on Ru(0001). In the STM image shown in Figure 44, the brightest region is due to 

top sites, the intermediate bright region is due to fcc sites and the darkest region is due to hcp sites. 
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Graphene at the top site is relatively far away from Ru, and the carbon atoms have no chemical interaction 

with the metal. In contrast, Gr at fcc and hcp sites is relatively close to Ru and forms a weak covalent 

bond to the surface 174. Dohnálek and co-workers found that atomic oxygen binds preferentially on fcc 

and hcp sites rather than on top sites. This observation illustrates that perturbed Gr at hcp and fcc sites 

is more reactive than quasi-free graphene top sites 176.  

 

Figure 44 STM image of the Moiré  pattern structure. There are three regions of Gr moiré  pattern. The 

brightest region is named top site, the lighter region is named fcc site and the darkest region is named 

hcp site.  Permission from Ref. 177 Copyright 2007 American Physical Society. 

 

3.4 NHC-2 on Gr/O/Ru(0001)  

A series of experiments were performed on the Gr/Ru(0001) system in order to probe the sensitivity NHC-

2 precursor adsorption to perturbation of the graphene layer by intercalation 40,43,164,178–185 to form 

Gr/O/Ru(0001) and by oxidation damage to form graphene-free regions. Intercalation experiments in 

ultrahigh vacuum studies of Gr/Ru(0001) are typically carried out between 450 and 600 K whereas 

oxidation etching experiments requires temperatures above 600 K. The work of a number of groups shows 
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that approximately 100-400 L O2 exposure at 550-600 K leads to full intercalation 40,184–186. Ulstrup et al. 

180 found that O2 intercalates below Gr/Ru(0001) at 420 K but that high exposures (~5 x 106 L) at 450 K 

are required to achieve full intercalation resulting in a completely decoupled Gr layer. (1L is defined as 1 

x 10-6 Torr.sec). Work by Kahng et al. 182 shows that exposure to 1 x 10-7 Torr O2 at 650 K leads to both 

intercalation and etching, revealing coexisting Gr/Ru(0001) Moiré , intercalated Gr/O/Ru(0001) and 

Oads/Ru(0001) regions in STM images. 

Figure 45 shows RAIRS spectra recorded after a range of O2 treatments of Gr/Ru(0001). Oxygen induced 

changes are referenced to NHC/Gr/Ru(0001) spectra where the out-of-plane υasym(CF3) band appears at 

1123  to 1134 cm-1 up to ~400 K(Figure 36d). High exposures to oxygen at 400 K leads to a shift in the 

out-of-plane υasym(CF3) band to 1138-1145 cm-1 and an increase in the thermal stability, with signal still 

observed at 450 K. A similar result is seen for lower oxygen exposures at 450 K and 525 K, with out-of-

plane υasym(CF3) frequencies in the 1133 to 1139 cm-1 range and signal still detected at 500 K. Very high 

oxygen exposure at 450 K shifts the band to 1148 cm-1 and also results in the emergence of a weak 

υsym(C-CF3) band at 1330 cm-1 due to adsorption on graphene-free sites, indicating minor oxidation 

damage to the graphene layer. Major damage occurs under oxidation at 600 K, as revealed by the 

detection of the intense υsym(C-CF3) and in-plane υasym(CF3) bands at 1339 and 1185 cm-1 due to 

adsorption on graphene-free regions. In addition, the out-of-plane υasym(CF3) band (at ~1147 cm-1) is 

relatively strong at 500 K, showing that NHC grafted to the remaining holey graphene has high thermal 

stability.  
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Figure 45 (a-c) RAIRS spectra probing the interaction of NHC-2 precursor with O2 treated Gr/Ru(0001) 

surfaces. The oxygen exposure conditions were (a) 5 min, 1.5 ×  10-6 Torr, 400 K; (b) 10 min, 1.5 ×  10-6 

Torr, 400 K; (c) 60 min, 3 ×  10-6 Torr, 400 K; (d) 30 min, 1.5 ×  10-6 Torr, 450 K; (e) 30 min, 1.5 ×  10-6 Torr, 

525 K; (f) 30 min, 1.5 ×  10-6 Torr, 600 K. 

 

The interaction of the NHC with Gr/O/Ru(0001) differs from that with Gr/Ru(0001) in two significant 

respects. First, the out-of-plane υasym(CF3) band in the Gr/O/Ru(0001) spectra is shifted to higher 

frequencies. Second, the band is readily detected at higher temperatures. Thus, in terms of the adsorption 

and thermal evolution of the NHC precursor, oxygen intercalation transforms the n-doped Gr/Ru(0001) 

layer to a system displaying properties similar to Gr/Pt(111). This observation is consistent with the 

observation that oxygen intercalation decouples Gr from Ru(0001) 40,164,178,185–187 bringing it closer to the 

Gr/Pt(111) quasi-freestanding description. As for Gr/Pt(111), the decoupled Gr/O/Ru(0001) layer is 

strongly p-doped and presents wrinkles 40.  
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Table 2 Assignment of vibrational frequencies (cm-1) of adsorbed NHC-2. 

Assignment NHC-2 on  
Pt(111) 

NHC-2 on 
Ru(0001) 

NHC-2 on 
Gr/Pt(111)a

 

NHC-2 on 
Gr/Ru(0001)b 

NHC-2 on 
Gr/O/Ru(0001)c 

υsym(C-CF3) 1329 1329   1330 

in-plane υasym(CF3) 1184 1185   1188 

out-of-plane υasym(CF3) 1148 1155 1149 1134 1148 

a out-of-plane υasym(CF3) of NHC-2 on full coverage Gr/Pt(111) at 400 K; b out-of-plane υasym(CF3) of NHC-
2 on full coverage Gr/Ru(0001) at 350 K; c CF3-related frequencies of NHC-2 on full coverage (~5 x 106 
L, 450 K O2 exposure) Gr/O/Ru(0001) at 400 K.  

 

3.5 Summary and Conclusions 

We have demonstrated that it is possible to covalently modify graphene monolayers on Pt(111) and 

Ru(0001) using an N-heterocyclic carbene. The grafted NHC groups display thermal stability similar to 

that reported for aryl groups on graphite and graphene, showing that a weak C-C bond is formed. The 

overall interaction with the surface includes a strong van der Waals component which bends the NHC-2 

moiety so that is roughly parallel to the graphene layer. The interaction of the NHC with Gr/Pt(111) is 

stronger than with Gr/Ru(0001). This difference mainly is attributed to the p-doped and n-doped character 

of the respective systems coupled with the electron-donor character of the NHC. The stronger interaction 

with Gr/Pt(111) is also, in part, due to strain intrinsic to the highly curved wrinkle structures characteristic 

CVD graphene on Pt(111). Intercalation of oxygen between graphene and Ru(0001) leads to NHC 

bonding similar to that for Gr/Pt(111) consistent with the removal of the strong Gr/Ru interaction to form 

a quasi-freestanding p-doped and wrinkled layer. N-heterocyclic carbenes form a very diverse family of 

compounds and thus offer multiple avenues to functionalize and modify graphene for specific applications. 

From a characterization perspective, NHCs as probed by vibrational spectroscopy are clearly very 

sensitive probes of graphene. The present study shows that both theoretical and scanning local probe 

studies of NHCs on graphene are warranted. 
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Chapter 4 Surface Modification of 2D-Mo2C 

4.1 Introduction 

As described in General Introduction, ultrathin molybdenum carbide crystals can be grown on copper 

substrates using a chemical vapor deposition (CVD) method. The method, first reported by Ren et al., 

depends on the diffusion of molybdenum atoms through molten copper and reaction with a carbon source 

such as methane. This high temperature method produces 2D Mo2C crystallites on solid copper. We refer 

to the materials as 2D-Mo2C/Cu. Very little is known about the surface chemistry of these materials. This 

Chapter describes experiments aimed at the surface analysis of 2D-Mo2C/Cu and also functionalization 

and surface reactivity studies.  

4.2 As-Received 2D-Mo2C/Cu Samples 

The 2D-Mo2C/Cu samples used in our study were provided by Ren’s group from the Shenyang National 

Laboratory for Material Science, Institute of Metal Research, Chinese Academy of Sciences. A 

photograph of a typical sample (Figure 46a) shows that the Cu substrate is largely covered with 2D-Mo2C. 

Figure 46b presents an optical microscopy image published by Ren et al. 71. The sample displays different 

regular crystallite shapes, including triangular, rectangular, hexagonal and octagonal forms. The 

corresponding atomic force microscopy (AFM) images (for example, Figure 46c) from Ren’s group 71 

shows that the thickness of the metal carbide is in the 6-11 nm range. As a result of three factors, the as-

received samples are likely to be more complex than simply 2D-Mo2C/Cu. First, the CVD preparation 

method can result in the formation of a graphene layer, since the carbide is synthesized at the melting 

point of copper (~1090 ℃) under a methane environment, as illustrated in Figure 46d. [192]. The 

formation of a graphene layer is not necessarily a negative phenomenon as it transforms the carbide into 

a hybrid material that might have desired properties such as high chemical stability. Second, exposure to 

air leads to oxidation and molybdenum carbides are known to readily form oxycarbides. This is also not 

necessarily a negative phenomenon since oxycarbides are active phases of metal carbide catalysts. Third, 

exposure to the ambient always leads to hydrocarbon contamination of surfaces. This is a negative 

phenomenon in our studies in that it hides the surface without conferring any useful new properties. Hence, 

the first step in our study was to explore methods to clean, prepare and characterize the samples prior to 

chemisorption studies.  
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Figure 46 (a) Photograph of a 2D-Mo2C/Cu sample. (b) Typical optical microscopy image of a 2D-

Mo2C/Cu sample. Reproduced with permission from Ref. 71, copyright 2015 Macmillan Publishers Limited. 

(c) AFM image of a hexagonal crystal of 2D-Mo2C on copper. The measured thickness of the crystal is 

about 8.2 nm 71. Reproduced with permission from Ref. 71, copyright 2015 Macmillan Publishers Limited. 

(d) Illustration of the creation of a graphene layer over 2D-Mo2C/Cu during CVD synthesis 188. 

 

The cleaning and preparation of 2D-Mo2C samples poses a considerable challenge because the samples 

contain so little Mo2C material. Gentle cleaning is required so as not to remove the metal carbide. Thus 

argon ion sputtering such as used to clean the Pt(111) and Ru(0001) should not be the method of first 

choice. Furthermore, sputtering causes defect formation and can change the composition of carbides 

though preferential removal of one the elements. These changes can be repaired in bulk molybdenum 

carbide samples by heating to very high temperatures. However, annealing to very high temperatures 
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might transform the two-dimensional crystals into 3D particles thereby losing the key characteristic of 2D-

Mo2C/Cu. Nevertheless, since the 2D-Mo2C/Cu samples were synthesized at the melting point of copper 

under a CH4 environment there is a possibility that Mo2C remains in a 2D state in our experiments even 

at very high temperatures. Hence, we explored annealing treatments. As an alternative to sputter cleaning, 

we explored treatment of the samples using a flux of atomic hydrogen generated by a hydrogen cracker. 

The compositional changes induced by various pretreatments of the sample were monitored by X-ray 

photoelectron spectroscopy (XPS) measurements.  

 

4.3 Pretreatment of the 2D-Mo2C/Cu Sample 

4.3.1 Annealing in UHV 

Normally, annealing is used to remove oxide contamination from carbides under UHV conditions 189. The 

oxygen is removed through desorption of CO or CO2. Figure 47 shows XPS spectra acquired after 

relatively low temperature annealing (up to 700 K). The oxygen atomic percentage (O at%) among O, C, 

Cu and Mo atoms is decreased by only ~20 % on annealing to 700 K. 
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Figure 47 Survey scan XPS spectra for relatively low temperature annealing of 2D-Mo2C/Cu samples. 

(a) Spectrum of a high coverage area 2D-Mo2C/Cu sample prior to anneal. (b) 600 K, 1h annealing. (c) 

700 K, 1h annealing.  
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High temperature annealing was then explored. Short anneal times were used to minimize shape-change 

of the 2D system (Figure 48). However, while the oxygen content is reduced by the annealing procedures, 

significant changes also occur in the Cu, Mo and C atomic percentages. These changes show that simply 

annealing the sample is not a controlled method to clean it non-destructively. 

 

Figure 48 Survey scan spectra acquired following high temperature annealing of 2D-Mo2C/Cu. (a) 1100 

K, 10 s annealing. (b) 1100 K, 10 s annealing repeated 6 times. (c) 1200 K, 10 s annealing repeated 2 

times. 
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4.3.2 Treatment of 2D-Mo2C/Cu with Atomic Hydrogen 

As an alternative to sputter cleaning we explored treatment of the samples using a flux of atomic hydrogen 

generated by a hydrogen cracker. As described next, compositional changes induced by exposure to 

atomic hydrogen were monitored by XPS measurements.  

Figure 49 shows XPS survey scan spectra acquired following atomic hydrogen cleaning performed at 

200 K, 300 K, 400 K, and 500 K, respectively. There are no major difference following treatments at 200 

K and 300 K. However, when the temperature was further increased to 400 K and 500 K, the atomic 

percentage of C decreased significantly. Furthermore, the C 1s binding energy is shifted from ~285.1 eV 

to ~283.6 eV. These results indicates that atomic hydrogen cleaning can effectively remove surface 

carbon contamination. However, atomic hydrogen cleaning seems to have little effect on reducing the 

oxygen atomic %. There is no significant change in the O atom content from 200 K to 500 K. 

 

Figure 49 XPS survey scan spectra acquired following atomic hydrogen treatment of a high coverage 

2D-Mo2C/Cu sample. (a) Atomic hydrogen cleaning for 2 h at 200 K. (b) Atomic hydrogen cleaning for 2 

h at 300 K. (c) Atomic hydrogen cleaning for 3.5 h at 400 K. (d) Atomic hydrogen cleaning for 4 h at 500 

K. 
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The results of an experiment combining H treatment and high temperature annealing are displayed in 

Figure 50 for an area displaying a high coverage of the carbide. The 2D-Mo2C/Cu sample was first held 

at 573 K for 2 h under ultrahigh vacuum and then cooled to 300 K before taking an XPS measurement at 

an analysis angle of approximately 45°  between the XPS analyzer lens and the 2D-Mo2C surface. As 

expected, the survey scan spectrum of the degassed sample (Figure 50a) shows Mo (3d) and Mo(3p) 

doublets and the Mo (3s) peak at ~228.6 eV, ~394.7 eV and 505.9 eV, respectively. The Cu (2p) doublet 

is at ~933.1 eV and the Cu LMM Auger peaks are in the 550-750 eV region. In addition to the C(1s) peak 

at ~284.1 eV there is an O(1s) peak at ~532.6 eV. Figure 50b shows the spectrum of the same sample 

acquired following treatment with atomic hydrogen at 600 K for 4 h in a H2 (~10-8 Torr) background and 

subsequent annealing to 1100-1150 K. The high temperature annealing greatly reduces the O content, 

and atomic hydrogen is efficient to remove carbon contamination. Overall, the ratio of Mo to C is changed 

from 1.10 to 1.65 by the combined treatment. However, there is an increase in the atomic percentage of 

Cu indicating that some 2D to 3D transformation occurs in the carbide layer. 

 

Figure 50 (a) XPS spectrum of high coverage 2D-Mo2C/Cu prior to exposure to atomic hydrogen. (b) XPS 

spectrum of the same sample after atomic hydrogen treatment (600 K, 10-8 Torr H2 background, 4 h).  
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High resolution C is spectra taken before and after atomic hydrogen treatment are shown in Figure 51. 

These peaks are used to fit the spectra. The lowest binding energy peak at 283.7 eV is attributed to Mo-

C of 2D-Mo2C. The C 1s peak at 284.9 eV is attributed to Gr or carbon contamination. The highest binding 

energy peak is attributed to carbon bonded to oxygen 190. The peak area of the peak at 283.7 eV is 

increased and the areas of the peaks at 284.9 eV and 287.5 eV are decreased indicating that carbon 

contamination is successfully removed by atomic hydrogen. 

 

Figure 51 (a) C 1s spectrum of high coverage of 2D-Mo2C/Cu at 300 K before atomic hydrogen treatment. 

(b) C 1s spectrum of high coverage 2D-Mo2C/Cu after atomic hydrogen treatment (600 K, 10-8 Torr H2, 4 

h). 
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4.3.3 Treatment of 2D-Mo2C/Cu by O/Ar Ion Sputtering 

The XPS spectra in Figure 51 show that a significant level of non-carbide carbon, indicated by the signal 

at ~285.0 eV, is still present after atomic hydrogen treatment. To remove the stubborn excess carbon, 

O/Ar ion sputtering was introduced in the experiment by using Ar containing 1-2 % O2. Figure 52 shows 

C 1s data for Ar/O sputtering of high coverage 2D-Mo2C/Cu at 600 K in a background pressure of 2-3 ×  

10-6 Torr. The sample used in these experiments was first cleaned by atomic hydrogen treatment to give 

the spectrum shown in Figure 51b. As the O/Ar ion sputtering time increases from 0 min to 120 min, the 

relative area of C-Mo peak at 283.7 eV is increased from 49.5% to 73.7%, while the relative area of 

relative C-C peak at 285.0 eV is decreased from 40.7 % to 11.7 %. The result illustrates that O/Ar ion 

sputtering is very effective method to remove excess carbon. Mo 3d spectra before and after 120 min 

O/Ar ion sputtering are shown in Figure 53. The intensity of the Mo 3d peaks is stronger after O/Ar ion 

sputtering, but the binding energies and linewidths remain unchanged (Figure 53). The result indicates 

that O/Ar ion sputtering at 600 K does not damage or oxidize 2D-Mo2C but that excess carbon is removed. 

 

Figure 52 C 1s spectra and the C-Mo, C-C and C-O peak area percentages after different O/Ar ion 

sputtering times. (a) 2D-Mo2C/Cu after atomic hydrogen cleaning (600 K, 10-8 Torr H2, 4 h). (b-d) The 

same 2D-Mo2C/Cu sample after O/Ar ion sputtering (600 K, 2-3 ×  10-6 Torr 1-2 % O2/Ar) for 10 min, 30 

min and 120 min, respectively. 
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Figure 53 Mo 3d spectra before and after O/Ar ion sputtering. (a) 2D-Mo2C/Cu after atomic hydrogen 

cleaning (600 K, 10-8 Torr H2, 4 h). (b) Subsequent O/Ar ion sputtering (600 K, 2-3 ×  10-6 Torr 1-2 % O2/Ar) 

of the 2D-Mo2C/Cu sample for 120 min. 

 

4.4 Investigation of NHC Formation on 2D-Mo2C/Cu Surfaces 



70 

 

As reported in Chapters 2 and 3, NHC-2 (Figure 26b) forms chemisorption bonds with Pt(111) and 

Ru(0001) surfaces and with graphene on both surfaces. The 2D-Mo2C/Cu samples used in this part of 

the study present a complex substrate in that adsorption on Cu, Mo2C and potentially graphene needs to 

be simultaneously considered. Crudden and co-workers reported a study of diisopropylbenzimidazolium 

NHC chemisorption on Cu(111) 15. They found that the surface NHC formed at 300 K was oriented 

perpendicularly to the surface and that it desorbed cleanly at 570 K. In the present study, we compared 

samples displaying high and low surface coverages of 2D-Mo2C, as determined from Mo:Cu atomic 

percentages taken from full scan XPS spectra measurements. The high coverage samples are assumed 

to minimize the contribution of NHC adsorption on Cu.  

4.4.1 Investigation of NHC-2 Formation on High Coverage 2D-Mo2C 

Samples that were Pretreated with Atomic Hydrogen 

A sample with a high surface coverage of Mo2C was chosen for study first. Figure 54 shows C(1s) spectra 

for the interaction of NHC-2 with a sample that was cleaned using atomic hydrogen for 4 h at 600 K, then 

annealed to 1100 K. Peak fitting of the C(1s) signal shows peaks at 283.7 eV (red), 284.9 eV (blue) and 

287.5 eV (green). The peak at 283.7 eV is attributed to the 2D-carbide although the C(1s) binding energy 

for bulk Mo2C is typically at 283.0 eV. The peak at 284.9 eV is characteristic of sp2 carbon as in C-C 

bonds of graphene or graphite. The experiment does not reveal whether the graphene (or graphitic carbon) 

is on Mo2C or Cu or both. The peak at 287.5 eV is characteristic of C-O or C=O bonds. This sample was 

found to be inactive towards NHC-2 chemisorption. Exposure to NHC-2 (5 ×  10-7 Torr, 5 min) at 280 or 

300 K led to no change in the C(1s) spectra (Figure 54b and c). However, exposure at 260 K led to 

physical adsorption of the NHC-2 precursor as indicated (Figure 54d) by a characteristic CF3 C(1s) peak 

at 293.5 eV and a strong C(1s) peak at 286.1 eV arising from the remaining 13 C atoms of NHC-2. The 

fact that chemisorption on the Cu substrate is not observed is attributed to the high coverage of Mo2C 

and possibly also to passivation of copper by graphene or graphitic carbon. 
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Figure 54 C 1s XPS spectra for the interaction of the NHC-2 precursor with a high coverage 2D-Mo2C 

sample. (a) C 1s spectrum of the 2D-Mo2C/Cu sample before exposure to the NHC-2 precursor. (b, c, d) 

C 1s spectra after exposure to NHC-2 precursor with the sample at 300, 280 and 260 K, respectively. 

 

Experiments were performed where the NHC-2 precursor (5 ×  10-7 Torr, 5 min) was dosed at 260 K, 

followed by anneal to higher temperatures. Figure 55a shows the XPS spectra of the 2D-Mo2C sample 

before NHC-2 precursor dosing at 260 K. The sample was first cleaned at 600 K under atomic hydrogen 

followed by an anneal to 1100 K. C 1s and F 1s XPS spectra are shown in Figure 55b and c. The F 1s 

peak marked by blue dash (688.9 eV) belongs to C-F from the NHC-2 precursor or adsorbed NHC-2 and 

the peak marked by red dash (685.8 eV) belongs to Mo-F from decomposed NHC-2. The characteristic 

C-F peaks (293.6 eV C1s and 688.9 eV, F 1s) can be detected until 450 K, indicating that NHC-2 is able 

to create a covalent bond with 2D-Mo2C. As shown in chapters 2 and 3, NHC-2 forms a covalent bond on 

Gr/Pt(111) and Gr/Ru(0001) following exposure at 300 K. However, signal for NHC-2 on 2D-Mo2C is only 

seen when exposure is carried out at 260 K and the sample is then heated. This observation is not 
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understood.  It should be kept in mind that the sample shows a strong C-C C 1s peak at 285.1 eV. It is 

then possible that the NHC-2 precursor only contacts excess carbon at the surface, but not the 2D-Mo2C 

surface. Due to the strong bonding ability of NHC-2 ligands, a covalent bond still can be created between 

NHC-2 and surface carbon. The carbon-covered 2D-Mo2C surface may be graphene or a graphite layer, 

as described in related papers 190,191.  
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Figure 55 (a) Survey scan spectrum of a high coverage area of 2D-Mo2C/Cu before NHC-2 precursor 

dosing at 260 K. (b) C 1s and (c) F 1s spectra before and after dosing the NHC-2 precursor. (b) C 1s XPS 

spectra before and after NHC-2 precursor dosing at 260 K, followed by temperature increases to 350 K, 

400 K and 450 K. (c) F 1s spectra before and after NHC-2 precursor dosing at 260 K, followed by 

temperature increase to 350 K, 400 K and 450 K. 
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4.4.2 NHC-2 Precursor on 2D-Mo2C/Cu Prepared by O/Ar Ion Sputtering 

The experiments described above, NHC-2 does not form a chemical bond to 2D-Mo2C/Cu samples that 

have only being cleaned by exposure to atomic hydrogen at 600 K. This is interpreted as being due to the 

presence of a graphene or graphitic layer on the surface of the sample. Experiments were then performed 

on samples treated at 600 K by sputtering using Ar containing a 1-2% O2 impurity, followed by annealing 

to 1100 K to remove O contamination. The objective was to combine argon ion sputtering with chemical 

reaction by oxygen to remove carbon as either CO or CO2. The O/Ar treatment was performed at 600 K 

so as to ensure rapid desorption of CO or CO2.  

Figure 56a shows XPS spectra of 2D-Mo2C before NHC-2 precursor dosing at 300 K. Whereas NHC-2 

cannot combine with carbon covered 2D-Mo2C surface after atomic hydrogen cleaning at 300 K (Figure 

54b), characteristic C-F peaks are seen when the NHC-2 precursor is dosed onto 2D-Mo2C at 300 K after 

O/Ar ion sputtering. In addition, the C-C peak displays a clear shift to 285.7 eV and the peak intensity is 

significantly increased after NHC-2 precursor dosing at 300 K. The strong C-C peak is attributed to the 

NHC-2 skeleton. These results indicate that NHC-2 forms a covalent bond with 2D-Mo2C at 300 K. We 

propose that some surface graphene/graphitic carbon is removed by O/Ar ion sputtering (Figure 52) 

enabling NHC-2 ligands to combine with Mo-terminated 2D-Mo2C. Therefore, NHC-2 interacts more 

strongly with the O/Ar treated 2D-Mo2C sample. The carbene is more thermally stable than on the carbon 

covered surface. Characteristic C-F peaks are still detected at 550 K, which is 100 K higher than for NHC-

2 on the carbon covered surface Figure 55. On the other hand, the stability of NHC-2 on 2D-Mo2C seems 

weaker than on Pt-group metal surfaces like Pt(111) and Ru(0001). The NHC-2 ligand on Pt(111) can be 

detected at 700 K and the NHC-2 ligand on Ru(0001) can be detected at 600 K (Figure 32 and Figure 

34). This could be for 2 reasons. One is that a graphene/graphitic layer is present, as indicated by Figure 

52d, with the result that stability is similar to that observed for Gr/Pt. Carbon forming C-C bonds still 

accounts for 14.6 % of the C is signal after 120 min O/Ar ion sputtering in Figure 52d. The other is that 

the Mo sites are highly reactive and the NHC-2 decomposes. 
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Figure 56 (a) XPS spectrum of a high coverage area of 2D-Mo2C/Cu before NHC-2 precursor dosing at 

300 K. (b) C 1s spectra before and after exposure to the precursor at 300 K, followed by 5 min anneals 

to 350 K, 450 K and 550 K. (c) Corresponding F 1s spectra. 
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XPS spectra alone are difficult to interpret in terms of specific molecular adsorption structures on a sample 

as complex as 2D-Mo2C/Cu. Hence, RAIRS was used in an attempt to obtain molecularly specific 

information. RAIRS data are compared in Figure 57 for the interaction of the NHC precursor with a sample 

that was is cleaned by atomic hydrogen treatment at 600 K for 4 h, followed by 1100 K annealing (Figure 

57a) and a sample that was prepared by O/Ar ion sputtering at 600 K for 2 h, followed by 1100 K annealing 

(Figure 57b). The spectra acquired on dosing the samples at 250 K show a strong peak at 1685 cm-1 

arising from the carbonate group of the precursor. The spectra acquired on annealing the samples to 300 

K are similar to those measured for Gr/Pt(111) and Gr/Ru(0001) at 300 K. The latter spectra were 

attributed to a flat-lying NHC following removal of the carbonate group. The out-of-plane aromatic CH 

bending vibration is seen at 819 cm-1. 

 In both cases, two out-of-plane υasym(CF3) stretching bands are observed, one at 1119 cm-1 and one at 

1139 cm-1. The band at 1139 cm-1, on the O/Ar treated surface, is observed to 450 K, indicative of the 

presence of a flat-lying NHC, as observed for Ru(0001) and to a lesser extent for Pt(111). Very weak 

bands are also seen at 1339 and 1185 cm-1, consistent with the presence of a small surface coverage of 

upright NHC groups on the O/Ar treated sample. In addition, there is a weak peak at 1268 cm-1 that is 

attributed to CF3 containing decomposition products as observed for Pt(111) and Ru(0001). A 

decomposition process is supported by the XPS spectra of O/Ar treated samples, as in Figure 57c, 

showing a characteristic Mo-F F(1s) peak at 685.7 eV, following exposure to the NHC-2 precursor. In 

contrast, XPS (Figure 55c) and RAIRS spectra (Figure 58a) show that the characteristic Mo-F peak at 

685.8 eV does not increase much after dosing the NHC-2 precursor on the sample treated with atomic 

hydrogen. Decomposition does not occur on the latter surface at 350 K (Figure 58a). This result also 

shows that even after atomic hydrogen treatment, 2D-Mo2C is still covered by a carbon layer, so that 

NHC-2 cannot be decomposed on Mo sites. However, the RAIRS peak intensities are much weaker than 

observe for Pt(111) and Ru(0001). The weak intensities may be due to few adsorption sites for NHC 

formation on the 2D-Mo2C/Cu surface or it may be due to extensive molecular decomposition at Mo sites. 

The latter is the more plausible interpretation as molybdenum is a highly reactive metal.    

Figure 58 shows RAIRS spectra acquired following NHC-2 precursor adsorption on 2D-Mo2C at 300 K 

after O/Ar ion sputtering. At 300 K, the out-of-plane υasym(CF3) band is detected at 1139 cm-1 along with a 

shoulder at 1120 cm-1 and the CH aromatic bending mode at 820 cm-1. The band at 1139 cm-1 is observed 

up to 500 K indicating that a small coverage of NHC-2 ligands are stable on 2D-Mo2C surface. 
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Figure 57 RAIRS spectra for NHC-2 precursor adsorption on 2D-Mo2C/Cu. (a) Adsorption at 250 K on a 

sample prepared by atomic hydrogen treatment, followed by 5 min anneals to the indicated temperatures. 

(b) Adsorption at 250 K on a sample prepared by Ar/O treatment, followed by 5 min anneals to the 

indicated temperatures.  
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Figure 58 RAIRS spectra for NHC-2 precursor adsorption on 2D-Mo2C after O/Ar ion sputtering. The 

precursor was dosed at 300 K, followed by 5 min anneals to the indicated temperatures. The RAIRS 

background temperature was 250 K. 

 

In conclusion, the NHC precursor interacts weakly with carbon covered samples prepared by atomic 

hydrogen treatment. Hence, NHC formation is not favoured on these surfaces.  In contrast, surfaces 

prepared by O/Ar treatment may be too reactive, resulting in molecular decomposition. In light of these 

results, we then explored another method to functionalize the 2D-Mo2C/Cu samples. As described next, 

the method relies on the selective scission of carbonyl bonds to form surface alkylidenes on Mo2C. 
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4.5 Adsorption of CF3-Benzaldehyde on 2D-Mo2C/Cu 

McBreen and co-workers published the first report of alkylidene functionalization of bulk α-Mo2C sample 

(hexagonal phase Mo2C) through selective carbonyl bond scission in chemisorbed ketones and 

aldehydes. In addition to spectroscopic measurements, the presence of surface alkylidenes was proven 

using olefin metathesis reaction tests.192 For example, cyclopentylidene was formed through the 

dissociative chemisorption of cyclopentanone at 300 K (Scheme 4) 193,194. Cross-metathesis using 

propene resulted in the formation of CH2 and CHCH3 surface carbenes. The formation of cyclopentylidene 

from cyclopentanone is a deoxygenation step, and Mo2C is known to be an excellent deoxygenation 

catalyst 193,194. The oxygen atom bonds to Mo on the surface of the carbide, although the actual adsorption 

site is not known. The cyclopentylidene-Mo sites can also serve as initiating sites for ring-opening 

metathesis polymerization 80,193. Hence, it is interesting to explore the possibility of functionalizing 2D-

Mo2C though the formation of surface alkylidenes that may subsequently serve as olefin metathesis 

initiating sites.  

The formation of surface alkylidenes on Mo2C is due to the high oxophilicity of Mo. Due to the 2D structure 

and Cu substrate of the α-Mo2C material we use, the oxophilicity of Mo-terminated 2D-Mo2C might be 

different than for bulk α-Mo2C. Furthermore, the deoxygenation mechanism on 2D-Mo2C might be 

different from that of bulk Mo2C. For example, it might be less selective leading to excessive 

decomposition rather than selective alkylidene formation. Alternatively, the deoxygenation approach 

might prove to be a method to form more stable surface groups than in the NHC approach. Whereas 

NHCs form a single bond to metals, alkylidenes form a double bond and hence might be expected to be 

more stable thermally.    

 

Scheme 4 Schematic illustration of deoxygenation of cyclopentanone through chemisorption on an α-

Mo2C surface. In the proposed mechanism, cyclopentanone first forms an oxometallacycle and then 

transforms to an oxo-Mo-cyclopentylidene complex at 300 K. Reproduced with permission from Ref. 193, 

copyright 2006 Elsevier B.V. 
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4.5.1 CF3-Benzaldehyde Adsorption on 2D-Mo2C/Cu: XPS Studies 

The 2D-Mo2C/Cu sample was cleaned by O-Ar sputtering with annealing to 1100 K. From the XPS spectra 

shown in Figure 59, it can be seen that most but not all of the surface carbon can be removed by O-Ar 

sputtering, as shown by the C-C C 1s peak (blue dash) in Figure 59a. On 4-CF3-benzaldehyde exposure 

at 300 K, the C-C peak (blue dash) at 285.2 eV and the C-O peak (green dash) at 287.1 eV are clearly 

increased. The C-F peak (light blue dash) is observed at 292.7 eV. F 1s spectra are shown in Figure 59b. 

Characteristic peaks for C-F bonds are seen in both C 1s and F 1s spectra at 350 K. This result and the 

fact that the C-O peak at 287.1 eV decreases in intensity, suggests that 4-CF3-benzaldehyde undergoes 

deoxygenation by 350 K. On a further increase of the temperature to 400 K, a C-F C 1s peak still present 

but is greatly attenuated. Plots of F 1s peak areas as a function of anneal temperature are shown in 

Figure 60. The area of the C-F peak at 688.3 eV continuously decreases as the temperature increased 

to 400 K. At the same time, as the temperature increases, the Mo-F peak does not increase. This result 

indicates that 4-CF3-styrylidene ligands desorb in the 300-400 K range. In summary, the results are 

consistent with a combination of decomposition, desorption and deoxygenation in the 300-400 K 

temperature range. 
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Figure 59 C 1s and F 1s spectra of 4-CF3-benzaldehyde dosed 2D-Mo2C/Cu. (a) C 1s spectra are fitted 

by 4 peaks: Mo-C (red dash), C-C (blue dash), C-O (green dash) and C-F (light blue dash). (b) F 1s 

spectra are fitted by 2 peaks: C-F (blue dash) and Mo-F (red dash). 
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Figure 60 Peak areas of C-F and Mo-F peaks based on the F 1s spectra in Figure 59. 

 

The XPS data provides evidence that 4-CF3-benzaldehyde undergoes a deoxygenation step on 2D-

Mo2C/Cu. Figure 61 shows O 1s spectra taken before and after dosing 4-CF3-benzaldehyde onto the 2D-

Mo2C/Cu sample at 300 K. The intensity of the peak at 531.3 eV (red dash) is strongly increased but the  

C-O peak at 534.0 eV (blue dash) does not change in intensity. As shown in Figure 62, the total O signal 

remains constant over the 300-500 K range. The Mo=O and C-O peak areas are stable from 300 K to 

350 K, but the Mo=O peak area is gradually decreased at higher temperatures. Interestingly, the C-O 

peak area increases and the increase in C-O peak area is the same as the decrease in Mo=O peak area. 

The result clearly indicates that oxygen bonded to Mo is transferred to form C-O bonds on 2D-Mo2C as 

the temperature increases (Figure 62). However, there is no evidence of such a transfer on bulk Mo2C 

192–194. The surface oxygen remains bonded to Mo on Mo-terminated bulk Mo2C due to the strong 

oxophility of bulk Mo2C. In contrast, O atoms have strong mobility on the 2D-Mo2C surface and O atoms 

can shift from Mo sites to C sites on the 2D-Mo2C surface at higher temperature (Figure 62). 
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Figure 61 O 1s spectra acquired before and after exposure of 2D-Mo2C/Cu at 300 K to 4-CF3-

benzaldehyde followed by increasing the temperature to 500 K. The dash red line peak at 531.3 eV is 

attributed to Mo=O. The dash blue line peak at 534.0 eV is attributed to C-O bonding. 

 

 

Figure 62 Areas of C-O and Mo=O peaks in the O 1s spectra shown in Figure 61. 
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4.5.2 RAIRS Measurements on the Adsorption of Benzaldehyde on 2D-

Mo2C/Cu 

Both 3-CF3-benzaldehyde and 4-CF3-benzaldehyde were used as adsorbates in order to explore the 

molecular orientation of the chemisorbed surface species by examining the orientation of the C-CF3 

groups relative to the surface. Figure 63 presents RAIRS spectra of 4-CF3-benzaldehyde (Figure 63a) 

and 3-CF3-benzaldehyde (Figure 63b) on 2D-Mo2C/Cu. The same gas exposure conditions were used 

(30 L, 3 ×  10-7 Torr, 100 s, 200 K) for the measurements. The background RAIRS spectrum was recorded 

at 200 K. Three vibrations are observed when both molecules are dosed on 2D-Mo2C/Cu surface at 200 

K. The peak positions and relative intensities are similar for both molecules. Adsorbed 4-CF3-

benzaldehyde displays a weak υsym(C-CF3) band at 1334 cm-1, a strong υasym(CF3) band at 1160 cm-1 and 

an aromatic CH bending band at 841 cm-1. The corresponding peaks for 3-CF3-benzaldehyde are at 1334, 

1154 and 812 cm-1. The observation of a strong out-of-plane υasym(CF3) band and a CH aromatic bending 

band, as well as the observation of a weak C-CF3 band, shows that 4-CF3-benzaldehyde and 3-CF3-

benzaldehyde molecules are flat lying on the 2D-Mo2C surface at 200 K (Scheme 5). These observations 

and the intense absorption bands suggest that the molecules form a condensed layer on 2D-Mo2C/Cu at 

200 K. When the sample temperature was increased to 250 K, much weaker signals and significantly 

different spectra were observed, consistent with desorption of the condensed adsorbate to leave behind 

sub-monolayer chemisorbed states.  

The CH aromatic out of plane bending mode is not observed at 250 K, indicating that the benzene ring is 

not parallel to the surface in the chemisorbed states. With reference to the spectra of NHC-2 on Pt(111),  

Ru(0001), Gr/Pt(111) and Gr/Ru(0001) the bands observed for the chemisorbed layer are assigned to the 

υsym(C-CF3) vibration (1334 cm-1), in-plane υasym(CF3) vibration (1178 cm-1) and the out-of-plane υasym(CF3) 

(1147 cm-1). The υsym(C-CF3) produces the strongest band in the case of 4-CF3-benzaldehyde while it is 

relatively less strong for 3-CF3-benzaldehyde. These observations are interpreted in terms of the 

alkylidene (styrylidene) structures shown in Scheme 5. The orientation of the C-CF3 bond in 4-CF3-

styrylidene on 2D-Mo2C/Cu leads to a relatively stronger υsym(C-CF3) band. The feature at 1334 cm-1 is 

greatly attenuated on heating to 400 K, indicating that the alkylidene undergoes thermal decomposition. 
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Figure 63 RAIRS spectra for 4-CF3-benzaldehyde and 3-CF3-benzaldehyde adsorption on 2D-Mo2C/Cu. 

(a) 30 L 4-CF3-benzaldehyde (3 ×  10-7 Torr, 100 s) exposure with the sample at 200 K, followed by 

annealing to the indicated temperatures for 5 min. (b) 30 L 3-CF3-benzaldehyde (3 ×  10-7 Torr, 100 s) 

exposure with the sample at 200 K, followed by annealing to the indicated temperatures for 5 min. 

 

 

Scheme 5 Schematic structures of (a) 4-CF3-styrylidene and (b) 3-CF3-styrylidene ligands on 2D-

Mo2C/Cu. 
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The possible formation of styrylidene surface ligands was further explored by using high exposures (300 

L) to 4-CF3-benzaldehyde and 3-CF3-benzaldehyde (300 L) at 250 K (Figure 64). The CH aromatic 

bending vibration is not observed at 250 K, consistent with the formation of upright 4-CF3-styrylidene and 

3-CF3-styrylidene ligands on the 2D-Mo2C/Cu surface. For 4-CF3-benzaldehyde, a very strong υsym(C-CF3) 

band is observed at 1333 cm-1 as well as weak in-plane υasym(CF3) and out-of-plane υasym(CF3) bands at 

1183 cm-1 and 1140 cm-1, respectively. In contrast, the strongest band for 4-CF3-styrylidene is at 1149 

cm-1 while the band at 1334 cm-1 is very weak. If these observations are interpreted according to the 

structures proposed in Scheme 5, then the band at 1149 cm-1 is due to the in-plane asymmetric CF3 

stretching vibration. 

 

Figure 64 RAIRS spectra for 4-CF3-benzaldehyde and 3-CF3-benzaldehyde adsorption on 2D-Mo2C/Cu. 

(a) 300 L 4-CF3-benzaldehyde (10-6 Torr, 300 s) exposure with the sample at 200 K, followed by annealing 

to the indicated temperatures for 5 min. The background spectrum was acquired at 250 K. (b) 300 L 3-

CF3-benzaldehyde (10-6 Torr, 300 s) exposure with the sample at 200 K, followed by annealing to the 

indicated temperatures for 5 min. The background spectrum was acquired at 200 K. 

 

The XPS spectra shown Figure 59 present evidence that 4-CF3-styrylidene ligands are formed on the 

2D-Mo2C/Cu 2D-Mo2C surface when 30 L 4-CF3-benzaldehyde is dosed on the surface at 300 K. In this 

context, Figure 65 presents RAIRS spectra for 30 L 4-CF3-benzaldehyde (3 ×  10-7 Torr, 100 s) exposure 
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at 300 K. The detection of the υsym(C-CF3) band at 1330 cm-1 further confirms that 4-CF3-styrylidene 

ligands are formed under these conditions. 

Figure 65 RAIRS spectra for 4-CF3-benzaldehyde adsorption on 2D-Mo2C/Cu. 30 L 4-CF3-benzaldehyde 

(3 ×  10-7 Torr, 100 s) at 300 K. The background spectrum was acquired at 250 K. 
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4.6 Summary and Conclusions 

In conclusion, the surface of the as-received 2D-Mo2C samples are covered by excess carbon, and there 

may even be a Gr/2D-Mo2C/Gr sandwich structure 72. Atomic hydrogen treatment is an effective method 

to remove carbon contamination, but excess carbon remains on the surface. O/Ar ion sputtering is an 

effective method to reduce the amount of excess carbon. Additional annealing at high temperature (1100 

K) is able to greatly reduce the oxygen content. Therefore, O/Ar ion sputtering combined with high 

temperature annealing is an effective method for cleaning 2D-Mo2C produced by the CVD method. 

The existence of excess carbon on the 2D-Mo2C surface inhibits NHC-2 from forming a covalent bond 

with 2D-Mo2C at 300 K, resulting in a very weak RAIRS signal that can be attributed to surface NHC. In 

contrast, NHC-2 is able to form a covalent bond with 2D-Mo2C at 300 K after O/Ar ion sputtering treatment. 

At higher temperatures, NHC-2 is decomposed on 2D-Mo2C due to the reactive Mo sites. 

4-CF3-benzaldehyde undergoes deoxygenation on 2D-Mo2C at 250 K, resulting in adsorbed 4-CF3-

styrylidene and O formation. In addition, the total O 1s XPS peak areas, from the C-O and Mo-O peaks 

remained constant, but O atoms shifts from the Mo sites to the C sites as the temperature increases. 4-

CF3-benzaldehyde and 3-CF3-benzaldehyde are condensed on 2D-Mo2C/Cu at 200 K. Monolayer 

chemisorption is achieved at 250 K and the relative intensities of the υsym(C-CF3) bands are consistent 

with the formation of surface alkylidenes. 
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Conclusions 

The main objective of this thesis was to study covalent functionalization of different surfaces, including 

Pt-group surfaces, metal-supported graphene and two-dimensional (2D) molybdenum carbides, using 

NHCs. In addition, this thesis also studied the possibility of surface alkylidene formation on 2D-Mo2C. 

RAIRS measurements were used to explore covalent bonding between NHCs (NHC-1 and NHC-2) and 

Pt(111), Ru(0001), Gr/Pt(111), Gr/Ru(0001) and Gr/O/Ru(0001) surfaces. Combined XPS and RAIRS 

measurements were used to explore NHC-2 adsorption on 2D-Mo2C/Cu and 3-CF3-benzaldehyde and 4-

CF3-benzaldehyde deoxygenation on 2D-Mo2C/Cu. 

First, we studied NHCs ligands on Pt-group surfaces. RAIRS measurements provided evidence of NHC 

monolayer formation on Pt(111) and Ru(0001). NHC-1 ligands are generated on Pt(111) at 300 K as 

evidenced by the appearance of the aromatic CH stretching band at 3064 cm-1 and the disappearance of 

the carbonate O-H vibration at 3355 cm-1. Vibrations at 2975 cm-1 (CH3 asymmetric stretching), 2933 cm-

1 (CH3 symmetric stretching) and 2874 cm-1 (CH stretching) are removed at 475 K but the aromatic CH 

band still remains until 515 K. These observations indicate that the isopropyl wings are decomposed on 

the reactive Pt(111) surface but that the backbone core of NHC-1 remains intact. NHC-2 ligands on Pt(111) 

and Ru(0001) display -CF3 vibrations including υsym(C-CF3), in-plane υasym(CF3) and out-of-plane υasym(CF3) 

stretching. The υsym(C-CF3) and in-plane υasym(CF3) modes are RAIRS active if the NHC-2 is oriented 

normal to the surface while only the out-of-plane υasym(CF3) mode is active for flat-lying NHC-2. Carbonate-

related vibrations on Pt(111) and Ru(0001) surfaces are removed by 400 K, but all of the -CF3 vibrations 

still can be detected. Vertically oriented NHC-2 are formed on the Pt(111) and Ru(0001) surface but there 

is also competitive adsorption into flat-lying states. Especically for NHC-2 on Ru(0001), there is strong 

signal from a flat-lying state at 400 K. In addition, the removal of the out-of-plane υasym(CF3) band on 

annealing from 400 to 500 K results in an increase in the integrated intensity of the υsym(C-CF3) band, 

indicating that the flat-lying state of NHC-2 can conver to a vertical state. The υsym(C-CF3) intensity is used 

to monitor the thermal stability of the vertically oriented NHC surface ligands. The surface NHC-2 is 

detected to 700 K on Pt(111) and to 600 K on Ru(0001). 

Next, we studied the functionalization of graphene that was formed on Pt(111) and Ru(0001) surfaces by 

chemical vapor deposition. It is known that the quasi-freestanding Gr/Pt(111) layer is strongly p-doped 

whereas the Gr/Ru(0001) layer is strongly n-doped. The interaction of the NHC-2 with Gr/Pt(111) is 

stronger than with Gr/Ru(0001). This difference mainly is attributed to the p-doped and n-doped character 

of the respective systems coupled with the electron-donor character of the NHC. Oxygen intercalation of 

Gr/Ru(0001) was carried out between 400-600 K. The interaction of NHC-2 with Gr/O/Ru(0001) is 

different from that with Gr/Ru(0001) but is similar to that for Gr/Pt(111). Intercalation of oxygen between 
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graphene and Ru(0001) leads to NHC-2 bonding similar to that for Gr/Pt(111) consistent with the removal 

of the strong Gr/Ru interaction to form a quasi-freestanding p-doped and wrinkled layer. 

As-received 2D-Mo2C/Cu samples are covered by a poorly defined carbon layer or layers, and exposure 

to air leads to the formation of oxycarbides. Atomic hydrogen treatment is an effective method to remove 

carbon contamination but a carbon layer on the surface still remains after atomic hydrogen treatment. 

O/Ar ion sputtering is an effective method to remove the surface carbon layer. Additional annealing at 

high temperature (1100 K) is greatly reduces the oxygen content. NHC-2 interacts weakly with carbon 

covered 2D-Mo2C/Cu prepared by atomic hydrogen treatment. In contrast, 2D-Mo2C/Cu surfaces 

prepared by O/Ar treatment are reactive to NHC-2 ligands at 300 K. NHC-2 is decomposed on 2D-

Mo2C/Cu at higher temperatures. Next, alkylidene functionalization of O/Ar ion sputtered 2D-Mo2C/Cu 

was explored. Condensed layers of 4-CF3-benzaldehyde and 3-CF3-benzaldehyde molecules are formed 

on the 2D-Mo2C/Cu surface at 200 K. 4-CF3-styrylidene and 3-CF3-styrylidene ligands together with O 

atoms are formed on 2D-Mo2C/Cu when the temperature is increased to 250 K. As the temperature 

increases, the total XPS signal from O atoms, from the C-O and Mo-O peaks, remains constant, but the 

Mo-O signal decreases and the C-O signal increases. This observation indicates that a transfer of oxygen 

from molybdenum to carbon sites occurs. There is no evidence in the literature of such an O transfer on 

bulk Mo2C. We conclude that O atoms have an increased mobility on the 2D-Mo2C surface and O atoms 

can shift from Mo sites to C sites at higher temperature. 
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